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Abstract: A fullerene derivative (5) in
which a dinuclear ruthenium complex is
covalently linked to a fulleropyrrolidine
(FP) through a rigid spacer has been
prepared through azomethine ylide cy-
cloaddition to Cg,. Electrochemical and
photophysical studies revealed that
ground-state electronic interactions be-
tween the bimetallic ruthenium chromo-

absorption spectrum of 5 displays a
metal-to-ligand charge transfer (MLCT)
transition at about 620 nm in CH,CI,
which is shifted by nearly 160 nm rela-
tive to that of a previously reported
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mononuclear dyad (8). The photophys-
ical investigations have also shown that
both in dichloromethane and acetoni-
trile the photoexcited MLCT state of
dyad § transforms into the fullerene
triplet excited state with a quantum
yield of 0.19 and that, contrary to
mononuclear dyad 8, electron transfer,
if any under the applied conditions, is

phore and the FP moiety are small. The

Introduction

Molecules that combine several electro- and/or photoactive
groups are of special interest as they can exhibit new
properties arising from the interactions between the compo-
nents. In particular, the synthesis and study of functionalized
polypyridylruthenium(i) complexes with the electron-accept-
ing fullerene core is particularly interesting as it may lead to
new molecules with novel electron- (ET) or energy-transfer
(ENT) features.l!! The importance of polypyridylruthenium
complexes from both the electrochemical and photophysical
point of view is longstanding.”! Excitation of metal-to-ligand
charge transfer (MLCT) transition generates the excited
MLCT state, which displays attractive properties. Generally,
this long-lived MLCT state has energetically high-lying levels
that undergo efficient emission at room temperature in
solution. This provides an excellent experimental probe for
measuring the efficiency of intramolecular photoinduced ET
or ENT processes in covalently linked donor-acceptor
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negligible relative to energy transfer.

systems.?l The functionalization of fullerenes, on the other
hand, has given a strong impulse to the study of their
interesting physicochemical characteristics, and a wide variety
of derivatives™ have been thoroughly investigated in light-
driven ET or ENTreactions owing to the remarkable electron-
acceptor properties of the fullerene sphere upon photoexci-
tation.l>

It has been shown, however, that the combination of more
than one ruthenium center in a polymetallic array provides a
greater flexibility in terms of excited-state donor energies,
redox potentials and ground state absorption than their
monometallic counterparts. This triggered an interdisciplinary
interest to employ ruthenium complexes as building blocks in
devices that perform light- and/or redox-induced functions.”!

We report herein on the synthesis, electrochemistry and
photophysical behavior of a bimetallic [(bpy),Ru(dpg-
FP)Ru(bpy),][PF¢], (bpy=2,2"-bipyridine, dpq=2,3-bipyri-
din-2-yl-quinoxaline, FP = fulleropyrrolidine) dyad in which
the spacer between FP and dpq is an androstane skeleton.
Photoinduced ENT from the metal complex to Cg, occurs, and
not ET, as previously observed for the corresponding mono-
metallic [Ru(bpy),(bpy-FP)][PF], dyad.l'l

Results and Discussion

Synthesis: The synthetic strategy toward dyad 5 is outlined in
Scheme 1. The route to 5 starts with readily available 2,3-
dipyridin-2-yl-quinoxaline-6-carboxylic acid (1) (dpg-CO,H)
and requires three steps.
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= 2,2"-bipyridine

Scheme 1. Synthesis of dyad 5. Reagents and conditions: a) DCC/DMAP, CH,Cl,, 24h, 92%; b) N-
methylglycine, Cg, toluene, reflux, 4 h, 32%; c) Ru(bpy),Cl,-2H,0, NH,PF,, 1,2-dichloroethane, reflux, 4 h,

49%.

Esterification between 1 and commercially available an-
drostane alcohol 2 (4,5-dihydrotestosterone) to afford ester—
ketone 3 occurs in 92% yield under standard coupling
conditions (dicyclohexylcarbodiimide/4-dimethylaminopyri-
dine (DCC/DMAP)). Condensation of 3 with sarcosine in
the presence of C®l smoothly affords fulleropyrrolidine 4 in
32% yield (57% based on unreacted Cy) as a mixture of
diastereoisomers. 'H NMR spectroscopy and HPLC analysis
revealed that 4 is in fact a mixture of two isomers in about 3:1
ratio. Bimetallic dyad 5 was synthesized by coordinating
ligand 4 to ruthenium, through refluxing [Ru(bpy),Cl,] - 2H,O
and 4 in 1,2-dichloroethane in the presence of excess NH,PF,
as previously reported for the preparation of dyad 8.1l

The reaction was monitored by TLC (toluene/ethyl acetate
6:4), following the disappearance of 4. The solution was
evaporated to dryness and the residue dissolved in a minimum
amount of CH;CN, precipitated with a methanol/diethyl ether
1:1 mixture and carefully washed with CH,Cl,, MeOH and
water to remove unreacted 4, [Ru(bpy),Cl,] and excess
NH,PF, respectively. The desired dyad 5 was isolated in
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49% yield as a green solid.
Compound § is sparingly solu-
ble in CH;CN, acetone and
chlorinated solvents but insolu-
ble in toluene. 'H and *C NMR
spectra were not useful for the
characterization of dyad 5. The
use of a diastereomeric mixture
of ligand 4 produced dyad 5 as a
mixture of isomers. As a con-
sequence, mainly broad reso-
nances in the aliphatic and
aromatic regions were present
in both the proton and carbon
spectra of 5. Dyad 5 was char-
acterized by elemental analysis,
mass spectrometry, optical
spectroscopy, and electrochem-
ical techniques (vide infra).

