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This work is dedicated to the memory of Professor Antonin A. VIcek. It concerns with the localization
and characterization of redox sites in molecular and supramolecular systems, developed in the perspec-
tive of realizing devices capable of performing complex and useful functions. These topics were of ex-
treme interest to Prof. Vicek’s scientific activity, and he greatly contributed to their development.

Professor Vicek frequently visited the electrochemistry group at the Department of Chemistry
“G. Ciamician” in Bologna. During his stays, a great and respectful friendship developed. Besides hav-
ing been a great friend, Prof. VIcek was also a master to two of the authors (S. R. and F. P.). His sug-
gestions, concerning both the experimental and interpretative aspects of our results in the field of
coordination electrochemistry, have been invaluable. Particularly important were his indications for
the improvement of the experimental conditions in our experiments, achieved by a very careful treat-
ment of solvents and electrochemical cells. Regarding the theoretical aspects, the concept of redox sites
developed by Prof. VIcek, their identification and characterization within the molecular and supramo-
lecular framework, plays a fundamental role in obtaining important information regarding the possi-
ble occurrence, e.g., of intramolecular electron transfer processes, a theme that is central in our
research.

We and all those who knew him will certainly be missing Prof. VIcek for many years to come.

Two dyads consisting of a mononuclear or a dinuclear ruthenium complex covalently linked
to a fullerenopyrrolidine through a rigid androstane spacer, have been prepared through
azomethine ylide cycloaddition to Cg,. Electrochemical and photophysical studies revealed
that ground-state electronic interactions between the dinuclear ruthenium chromophore
and the fullerenopyrrolidine moiety are small. The redox series observed for the dyads corre-
spond to the superimposition of the reduction patterns of the fullerene core and of the
Ru(ll)-bipyridine moieties. The results of the electrochemical investigation allow us to ratio-
nalize the photophysical behaviour of the two species by identifying the thermodynamically
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allowed and forbidden routes for the deactivation of the Ru-based metal-to-ligand charge
transfer (MLCT) excited state.

Keywords: Electrochemistry; Ruthenium complexes; Fullerenes; Steroids; Bipyridines;
Donor-acceptor systems; Cyclic voltammetry; Redox series; Supramolecular chemistry.

Polypyridine ruthenium(ll) complexes have been extensively investigated
in the past two decades because of their outstanding luminescence and
electrochemical propertiesl. Their strong light absorption in the visible
spectral region, well-known and highly stable photophysics, ability to un-
dergo energy- and electron-transfer processes when coupled to electron ac-
ceptors, great chemical stability and relative ease of derivatization, make
these species suitable building blocks for the development of molecular as-
semblies that may play an important role for many fundamental and prac-
tical aspects such as better understanding of natural photosynthesis and
formation of molecular devices performing, for instance, information stor-
age and processing or conversion of light into chemical/electric energy?.

In the search for artificial photosynthetic systems based on the Ru(ll)-
polypyridine chromophore, [60]fullerenes have recently proved themselves
as important electron acceptor units. This is related principally to their
unique structure and electrochemical and photophysical properties. The
good electron-accepting properties of fullerenes (in solution, they can ac-
commodate up to six electrons and the first reduction occurs at remarkably
high potentials®) couple to the low reorganization energy for the electron
transfer (ET) process (essentially due to the rigidity of the bulky carbon
sphere in the ground, reduced and excited states), resulting in the facili-
tated photoinduced ET process and inhibited back-ET (ref.3?). Finally, the
high control reached in the chemical functionalization of fullerene* has
made available a variety of approaches to the construction of donor-
bridge-acceptor dyads based on a [60]fullerene unit opportunely coupled to
suitable electron donors®. We have recently reported the case of the
[Ru(bpy),]-androstane-fullerenopyrrolidine dyad 1 (Chart 1)8, and a detailed
characterization of its redox properties based on a comparison with those
of its building blocks is reported in this work.

In the strategy of increasing the efficiency of such photochemical de-
vices, by increasing the fraction of captured light through enhancing molar
absorption coefficients in the visible region, and, hence, also the antenna
effect, the dinuclear dyad 2 (Chart 1) was synthesized’. Its electrochemical
characterization is given hereinafter, too.

Collect. Czech. Chem. Commun. (Vol. 66) (2001)



278 Carano et al.:

The electrochemical characterization of the above species, in terms of (i)
localization of the redox sites within the supramolecular structure and (ii)
determination of the corresponding standard electrode potentials, as shown

72+
=

CHART 1

below, plays an instrumental role in the rationalization of the photo-
physical behaviour. The data obtained from the cyclic voltammetric (CV)
experiments permit in fact the straightforward calculation of the
intramolecular charge-separated state energy, which in turn sets the ther-
modynamic requirement for the ET process to occur.

RESULTS AND DISCUSSION

Localization of Redox Sites in Multicomponent Systems

A redox site is a domain of atoms within the molecular structure, over which
the redox orbital is delocalized. The redox site concept is instrumental in
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the definition of redox series, i.e. a set of compounds with identical chemical
composition that only differ in the overall number of electrons. The redox
series concept originated in the 1970s mainly in connection with the elec-
trochemistry of coordination compounds®, and was formalized by A. A.
Vicek at the beginning of 1980s in a series of fundamental papers where the
rules that govern, in particular, the pattern of ligand-based redox series,
were laid®. A widespread diffusion of this concept in both the inorganic and
organic electrochemical literature was then observed, mainly due to the
fact that it has permitted a unified description and rationalization of the re-
dox behaviour of families of complex systems in terms of localized redox
processes, and, at the same time, the precise evaluation of the electronic in-
teractions occurring between different redox sites. A molecule, and, a forti-
ori a supermolecule, may contain several redox orbitals that belong to
different parts of space spanned by the molecule. In cyclic voltammetry, a
redox series is manifested by a succession of reversible voltammetric peaks,
and the separation between them is related to the interactions between the
various sites. Coordination chemistry offers several examples that illustrate
different types of redox series. In transition metal coordination com-
pounds, it is usually possible to discriminate between metal-centred and
ligand-centred redox series. Ligand-ligand interactions, occurring either
through space or mediated by the metal core, are responsible for the poten-
tial separation usually observed between consecutive reductions of identical
ligands in mononuclear complexes, and give rise to the typical multiplets
observed in the CV patterns for such species. The complex [Ru(bpy);]**
(bpy = 2,2'-bipyridine) is a typical example of a coordination compound in
which metal-ligand and ligand-ligand interactions are weak enough to se-
cure that its reduction behaviour is easily related to that of the free ligands
(Fig. 1).

The interaction with the metal stabilizes the bpy-centred redox orbital
and, consequently, bpy is reduced at less negative potentials in the coordi-
nated state than non-coordinated. Due to their chemical equivalence, the
three ligands should reduce at the same potential but ligand-ligand interac-
tions intervene, provoking their splitting in a triplet of peaks, one for each
one-electron bpy reduction. The intramultiplet potential gaps reflect the
electronic repulsion energy between electrons located on different ligands,
while the intermultiplet potential gap relates to the electronic coupling en-
ergy of two electrons entering the same redox orbital, and, to a first approx-
imation, is equal to that measured for the free ligand. It should be noted
that polypyridine ligands are strong bases when doubly-reduced. This
means that a symmetric, reversible pattern such as that shown in Fig. 1, can
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only be obtained when very dry conditions are used in the CV experiments,
otherwise follow-up protonation reactions bring about the early termina-
tion of the redox series, i.e. a smaller number of reduction peaks is ob-
served, displaying a much lower reversibility. Extracting information on
thermodynamical significance from the CV experiments is straightforward
when a reversible behaviour is observed, whereas it may be done, in the
case of kinetic complications®, only by digital simulation procedures. The
use of strictly aprotic conditions is therefore a convenient choice, although
sometimes highly demanding from the experimental point of view?©,

More complex redox series than that shown in Fig. 1 may be observed,
for instance, when the coordination compound contains different ligands
with different redox properties, and also in polynuclear complexes. In the
latter case, in addition to the above types of interactions, metal-metal in-
teractions (direct or mediated by bridging ligands, the latter being either
electroactive or not) and remote ligand-ligand interactions have also to be
considered.