In our previous study regard-
ing the mononuclear Cg—ru-
thenium dyad 8,1'9l it was point-
ed out that the use of a diaster-
eoisomeric mixture of ligands
could, in principle, affect the
photophysical characterization
of the final Cyy-based rutheni-
um dyad. In particular, the
different spatial orientation of
diastereoisomers may influence
fundamental properties such as
rate and extent of energy or
electron transfer. After consid-
erable experimentation, we
found that the isomeric mixture
of dyad 8 exhibits a similar
behavior if compared to that
of each diastereoisomer that
was separately tested in photo-
physical experiments. We assumed that also the isomeric
mixture of dyad 5 would perform similarly as that of each
diastereoisomer. Therefore all the experiments described
herein were carried out on the mixture of diastereoisomers of
dyad 5.

Derivatives 6 and 10 were synthesized and used as model
compounds, together with fulleropyrrolidine 7/*l mononuclear
dyad 8,'Y and metal complex 9I'Y in the electrochemical and
photophysical characterization of dyad 5.

Electrochemistry: The analysis of the voltammetric behavior
of dyad 5 has been based on that of models 6 and 7, assuming
no substantial interaction, in 5, between the fullerene and the
dinuclear ruthenium complex. The oxidation of 6 was inves-
tigated in CH3;CN. Two reversible, one-electron processes
were recorded, and assigned to the two metal-centered
Ru"" — Ru' oxidations (Table 1).

The E,j, values (1.54 and 1.71 V) are comparable with those
reported for a dinuclear ruthenium(i) complex containing an
unsubstituted dpq ligand (1.47 and 1.62 VUdl). The electron-

0947-6539/01/0708-1598 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 8



Functionalized Polypyridylruthenium Complexes

1597-1605

Table 1. E;; (V vs. SCE) in THF/tetrabutylammonium hexafluorophosphate (TBAH) at 25 °C, unless otherwise noted. Working electrode: Pt

Oxidations Reductions
1 I II1 v \' VI VII VIII IX
5 +1.520 +1.70 -0.23 —0.49 —0.89 —1.07 —1.410 —-1.71 —-1.83 —-220 —2.7301
—1.520
6 +1.5401 +1.710] -0.23 -091 —1.410 —1.81 —-1.97 —2.26 —2.6l
—1.50 — 2.7t
7 —0.47 —1.05 —1.70 —2.16 —-293
[a] Acetonitrile solution. [b] Bielectronic process. [c] Obtained from digital simulation.
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withdrawing effect of the ester substituent in the bridging
ligand dpq is probably responsible of the small anodic shift in
6, of both oxidations processes. Also, the 180 mV shift
between them demonstrates that dpq allows a substantial
interaction between the two metal centers. A similar splitting
was already observed in other polynuclear complexes’® % and
an explanation based on the superexchange theory has been
given. Figure 1 displays the cyclic voltammogram of 6 in the
cathodic region. Seven reduction peaks are shown and
hereafter denoted by Roman numerals. Peaks I, II, IV, V,
and VI correspond to reversible, one-electron reduction
processes whose E,, values could be directly measured
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Figure 1. Cyclic voltammogram of 6 (0.5 mm) in THF (0.05 M TBAH). T=
25°C, v=0.5 Vs~!, working electrode: Pt.

(Table 1). Peak III results from the overlap of two reversible,
one-electron reductions, whose E,, value could be obtained
only by digital simulation. The simulation also provided the
E., values (Table 1) for the processes under peak VII,
assuming an overall exchange of two electrons. The reversi-
bility of the reduction processes under peak VII was difficult
to establish owing to poor resolution.

By comparison with the electrochemical properties of
similar ruthenium(l) complexes containing pyrazine li-
gands,!'”! we propose the following assignment of the nine
reduction processes of derivative 6: 1) peaks I, II, and VI
correspond to three successive reductions of the dpq bridging
ligand; 2) peak IV, peak V, and the two nearly-overlapping
processes comprised in peak III correspond to the one-
electron reductions of the four bpy ligands, and 3) the two
processes under peak VII are the second reduction of two bpy
units. The second reduction of the other two bpy units is
probably located outside the available potential window. In
line with the above assignment, the splitting between the two
processes under peak III and that between peaks IV and V is
that expected for the interaction between equivalent bpy
ligands in dinuclear complexes.'”) Tt is worth noting that the
dpg-centered reductions are anodically shifted by about 150 -
200 mV relative to those reported for a dinuclear rutheni-
um(ir) complex containing an unsubstituted dpq ligand."!l The
electron-withdrawing effect of the ester substituent probably
makes the dpq reductions easier. Neither reduction nor
oxidation processes attributable to the androstanone moiety
were observed, in agreement with our previously reported
fullerene-based dyad 8.0l
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Fulleropyrrolidine 7 shows five reversible, one-electron
reduction peaks!'¥ whose E,,, values are reported, for the sake
of comparison, in Table 1.