In this context, the supramolecular systems shown in Chart 1, in which
the polypyridine Ru(ll) complex and the fullerene moieties separately give
rise to redox series, having different and partly superimposing patterns, rep-
resent interesting examples for illustrating and testing the above concepts.
Moreover, the presence of either a mono- or a dinuclear metal complex al-
lows to determine the different entity of the various types of interactions
involving the ligands. Two different strategies for a satisfactory localization

T T T
B \/ -2.0 v -3.0
E, V vs SCE
Fic. 1

Cyclic voltammogram of [Ru(bpy)s]** (1 - 1072 mol 1Y) in DMF (51072 m TEAH). Condi-
tions: =54 °C, v = 0.2 V 57}, working electrode: Pt wire
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of redox sites will be illustrated, both based on the use of genetic diagrams,
i.e. diagrams in which each redox potential for the various processes ob-
served in the dyad, is correlated to that of an equivalent process observed
in an appropriate model. In the case of the mononuclear dyad 1, the corre-
lation will involve the free ligands, and the effects on their redox properties
deriving from complexation will be taken into account. On the other hand,
in the case of the dinuclear dyad 2, a correlation will be done with two suit-
able fragments, namely the fullerene derivative and the dinuclear Ru(ll)
complex, each responsible for one of the two redox series that superimpose
in the CV pattern of the dyad.

Redox Sites Localization in Dyads 1 and 2

Since the interaction between the two subunits in dyads 1 and 2 is expected
to be weak, the cyclic voltammetric behaviour is discussed with the as-
sumption that their ground state redox properties can be represented with a
sufficient degree of approximation within the localized molecular orbital
model.

Figure 2 shows the cyclic voltammogram of dyad 1 in THF. As expected
for the presence of two subunits, each characterized by a rich redox activ-
ity, the curve shows a complex pattern made up of several one- and two-
electron processes.

T 1
0 -05 -1.0 1. -20 -25 =30

E, V vs SCE

FiG. 2
Cyclic voltammogram of 1 (3 - 10™ mol I'Y) in THF (5 - 102 m TBATFB). Conditions: 25 °C,
v=02Vs?t working electrode: Pt wire
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The independence of the current function (i/vl/2, where i is the current
and v the scan rate) on the scan rate indicates that all the peaks correspond
to reversible diffusion-controlled reduction steps. In particular, the first,
third, sixth and seventh peaks correspond to a reversible one-electron
transfer, while the second, fourth and fifth peaks are the result of superim-
position of two successive reversible one-electron transfers with close stan-
dard potentials. In the whole, up to 10 electrons are exchanged reversibly,
with E,,, values (reported in Table I) obtained for the one-electron peaks as
a mean of E, and E,;, and for the doublets by digital simulation of the CV
curves.

In order to localize the redox sites within the supramolecular structure
and to obtain information on their interactions, the cathodic voltammetric
response for 1 was compared with that of the free ligands bpy and 3 (Chart 2).
Furthermore, since ligand 3 is made up of two independent subunits, the
N-methylfullerenopyrrolidine 4 and the substituted bpy fragment 5 (Chart 2),
covalently linked by the electro-inactive androstane bridge, its CV behav-
iour is expected to be superimposition of those for separate subunits, with

pc:

4+

CHART 2
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small changes due to weak interactions between them. Figure 3 shows the
CV curves for 4 (a), 5 (b) and 3 (c) in THF solution at —-60 °C, where a
higher reversibility for all the processes was obtained.

All compounds show one-electron processes, except for the third and
fourth peaks in 3, each corresponding to two consecutive reversible
one-electron transfers with close standard potentials (determined by digital
simulation of the CV curve). The comparison of the CV curves in Fig. 3 al-
lows the facile location of the redox sites in the ligand 3. This is illustrated
in the genetic diagram in Fig. 4, where the E;,, values for all the one-
electron reduction processes involving species 3-5 (Table 1), are displayed
and the localization of the redox sites is shown by the one-to-one correla-
tion lines.

Note that the spacing between the two reduction steps in 5 is the ex-
pected electronic coupling interaction term usually observed in poly-
pyridine ligands, a separation that is usually conserved after complexation
with the metal. Moreover, both reductions are positively shifted with
respect to the corresponding processes in unsubstituted bpy (by 450 and
600 mV for the first and second reduction, respectively, cf. Table I). This is
due to the presence of the electron-withdrawing carboxylic group in 5. On
the other hand, the slight negative shift of the last two fullerene-centred
reductions in 3 is likely due to the electrostatic interaction between the
fullerene moiety and the (reduced) bpy, although some electronic interac-

TABLE |
Half-wave potentials (E;;, vs SCE) for dyads 1 and 2 and their building blocks 3, 4, 5 and 6
and uncoordinated bpy in THF at 25 °C

g(?::]-d Cathodic steps uncoordinated

1 -0.47 -092 -1.04 -135 -1.69 -1.71 -1.95 -2.15 -2.56 —2.97
2 -0.23* -0.55 -0.90* -1.10 -1.52°° -1.71 -1.83 -1.95 -2.23 -2.73%¢
3 -0.47 -104 -1.68 -1.71 -2.18 -2.23 -2.96

4 -0.47 -1.04 -1.68 -2.15 -2.96

5 -1.71 -2.19

6 -0.23 -091 -1.41 -150 -1.81 -197 -2.26 -2.65°¢

bpy? —2.16 -2.79

2 Adsorption phenomena. ° Irreversible peak. ¢ Two-electron process. 9 Ref.®.
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5 pA
5 pA

h ™S , |
—2}! -25 -3.0 O.
E, V vs SCE

S T 1
—2‘.}/ -25 -3.0

E, V vs SCE

5 pA

N T T 1
—N -25 -3.0

E, V vs SCE

Fic. 3
Cyclic voltammograms of a 4, b 5 and ¢ 3 (510" mol 1Y) in THF (5102 m TBATFB).
Conditions: —-60 °C, v = 0.2 V s™%, working electrode: Pt wire

T T T T T T T
0.0 -0.5 -1.0 -15 -2.0 -2.5 -3.0
E, V vs SCE
Fic. 4
Comparison of E,,, values (genetic diagram) for compounds 3-5
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tion through the bridge cannot be ruled out entirely. Knowing the location
of the redox sites in 3, we can now identify the redox sites in dyad 1. A
comparison of the reduction potentials of 1 and the uncoordinated ligands
can be made through the genetic diagram in Fig. 5, where the lines corre-
late reduction processes involving the same ligand in either its free or coor-
dinated state.

The genetic diagram has been constructed considering, on the one hand,
the well-known stabilization of bpy-centred redox orbitals upon metal co-
ordination, and, on the other hand, the fact that no substantial potential
shift of the fullerene-centred reductions is expected upon coordination to
the metal centre. Additional factors, whose effect on the CV pattern has
been taken into account, are: (i) the different redox properties of the bpy
moiety in ligand 3 with respect to unsubstituted bpy (see Table I) and (ii)
the generation of doublets for the reductions of the two equivalent bpy lig-
ands, according to the rules outlined in the previous section. The localiza-
tion of bpy-centred reduction processes was obtained by analogy with
similar heteroleptic polypyridyl Ru(ll) complexes, such as [Ru(dpp)(bpy),]?*
(dpp = 2,3- or 2,5-di(2-pyridyl)pyrazine)1%, where the dpp ligand, similarly
to the ester substituted bpy moiety in 3, is easier to reduce than bpy. Ac-
cording to the genetic diagram in Fig. 5, the first bpy-centred reduction in 1
involves the substituted ligand, followed by two reductions involving the
two unsubstituted bpy ligands. The successive three bpy-centred electrons
would enter in the same sequence of coupling to the first set in the respec-
tive redox orbitals. However, only five processes attributed to the bpy lig-
ands are observed, i.e. the redox series is not complete: a reduction step due

bpy

T T T T T T T
0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0
E, V vs SCE

Fic. 5
Comparison of E;,, values (genetic diagram) for 2,2'-bipyridine, and compounds 1 and 3
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to one unsubstituted bpy is missing, occurring likely outside the available
cathodic potential window. Note, moreover, that the assignment of the two
closely-spaced processes comprised in the fourth and fifth peaks, as re-
ported in the genetic diagram in Fig. 5, is only tentative and that the se-
quence may be reversed.