Figure 2a shows the cyclic voltammogram of dyad 5 in
CH,;CN at 25°C. In analogy to model 6, the two reversible,
one-electron peaks are the two metal-centered Rul — Ru!
oxidations whose E;, values are reported in Table 1. In the
cathodic region, significant complications arise from the
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Figure 2. Cyclic voltammogram of 5: a) 0.5 mm in CH;CN (0.05 M TBAH);
b) < 0.2mMm in THF (0.05m TBAH). T=25°C, v=0.5 Vs!, working
electrode: Pt.

adsorption of the dyad onto the electrode surface, which
occurs in both CH;CN and THF, at room temperature (see
Figure 2b). Also the low solubility of 5 in THF, along with the
chemical instability of the multiply reduced species, concurred
to make the analysis of the cyclic voltammograms, and the
calculation of the E;, values for each redox process, rather
difficult particularly at potentials beyond —2.5 V. However,
the comparison of the CV pattern of § with that of models 6
and 7 allowed a reasonable assignment of the reduction
processes. In contrast to mononuclear dyad 8, it has been
found that the first reduction of the dinuclear dyad is a ligand-
centered (dpq) rather than a fullerene-centered process, being
the first reduction of the fullerene moiety located 260 mV
towards more negative potentials than the dpg-centered one.

Absorption spectra: The ground-state absorption spectrum of
dyad 5 displays transitions that can be assigned to the
[(bpy),Ru(dpq)Ru(bpy),]** and FP moieties as shown in
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Figure 3 where the spectrum of 5 is plotted together with
those of model derivatives 6 and 10 in CH,CI, (between 350 -
750 nm). All fullerene-centered diagnostic bands of FP 704!
are observed in FP 10 that has been used as a FP model
because of its higher solubility in CH,Cl,.
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0.104
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350 400 450 500 550 600 650 700 750
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Figure 3. UV/Vis absorption spectra of dyad 5 (7.7 x 10~ M) and reference
derivatives 6 (7.1 x 10~® M) and 10 (8.1 x 10-°m) in CH,Cl,.

Dyad 5§, in CH,Cl,, reveals a MLCT transition at 620 nm
which is red-shifted about 160 nm relative to that of the
corresponding mononuclear dyad 8 in the same solvent.!dl
Interestingly, the MLCT absorption of 5 and 6 is also
subjected to a red-shift relative to a previously reported
dinuclear [(bpy),Ru(dpq)Ru(bpy),]** complex whose MLCT
transitions maximizes at 603 nm."¥ This can be possibly
rationalized in terms of the EW effect of the ester substituent
in the bridging ligand dpq of dyad 5.

In line with the results of the electrochemical study, no
bands attributable to electronic interaction between fullerene
and the ruthenium chromophores were observed.

Luminescence spectra: To investigate the extent of electronic
interaction between the bimetallic ruthenium complex and
the fullerene fragment in the excited state, emission measure-
ments were carried out with dyad 5 in solvents of different
polarity, and compared to that of model 6. Equimolar
solutions of 5 and 6 in CH,Cl, show the same MLCT emission
(Aem(max) =710 nm) at the 635 nm excitation wavelength.
Interestingly, the luminescence yield in dyad § is subjected
only to a moderate quenching (ca. 27 %) relative to the
emission of model 6. This is in contrast to the behavior of
mononuclear dyad 8 that, for instance in CH,Cl,, gives rise to
a strong and effective quenching (89%) of the MLCT
emission. Increasing the solvent polarity to CH;CN (Figure 4)
leads to a similar difference in MLCT luminescence between
5 and 6 (ca. 25%). This solvent independence may be
considered as a first indication that ET represents probably
a minor deactivation pathway for the MLCT excited state.
The low energy of the MLCT excited state of dyad §
(1.75 eV vs. 1.97 eVl for 8 in CH,CN), which correlates with
the early dpg-based reduction, makes the photoinduced
intramolecular ET, from the excited binuclear ruthenium
chromophore to the FP moiety, thermodynamically unfa-
vored. The dielectric continuum model predicts in fact values
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Figure 4. Emission spectra (excitation at 635 nm) of model 6 (@) and of

dyad 5 (0) in CH;CN at room temperature. All samples were studied under

identical conditions and, therefore, the relative intensities represent
relative emission quantum yields.

for the driving force (— AGgr) of the ET process of —0.17 and
—0.34 eVl in CH;CN and CH,Cl,, respectively, that is, ET is
endoergonic in both media, thus corroborating the above
conclusions based on the emission studies. For mononuclear
dyad 8, the same calculations gave a value of +0.24 eV in
CH;CN for the driving force indicating that ET is exergonic in
that solvent.l'¥]

Time-resolved photolysis: Although the conclusion of the
emission studies infers that an intramolecular ET is unlikely to
proceed, further examination of dyad 5 and models 6 and 10
by means of time-resolved transient absorption spectroscopy
was carried out.

The differential absorption changes recorded upon excita-
tion (532 nm, 18 ps) of model 6 are in large dictated by a
transient bleaching of the MLCT ground-state transition in
the region between 550 and 750 nm. By fitting the absorption-
time profiles to a monoexponential decay, a lifetime of the
photoexcited MLCT state of 30 ns was derived for 6 (Fig-
ure 5). This lifetime is substantially shorter than that meas-
ured for mononuclear ruthenium model 919 (z =180 ns), but
similar to that reported for the binuclear [(bpy),Ru(dpq)-
Ru(bpy),]** complex (r~20ns)." Intersystem crossing
kinetics in polypyridylruthenium complexes take place on a
sub-picosecond time base, from which we infer that the
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5 * o °
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= -0.31 o © a
5 IR
Y04 eocgla 4t T
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0 1000 2000 3000 4000 5000 6000
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Figure 5. Time absorption profiles recorded at 660 nm for model 6 (a) and
dyad 5 (o) in CH;CN at room temperature.
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monitored transient characteristics (i.e., with a 18 ps time
delay) are linked to the triplet MLCT states of mononuclear
and binuclear ruthenium complexes.['?!