A different approach for the localization of redox sites was used for dyad 2.
Assuming that it contains two distinct redox-active sites, namely a
fullerenopyrrolidine and dinuclear Ru(ll) moieties, interacting in principle
only weakly, the analysis of the CV response of 2 was based on that of the
two separate models 6 and the fullerenopyrrolidine 3. Seven distinct reduc-
tion peaks are observed for species 6 (Fig. 6). Peaks I, Il, IV-VI correspond to
chemically reversible one-electron reductions, whose E;,, potentials were
directly measured (Table I). In contrast, peak Ill presents the overlap of two
reversible one-electron processes, whose E,,, potentials could only be ob-
tained by digital simulation of the CV curves. Finally, the multi-electron
peak VIl corresponds to the exchange of at least two electrons. Reversibility
in the latter case is difficult to ascertain due to the poor resolution of the
peak.

Based on the hypothesis that two electrons are exchanged at peak VII,
the digital simulation provides the corresponding E;;, values reported in
Table I. In analogy to electrochemical properties of similar bipyridine-type
Ru(ll) complexes containing pyrazine ligands!®d, with the bridging ligand

T T
=6 .0 -1.5 -2.0 -2.5 -3.0
E, V vs SCE

FiG. 6
Cyclic voltammogram of 6 (5 - 10™ mol 1Y) in THF (5 - 102 m TBATFB). Conditions: 25 °C,
v=05Vs?t working electrode: Pt wire
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reducing much easier than bpy and its double chelation making the reduc-
tion even easier, the peaks I, Il and VI are assigned to the three consecutive
reductions of the dpq bridging ligand. The two overlapping waves in the
composed peak lll, as well as the peaks IV and V belong to the one-electron
reductions of the four bipyridine ligands. Finally, the two processes com-
prised in the peak VIl correspond to the second reduction of two bpy units.
The remaining bpy-centred reductions are not observed, being probably lo-
cated outside of the available potential window. In line with the above at-
tribution, the splitting between the processes hidden in the peak Il and
that between the peaks IV and V are those expected for the interaction be-
tween equivalent bpy ligands in dinuclear complexes'®1%  Moreover, the
dpg-centred reductions are anodically shifted (by ca 150-200 mV) with re-
spect to those reported for the dinuclear Ru complex containing the
unsubstituted dpq ligand?!, as expected for the electron-withdrawing effect
due to the carboxylic substituent.

The CV investigation of dyad 2 was difficult due to its very low solubility
in THF or acetonitrile and by the occurrence of adsorption processes, evi-
denced by the presence of triangular-shaped peaks whose height increased
linearly with the scan rate. The partial superimposition of such peaks to
those due to the diffusion-controlled reductions of 2, made the analysis of
the CV curve, in particular the evaluation of the number of transferred elec-
trons in the multi-electron reductions, rather tricky. Furthermore, the study
proved a rather low stability of 2 upon multiple reduction, as evidenced on
the reverse scan by the absence of the anodic counterpeaks for some of the
cathodic steps and by the presence of novel anodic peaks not coupled to
any of the cathodic ones. However, a tentative description of the redox

3
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T T T T T T T
0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0

E, V vs SCE
Fic. 7

Comparison of E,,, values (genetic diagram) for compounds 2, 3 and 6
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properties of 2 is schematically shown in Fig. 7, based on a comparison of
its CV pattern with those for models 6 and 3. For all the reasons outlined
above, a reliable localization of the redox sites in 2 cannot be obtained for
all the redox processes.

Summarizing, the CV study has evidenced that, in contrast to the
mononuclear dyad 1, the first reduction is a ligand (dpq)-centred rather
than a fullerene-centred process. In particular, the first reduction involving
the fullerene moiety is located 320 mV towards more negative potentials.