An extension of the monitored time-window to the nano-/
microsecond regime helped to confirm the differential
absorption changes developing during the picosecond experi-
ments. Again, the displayed spectral region (Figure 6) is
dominated by a strong bleaching originating from the d(m—
7t*) transitions of dpq and bpy in the visible region (~ 630 nm)
and the ligand-based m—mt* transitions in the UV region
(~430 nm). The transient absorption changes, throughout the
UV/Vis region, uniformly give rise to a lifetime of 30 ns for
the MLCT state in 6, whose decay leads to a quantitative
recovery of the ground state.
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=
> .
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Figure 6. Differential absorption spectrum obtained upon flash photolysis
of model 6 (2.0 x 10~ m) in CH,CN with a 8 ns laser pulse at 532 nm.

In the case of the fullerene model (i.e., either FP 7 or FP 10)
a strong absorption maximum was registered around 880 nm
immediately after the laser excitation. This feature is a known
fingerprint of the FP singlet excited state absorption, which
decays in the 900 nm region rapidly with a lifetime of 1.8 ns. A
concomitant grow-in of a new transient absorption, disclosing
a doublet of maxima at 360 and 690 nm, relates to the
intersystem crossing (ISC) to the FP triplet excited state. In
oxygen-free solutions, a clean monoexponential recovery of
the singlet ground-state follows at low FP concentration and
low laser power, affording a triplet lifetime of nearly 50 ps
under our conditions. Compared to the dinuclear ruthenium
model 6 no bleaching was observed for FP throughout the
entire visible region.

In analogy to the excitation of model 6, irradiation of dyad 5
with 532 nm laser pulses gave the MLCT excited state of the
dinuclear ruthenium chromophore (90.6%). In the picosec-
ond-resolved experiments the differential bleaching between
550 and 750 nm, recorded after an 18 ps laser pulse (Figure 5
and Figure 7), is a qualitative match to that noted for model 6.
Importantly, a slightly shorter lifetime (22 ns) was measured
with respect to 6.

To confirm the MLCT excited state formation and to probe
the MLCT excited state deactivation, the picosecond meas-
urements were complemented by nanosecond experiments.
Differential absorption changes in the UV/Vis range recorded
immediately after photolyzing dyad 5 in oxygen-free CH;CN,
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Figure 7. Time-resolved difference absorption spectra of dyad 5 (2.0 x
10-°m) in CH;CN 0, 50, 2000 and 5000 ps after excitation with a 18 ps
laser pulse at 532 nm.

are plotted in Figure 8 ((®); 50 ns after the laser pulse). The
light-induced formation of the transient bleaching reveals a
series of minima at 310, 410, and 630 nm. These spectral
characteristics are not only reminiscent to those reported for
the photoexcited ruthenium complex 6 but are also identical
to those observed during the course of the picosecond
experiments.

0.4+
03
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0.1
0.0
011

AOD/arbitrary units

-0.21

-0.34 .

T T T T T T T =
300 400 500 600 700 800
wavelength/nm
Figure 8. Differential absorption spectrum obtained 50 ns (@) and 500 ns

(0) upon flash photolysis of dyad 5 (2.0 x 107° M) in CH;CN with a 8 ns
laser pulse at 532 nm.

A detailed kinetic analysis of the time-absorption profiles
show that the spectral features of the MLCT excited state
transform slowly into a new species (Figure 8 (0); 500 ns after
the laser pulse). Importantly, this conversion process is
characterized by both growth (~630 nm) and decay dynamics
(~450 nm), depending on the relative absorbances of the
precursor state and the newly formed product. The strongly
absorbing photoproduct displays a set of two maxima at 360
and 690 nm, respectively. These features agree well with those
of the triplet-excited state of FP 10. In addition, the recorded
lifetime of 43 ps, similar to that observed when FP 10 is
directly excited, suggests an intramolecular energy transfer to
the fullerene-excited triplet state.

Interestingly, the acceleration of the MLCT excited state
decay of 5 relative to model 6 (i.e., 22 ns vs. 30 ns) resembles
the overall luminescence quenching (see above; ca. 27 %).

1602
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Pulse radiolysis: As a specific and final test to confirm the
energy transfer rather than the electron transfer mechanism,
models 6 and 10 were oxidized and reduced, respectively, in a
set of complementary radiolytic experiments.'>¥ It was
deemed important to simulate the spectral characteristics of
the charge-separated radical pair and to compare them to
those noted following the excitation of dyad 5 (i.e., during the
pico- and nanosecond regimes). In fact, both the UV/Vis and
NIR regions, displaying characteristic fingerprints for an
oxidized ruthenium complex (Figure 9) or a fullerene -
radical anion, lack clear evidence that would suggest the
formation of a charge-separated radical pair.

400+
300

2

T 2001

3

g 1009

[}

Q -100

-2001

-300 T T T T 1
300 400 500 600 700 800

wavelength/nm
Figure 9. Radiolytic oxidation of model 6: transient absorption spectrum

of ruthenium(i11) obtained upon pulse radiolysis in N,O-saturated aqueous
solution containing 0.1 HCL

Quantum yield determination: In addition to the transient
absorption changes, the quantum yield of the fullerene triplet
excited state (¢ at 710 nm =14000 m~'cm™') in dyad 5 was
determined using the comparative method in reference to a
known standard, namely pristine Cg, (D = 1, € at 750 nm =
20200 m'em!).[1 Measurements in deoxygenated CH,CI,
solutions gave rise to a quantum yield @=0.19, after
subtracting the fullerene ground state absorption at 532 nm
(i.e., 9.4% fullerene and 90.6% dinuclear ruthenium(i)
moiety). This corroborates the transient absorption changes
and documents the generation of the fullerene triplet excited
state in 5 by photoexcitation of the ruthenium chromophore,
followed by an intramolecular triplet—triplet energy transfer
process evolving from the MLCT excited state of the dinuclear
ruthenium complex.

In the context of energy transfer in fullerene-based
materials, a series of oligo(naphthylenevinylene)—fullerene
and perylene —fullerene assemblies should be mentioned, in
which both singlet —singlet energy transfer and intramolecular
electron transfer were found to take place and, more
importantly, to compete with each other.'Y However, a
number of fundamental differences should be pointed out,
which have significant effects on the mechanism, rates, and
efficiencies. In these systems, a direct link of the photo-
sensitizer to the fullerene provides the grounds for a strong
coupling between the donor and acceptor moieties and,
subsequently, for very fast and efficient transfers. Besides the
different linkages, the lack of spin-orbit coupling in the
oligo(naphthylenevinylene) and perylene photosensitizers is
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another meaningful factor in determining the origin of the
excited state energy. Finally, the mechanism, that is, singlet —
singlet versus triplet—triplet exchange should be considered.

Formation of singlet oxygen: To probe the reactivity of the
product arising from photoexcitation of dyad 5, the bimolec-
ular quenching rate constant with molecular oxygen was
measured in CH,Cl, solutions purged with variable amounts
of O,. The determined rate constant (1.5 x 10° M~!s™!) is very
similar to those noted for pristine fullerene and N-methyl-
fulleropyrrolidines.'”! This suggests that dyad 5 generates,
similar to other fullerenes, singlet oxygen through the energy
transfer route.

Conclusion

A fulleropyrrolidine covalently linked to a 2,3-bipyridin-2-yl-
quinoxaline ligand was incorporated into a novel dinuclear
ruthenium(in)-based dyad. Both electrochemical and photo-
physical studies have shown that the fullerene and dinuclear
ruthenium complex in the dyad interact only weakly in the
ground state. The photophysical characterization revealed
that intramolecular energy transfer from the ruthenium
MLCT excited state (1.75 eV) to the functionalized fullerene
takes place with a quantum yield of 0.19 and that ET, if any,
represents probably a minor deactivation pathway for the
MLCT excited state. Our current efforts are directed to the
development of photovoltaic devices containing donor-—ac-
ceptor systems such as dyad 5, using layer-by-layer deposition
techniques.!'”)

Experimental Section

General: Details regarding the instrumentation used in this work to
characterize compounds 1, 3-6, and 10 have been described elsewhere.['*]
Absorption spectra were recorded with a Milton Roy Spectronic 3000
Array spectrophotometer. Emission spectra were recorded on a SLM 8100
Spectrofluorimeter. Fluorescence spectra were measured in CH,Cl, (5.0 x
10-° m) at liquid nitrogen or room temperature. A 570 nm long-pass filter in
the emission path was used to eliminate the interference from the solvent
and stray light. Long integration times (20 s) and low increments (0.1 nm)
were applied. The slits were 2 and 8 nm. Each spectrum was an average of
at least five individual scans.

Electrochemical instrumentation and measurements: The one-compart-
ment electrochemical cell was of air-tight design with high-vacuum glass
stopcocks fitted with either Teflon or Kalrez (DuPont) O-rings to prevent
contamination by grease. The connections of the high-vacuum line and
Schlenck apparati used for solvents were spherical joints also fitted with
Kalrez O-rings. The pressure in the electrochemical cell prior to performing
the trap-to-trap distillation of the solvent was typically 1.0-2.0 x
10> mbar. The working electrode consisted either of a 0.6 mm-diameter
platinum wire (0.15 cm? approximately) sealed in glass or in a Pt disc
ultramicroelectrode (r=>5 pm), also sealed in glass. The counter electrode
consisted of a platinum spiral and the quasi-reference electrode was a silver
spiral. The quasi-reference electrode drift was negligible for the time
required by a single experiment. Both the counter and the reference
electrode were separated from the working electrode by ~0.5cm.
Potentials were measured with the ferrocene standard and are always
referenced to the saturated calomel electrode (SCE). E,, values corre-
spond to (E,. + E,,)/2 from cyclic voltammetry. In some experiments a SCE
reference electrode was used, separated from the working electrode
compartment by a sintered glass frit. Ferrocene was used as an internal
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standard for confirming the electrochemical reversibility of a redox couple.
Voltammograms were recorded with a AMEL Model 552 potentiostat or a
custom made fast potentiostat controlled by either a AMEL Model 568
function generator or a ELCHEMA Model FG-206 F. The data acquisition
was performed with a Nicolet Model 3091 digital oscilloscope interfaced to
a PC. Temperature control was accomplished within 0.1°C with a Lauda
Klein-Kryomat thermostat. The DigiSim 2.1 software by Bioanalytical
Systems Inc., or the Antigona software developed by Dr. Loic Mottier
(http://www.ciam.unibo.it/electrochem.html) was used for the simulation of
the CV curves.