Both dyads 1 and 2 show a significant quenching of the Ru-based SMLCT
excited state emission with respect to the corresponding models that do not
contain the fullerene moiety®’. In principle, the quenching may occur ei-
ther (i) via an energy transfer process to the Cq, triplet excited state (3Cg)
or (ii) via the intramolecular ET from the excited complex to the good elec-
tron-accepting fullerene. Both mechanisms are subject to the thermody-
namic requirement that the resulting state be exoergonic with respect to
the Ru-based excited state. In view of the low energy of the 3Cg4, excited
state (1.50 eV), the mechanism (i) is thermodynamically allowed for both 1
(Ego = 1.97 eV)® and 2 (Ey, = 1.75 eV)’. On the other hand, the driving force
for the process (ii) may be calculated from electrochemical and spectroscopic
(emission) data by using the equation: -AGg = Ey — e(EJ - E) — AG,, where
Eoo is the zero-level energy of Ru-based excited state, estimated from the
emission data, EJ and E{ are the standard potentials for oxidation of the
donor and reduction of the acceptor, respectively, and AG; is the correction
term for the effects of ion-solvent interaction in the charge separated
(D*-A") species, usually evaluated within the Born model'l. On the basis of
the electrochemical data collected in Table | and of emission data for 1 and 2,
ET is therefore thermodynamically allowed for 1 (-AGg; = 0.24 eV in aceto-
nitrile) while it is a forbidden process in 2 (-AGg; = -0.17 eV in aceto-
nitrile). In line with these results, time-resolved photolytic experiments
showed the formation of the species 3Cg, and Ru(l11)-C ;, upon the excita-
tion of 1 (ref.5), while for 2, only 3C4, was detected”.

CONCLUSIONS

Identification of the redox sites for the dyads 1 and 2 has been successful
on the basis of a comparison with model molecules, and by the application
of the rules developed within the redox series model; although, some ambi-
guity arises in the identification of redox processes occurring at very close
potentials. The redox patterns for dyads 1 and 2 correspond to superimposi-
tion of those for the fullerene core and the Ru(ll)-bipyridine moieties.
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The results of the electrochemical investigation permitted to rationalize
the photophysical behaviour of the two species by identifying the thermo-
dynamically allowed and forbidden routes for the deactivation of the
Ru-based MLCT excited state.

EXPERIMENTAL

Electrochemical Instrumentation and Measurements

The airtight single-compartment electrochemical cell was equipped with high-vacuum glass
stopcocks fitted with either Teflon or Kalrez (DuPont) O-rings in order to prevent contami-
nation by grease. Connections to a high-vacuum line and to the Schlenk flash containing
the solvent were made by spherical joints fitted again with Kalrez O-rings. The pressure mea-
sured in the electrochemical cell prior to performing the trap-to-trap distillation of the sol-
vent was typically 1.0-2.0 mPa. The working electrode was either a 0.6 mm-diameter
platinum wire (ca 0.15 cm? active surface) sealed in glass, or a Pt disc ultramicroelectrode
(r =5 um) also sealed in glass. The counter electrode was a platinum spiral and a silver coil
served as the pseudo-reference electrode. The pseudo-reference electrode drift was negligible
for the time required by a single experiment. Both the counter and reference electrodes were
separated from the working electrode by ca 0.5 cm. Potentials measured with the internal
ferrocene standard are always referred to saturated calomel electrode (SCE). In some experi-
ments a SCE reference electrode was used, separated from the working electrode compart-
ment by a sintered glass frit. Ferrocene was also used as an internal standard for confirming
the electrochemical reversibility of a redox couple. Voltammograms were recorded with an
AMEL Model 552 potentiostat or a custom-made fast potentiostat controlled by either an
AMEL Model 568 function generator or an ELCHEMA Model FG-206F. The data acquisition
was performed with a Nicolet Model 3091 digital oscilloscope interfaced to a PC. Tempera-
ture control within 0.1 °C was accomplished with a Lauda Klein-Kryomat thermostat. The
DigiSim 2.1 software by Bioanalytical Systems Inc. was used for simulation of CV curves.

Materials

Compounds 1-6 were synthesized by procedures described elsewhere®’. The supporting elec-
trolytes tetrabutylammonium tetrafluoroborate (TBATFB, Fluka) or tetraethylammonium
hexafluorophosphate (TEAH, Fluka) were used as received. Dimethylformamide (DMF,
Merck) and tetrahydrofuran (THF, Merck) of spectroscopic quality were treated by proce-
dures reported elsewherel®. For electrochemical experiments, the solvents were distilled prior
to use into the electrochemical cell, using a trap-to-trap procedure®.

We are indebted to Dr S. Mondini for her contribution in working out complex synthetic procedures.
This work was in part supported by CNR through CMRO (legge 95/95), by MURST (contracts
No. 9803194198 and No. 9803104402) and by the University of Bologna (Funds for Selected Re-
search Topics).
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