Flash-photolysis and pulse-radiolysis instrumentation and measurements:
Picosecond laser flash photolysis experiments were carried out with 532 nm
laser pulses from a mode-locked, Q-switched Quantel YG-501 DP
Nd:YAG laser system (pulse width 18 ps) and corresponding nanosecond
laser flash photolysis with laser pulses from a Qunta-Ray CDR Nd:YAG
system (532 nm, 6 ns pulse width) or alternatively from a Molectron UV-
400 nitrogen laser system (337.1 nm, 8 ns pulse width).') Pulse radiolysis
experiments were performed by utilizing 50 ns pulses of 8 MeV electrons
from a Model TB-8/16-1S Electron Linear Accelerator.!

Materials: Cq, was purchased from Bucky USA (99.5 % ). All other reagents
were used as purchased from Aldrich. cis-Bis(2,2'-bipyridine-N,N’)-dichloro-
ruthenium(i) dihydrate,?") N-methylfulleropyrrolidine 7¥ mononuclear
dyad 8 [Ru(bpy),(L1)][PFs], (L1= N-methylfulleropyrrolidine-2-spiro-
17'-(0l-2,2"-bipyridylcarboxylate)-5'a-androstanyl),'Yl mononuclear ruth-
enium(1i1) model 9 [Ru(bpy),(L2)][PF¢], (L2 = 173-(0l-2,2"-bipyridylcarbox-
ylate)-5a-androstan-3-one),l') were prepared as described in the literature.
All solvents were distilled prior to use. Dichloromethane and acetonitrile
employed for UV/Vis, steady-state luminescence, pico- and nanosecond
flash photolysis and pulse radiolysis measurements were commercial
spectrophotometric grade solvents that were carefully deoxygenated prior
to use. TBAH (puriss. from FLUKA) was used as supporting electrolyte as
received. THF (LiChrosolv, Merck) was treated according to a procedure
reported elsewhere.”! For the electrochemical experiments, THF was
distilled into the electrochemical cell, prior to use, using a trap-to-trap
procedure.

Synthesis of [Ru,(bpy),(4)1[PF], (5): A solution of fulleropyrrolidine 4
(24 mg, 0.018 mmol), [Ru(bpy),CL]-2H,0 (31 mg, 0.060 mmol) and
NH,PF; (53 mg, 0.32 mmol) in 1,2-dichloroethane (7 mL) was heated to
reflux for 4 h under a nitrogen atmosphere in the dark. The reaction was
monitored by TLC (toluene/AcOEt 6:4), following the consumption of 4.
After filtration, the solvent was evaporated under reduced pressure and the
residue dissolved in a minimum amount of CH;CN, followed by precip-
itation by MeOH/Et,0 (1:1). The precipitate, isolated by centrifugation,
was washed with CH,Cl,, MeOH, water, and then dried in vacuum
affording 1 (24.5 mg, 49 %) as a green solid. NMR (CD;CN, 25 °C): proton
and carbon NMR spectra show mainly broad resonances in the aliphatic
and aromatic regions (see text); IR (KBr): 7=2925, 1718, 1447, 841, 764,
558, 528 cm~!; UV/Vis (CH,CLy): A, (€) =250 (98600), 279 (111000), 382
(19800), 405 (22000), 620 nm (10600 mol~'dm*cm~"'); MS (MALDI): m/z
(%): 2174 [M — 4PF¢]*; MS (FAB) 1762 [M — 4PF4(bpy),Ru]*, 720 [Cy]";
elemental analysis calcd (%) for C,4H7;N;0,F,,P,Ru, (2755.2): C 61.0, H
2.8, N 6.6; found: C 58.7, H 2.8, N 6.1.

N-methylfulleropyrrolidine-2-spiro-17'f-(ol-2,3-bipyridin-2-yl-quinoxa-

line-6-carboxylate)-5'a-androstanyl (4): A solution of Cy (140 mg,
0.19 mmol), sarcosine (81 mg, 0.91 mmol), and ester—ketone 3 (130 mg,
0.22 mmol) in toluene (140 mL) was heated to reflux for 4 h. The reaction
was monitored by TLC (toluene/AcOEt 6:4), following the formation of 4
(R;=0.63). The solvent was evaporated under reduced pressure, and the
crude product purified by flash column chromatography (SiO,). Elution
with toluene and subsequently with toluene/AcOEt 9:1 gave 4 (81 mg,
32 %) along with unreacted Cy, (80 mg, 57 % ). '"H NMR (250 MHz, CD,Cl,/
CS, 2:1, 25°C, TMS): fulleropyrrolidine 4 is a mixture of diastereoisomers
(see text). The resonances relative to the minor diastereoisomer are given
only when possible: 6 =8.77 (d, “/(H,H)=1.4 Hz, 1H), 8.73 (minor, d,
4J(H,H) =1.5 Hz, 1H), 8.32 (dd, *J(H,H) = 8.8 Hz, */(H,H) =1.9 Hz, 1H),
8.28 (minor, dd, 3/(H,H)=8.8 Hz, */(H,H) =1.5 Hz, 1H), 8.10-8.19 (m,
3H), 7.97-8.02 (m, 2H), 7.75-7.82 (m, 2H), 714-7.20 (m, 2H), 4.95 (m,
2H; pyrrolidine-CH,), 4.92 (t, */(H,H) =7.8 Hz, 1H; CH at position 17 of
the androstane), 4.79 (minor, t, 3/(H,H) = 7.8 Hz; CH at position 17 of the
androstane), 4.54 (minor, s, 2H; pyrrolidine-CH,), 3.46 (s, 3H; N—CHs;),
2.88 (minor, s, 3H; N—CHj;), 1.04 (minor, s, 3H; CHj;), 1.02 (s, 3H; CH;),

0947-6539/01/0708-1603 $ 17.50+.50/0 — 1603



FULL PAPER

D. M. Guldi, M. Maggini, F. Paolucci et al.

0.98 (s, 3H; CH3;). Resonances due to the androstane moiety, that appear as
a complex cluster of signals between 0 =0.5 and 2.8, are not reported);
BC NMR (62.9 MHz, CD,CL/CS, 2:1, 25°C, TMS): 0=165.23, 165.11,
157.48, 15745, 155.85, 154.06, 153.51, 148.17, 146.90, 146.53, 146.40, 146.32,
146.09, 145.98, 145.88, 145.57, 145.39, 145.30, 145.21, 145.17, 145.07, 144.63,
144.48,143.32, 142.98, 142.85, 142.79, 142.69, 142.50, 142.46, 142.40, 142.30,
142.22, 142.08, 141.96, 141.92, 141.88, 140.36, 140.31, 140.05, 140.00, 136.36,
135.56, 135.49, 135.42, 132.42, 131.757, 129.94, 129.60, 124.07, 123.97, 123.12,
123.03, 84.18, 84.12, 80.10, 78.88, 76.46, 72.26, 69.69, 69.63, 65.31,.54.89,
54.80, 51.29, 50.88, 43.45, 43.26, 42.62, 38.87, 37.57, 37.30, 36.67, 36.18, 36.05,
35.92, 35.68, 35.62, 33.90, 32.21, 31.96, 29.11, 28.20, 27.39, 24.11, 21.11, 12.67,
12.55,12.32; IR (KBr): #=2924, 1721, 1270, 1246, 1094, 787, 762, 528 cm™;
UV/Vis (CH,ClL): A, (¢)=254 (132000), 318 (50700), 432 nm
(3400 mol~'dm*cm~'); MS (MALDI): m/z (%): 1347 [M]*, 627 [M —
Cgo]t; caled exact mass (HR-FAB, 3-nitrobenzyl alcohol (3-NBA)/Gly/
1% trifluoroacetic acid (TFA) as matrix): 1348.3652; found 1348.3647
(—0.3 ppm); elemental analysis calcd (% ) for C,4,H,sNsO, (1348.5): C 89.0,
H 3.4,N 5.2; found C 838.9, H3.1, N 5.2.

17f-(01-2,3-bipyridin-2-yl-quinoxaline-6-carboxylate)-5z-androstan-3-one
(3): A mixture of dpq-CO,H 1 (164 mg, 0.48 mmol), DMAP (35 mg,
0.29 mmol), and DCC (122 mg, 0.59 mmol) in CH,Cl, (3 mL) was stirred at
room temperature for 20 min. A solution of 4,5-dihydroxytestosterone 2
(168 mg, 0.58 mmol) in CH,Cl, (2 mL) was added and the mixture was
stirred for 24 h at room temperature. The reaction was monitored by TLC
(toluene/AcOEt 1:1), following the formation of 3 (R;=0.64). The solvent
was evaporated under reduced pressure and the crude product purified by
flash column chromatography (SiO,, eluent toluene/AcOEt 65:35) afford-
ing 6 (266 mg, 92 %) as a white solid. An analytical sample was obtained by
crystallization from isopropanol: m.p. 252-254°C; 'H NMR (250 MHz,
CDCl; 25°C, TMS): 6 =8.99 (d, */(H,H) = 1.46 Hz, 1H), 8.48 (m, 3H), 8.34
(d, 3J(H,H) =8.79 Hz, 1H), 8.10 (t, 3J(H,H) =7.81 Hz, 2H), 7.93 (m, 2H),
735 (m,2H), 5.02 (m, 1H), 2.6 -0.8 (unresolved), 1.12 (s, 3H), 1.10 (s, 3H);
BC NMR (62.9 MHz, CDCl; 25°C, TMS): 6=211.84, 165.58, 156.88,
156.80, 153.82, 153.26, 148.49, 143.04, 140.34, 136.92, 136.84, 132.33, 131.68,
130.16, 129.55, 124.35, 124.25, 123.35, 123.24, 83.98, 53.70, 50.61, 46.59,
44.62, 43.14, 38.46, 38.08, 36.94, 35.70, 35.19, 33.89, 31.21, 28.73, 27.71, 24.89,
23.65, 20.90, 12.48, 11.46; IR (KBr): #=2932, 1718, 1273, 1099, 790 cm™!;
elemental analysis calcd (%) for C5H,(N,O; (600.8): C 76.0, H 6.7, N 9.3;
found: C75.8, H 6.7, N 9.2.

[Ru,(bpy),(17-(0l-2,3-bipyridin-2-yl-quinoxaline-6-carboxylate)-5a-an-
drostan-3-one) |[PF], (6): A solution of 3 (86 mg, 0.14 mmol), [Ru(bpy),-
Cl]-2H,0 (144 mg, 0.28 mmol) and NH,PF, (155 mg, 0.95 mmol) in 1,2-
dichloroethane (12 mL) was heated to reflux for 24 h under a nitrogen
atmosphere in the dark. The reaction was monitored by TLC (brine/
acetone/MeOH 6:2:2), following the formation of 6 (R;= 0.17). The solvent
was evaporated under reduced pressure and the residue, dissolved in a
minimum amount of acetone, precipitated by addition of Et,O. The
precipitate, isolated by centrifugation, was washed with a 1:1 acetone/Et,O
solvent mixture, and then CH,Cl,, and then dried under vacuum affording 6
(206 mg, 73%) as a green solid. NMR (CD;CN, 25°C, TMS): the proton
and carbon NMR spectra show a complex and unresolved host of
resonances in the aliphatic and aromatic regions. Derivative 6 is in fact a
mixture of diastereoisomers and its NMR behavior is similar to that
discussed for dyad 5 (see text); IR (KBr): #=2929, 1709, 1448, 840, 764,
558 cm™!; UV/Vis (CH,CL): A,.=(¢) 286 (71000), 389 (14500), 405
(17400), 620 nm (11900 mol~'dm*cm~"); MS (MALDI): m/z (%): 1718
[M —2PF,]*; elemental analysis caled (%) for C;H;,N;,O;F,,P,Ru,
(2007.5): C 46.7, H 3.6, N 8.4; found: C 47.0, H 3.6, N 8.5.

2,3-Dipyridin-2-yl-quinoxaline-6-carboxylic acid (1): A solution of 2,2'-
bipyridine (2.03g, 9.6 mmol) and 34-diaminobenzoic acid (1.49g,
10.6 mmol) in ethanol (50 mL) was heated to reflux for 1.5h. The
formation of a gray precipitate was observed. The solid was filtered and
crystallized from ethanol to afford 1 (2.41 g, 73%) as a gray solid: m.p.
232-235°C; 'H NMR (200 MHz, [Dg]DMSO, 25°C, TMS): 6 =13.56 (br s,
1H), 8.70 (s, 1H), 829 (m, 4H), 7.99 (m, 4H), 736 (t, 2H); “C NMR
(62.9 MHz, [D¢]DMSO, 25°C, TMS) 6 =166.69, 156.76, 154.10, 153.53,
148.34, 142.32, 139.74, 137.15, 132.90, 130.97, 130.34, 129.65, 124.20, 124.14,
123.76, 123.68; IR (KBr): 7= 1689, 1587, 1354, 1312, 1271, 787 cm™;
elemental analysis calcd (%) for C;oH;,N,O, (328.3): C 69.5, H 3.7, N 17.0;
found: C 69.6, H 3.5, N 17.0.
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N-methyl-3,4-fulleropyrrolidine-2-spiro-5'z-androstanyl (10): A solution of
Cy (53 mg, 0.074 mmol), sarcosine (19.2 mg, 0.22 mmol), and 4,5-dihydro-
testosterone 2 (61.6 mg, 0.22 mmol) in toluene (50 mL) was heated to
reflux for 3 h. The reaction was monitored by TLC (toluene/ethyl acetate
1:1) following the formation of 10 (R;=0.67). The crude product was
purified by flash column chromatography (SiO,, eluent toluene then
toluene/AcOELt 9:1) affording 29.5 mg (38 %) of 10 and 22.5 mg (42 %) of
unreacted C,. 'H NMR (250 MHz, CS,/CD,Cl, 2:1, 25°C, TMS):
resonances relative to the major diastereoisomer are reported along with
those of the minor one when detectable: 6 =4.96 (m, 2H; pyrrolidine-
CH,), 4.54 (minor, s, 2H; pyrrolidine-CH,), 3.59 (t, *J(H,H) =8.30 Hz, 1H;
CH at position 17 of the androstane), 3.46 (s, 3H; N—CH,), 2.88 (minor, s,
3H; N-CH,), 1.02 (minor, s,3H; CH,), 0.96 (s, 3H; CH,), 0.71 (s,3H; CH,),
0.67 (minor, s, 3H; CH,). Resonances due to the androstane moiety, that
appear as a complex cluster of signals between 0 =0.5 and 2.8, are not
reported; ¥C NMR (62.9 MHz, CS,/CD,Cl, 2:1, 25°C, TMS): 6 =157.27,
156.96, 156.82, 156.76, 156.11, 155.85, 155.13, 155.05, 146.89, 146.51, 146.40,
146.30, 146.08, 145.88, 145.56, 145.35, 145.19, 145.06, 144.48, 143.31, 142.69,
142.42, 142.29, 142.22, 141.97, 140.32, 140.03, 139.20, 135.54, 129.12, 128.35,
125.44, 84.17, 82.01, 81.92, 78.88, 76.44, 72.28, 69.67, 65.29, 55.04, 51.50,
51.12,43.49, 43.30, 43.10, 42.66, 38.86, 37.25, 36.99, 36.69, 36.19, 36.03, 35.89,
33.89,32.22,31.99, 31.02, 30.90, 30.14, 25.18, 23.84, 23.74, 21.56, 21.14, 12.55,
12.32, 11.30, 11.23; IR (KBr): 7=3435, 2925, 2866, 2849, 1452, 528 cm™;
UV/Vis (CH,CL): Ap=(e) 238 (77663), 300 (36106), 430 nm
(3500 mol~'dm*cm™'); MS (MALDI): m/z 1039 [M+H]*; elemental
analysis calcd (%) for Cg;H3sNO (1038.2): C 93.7, H 3.4, N 1.4; found: C
92.9, H 3.2, N 1.3; calcd exact mass (HR-FAB, 3-NBA/Gly/1 % TFA as
matrix): 1038.2797; found 1038.2774 (—2.2 ppm).
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