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By exploiting the “complexes-as-metals/complexes-as-li-
gands" synthetic strategy, six new dinuclear achiral com-
plexes of Ru', containing the tripodal ligand tris(1-pyr-
azolyl)methane (tpm), a chelating ligand (L-L) such as 2,2'-
bipyridine (2,2'-bpy), 1,10-phenanthroline (phen) or 2,2’-bi-
quinoline (biq), and either pyrazine (pz) or 4,4'-bipyridine
(4,4'-bpy) as bridging ligands (BL), have been prepared and
fully characterized. The starting building blocks, many of
which have been synthesized for the first time, have been
conveniently prepared by improved literature methods. The
reactivity of these building blocks in specific experimental
conditions has been rationalized. All novel compounds have

been characterized fully by elemental analysis and FT-IR. 'H
NMR spectra have been carefully assigned and interpreted
on the basis of possible inductive and magnetic anisotropic
effects exerted by the ligands. Electrochemical, UV/Vis spec-
troscopic, and luminescence studies have been carried out
on all the dinuclear complexes and their precursor species;
the collected data have been discussed and thoroughly inter-
preted. Ru'/Ru™ mixed-valence species of two dinuclear
compounds have been investigated by spectroelectrochemis-
try and assigned to the Robin and Day's Class II group on the
basis of the experimental parameters obtained.

Introduction

After more than two decades of intensive study mono-
and oligo-nuclear ruthenium(II) complexes in which all li-
gands are N-donor azaarenes, which are often called poly-
pyridyl or polypyridine complexes, and contain RuNy enti-
ties, are still attracting the attention of several research
groups, mainly because of their well defined electrochemical
and photophysical properties that can be exploited in sev-
eral different ways.[!]

Our previous work™ on the synthesis of large polypyr-
idine systems based on [Ru(2,3-dpp);]** and [Os(2,3-dpp)s]**
units (2,3-dpp = 2,3-dipyridylpyrazine) gave rise to reason-
able synthetic results that allowed us to study the outstand-
ing electrochemical and photophysical properties of com-
pounds with nuclearities up to 22. Nevertheless, the study
was unsatisfactory from a structural point of view since tris-
chelated species are chiral and thus oligonuclear com-
pounds based on them are formed as diastercoisomeric
mixtures, which prevents both solid state and solution
based structural studies. Since this limitation can be over-
come with synthons containing symmetric tridentate li-
gands, we decided to focus our work in this direction.
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Tridentate ligands have been employed to prepare RuNg
species with either a meridional or a facial coordination
geometry. The complexes of first type are mainly based on
2,2":6',2""-terpyridine or 2,4-di(2-pyridyl)-1,3,5-triazine de-
rivatives and are widely represented in the literature.l*! On
the contrary examples of RuNg complexes containing tripo-
dal ligands are quite scarce.

So far, only two polypyridyl complexes containing n?3-
hydrotris(1-pyrazolyl)borate (Tp) have been reported in the
literature,™ and those containing tris(2-pyridyl)methane
(tpym) are only represented by the bis-coordinated [Ru-
(tpym),](tosylate),.>) Examples of Ru'! polypyridine com-
plexes containing tris(1-pyrazolyl)methane (tpm) acting as
a 1 ligand are not as numerous as it might be expected.[®
Approximately a dozen of these compounds have been re-
ported in the literature, including [Ru(tpm)(2,2’-bpy)-
(py)I(PF¢), (2,2"-bpy = 2,2'-bipyridine and some analogous
ligands disubstituted at the 4 and 4’ positions; py = pyr-
idine),[” [Ru(tpm)(py)s](PFs), (py = pyridine!®¥ or 4-vinyl-
pyridine!®®)), [Ru(tpm)(L-L)(py)](PFs), (L-L = dipyrido[3,2-
a:2',3'-clphenazine and py = pyridine itselfl®¥ or three de-
rivatives;l°® L-L = benzo[i]dipyrido[3,2-a:2’,3’-c]phenazine,
py = pyridine®), [Ru(tpm)(2,2"-bpy)(BL)](PF), (BL = pz,
4.4'-bpy, trans-1,2-di(4-pyridyl)ethylene;!'" 4-pyridinecarb-
oxaldehyde azine;!!'a 4,4'-azobis(pyridine)!''®). The di-
nuclear species[{Ru(tpm)(2,2’-bpy)}-(n-4,4"-dipyridyl-1,5-
pentane)](PFy), containing a long bridging unit has also
been synthesized.['?!

In view of what is already known, we decided to use syn-
thons containing the Ru(tpm) subunit in order to build di-
and oligo-nuclear achiral complexes. We exploited our
“complexes-as-metals/complexes-as-ligands” synthetic ap-
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proach? that is based on metathesis reactions between
synthons containing one or more labile ligands (the “com-
plex metals”) and synthons bearing free nitrogen donors
on already coordinated ligands that will act as bridges (the
“complex ligands”). Either bis-monodendate or bis-chelat-
ing molecules can be employed as bridging ligands, and de-
pending on which is present further chelating or mono-
dentate ancillary ligands will complete the coordination
sphere of the metal.

In this paper we report on the preparation of symmetric
dinuclear species [{Ru(tpm)(L-L)}»(u-BL)]** (L-L = 2,2'-
bpy, phen, biq; BL = pz, 4,4'-bpy; see Scheme 1 and Fig-
ure 1), which are obtainable from the complex metals
[Ru(tpm)(L-L)(H,O)]?* and the complex ligands
[Ru(tpm)(L-L)(BL)]**. In order to find the best preparative
procedures different experimental conditions have been in-
vestigated in relation to different supposed reaction mecha-
nisms. (Asymmetric dinuclear complexes have also been
synthesized and are under electrochemical and photophysi-
cal investigation. They will be the subject of a subsequent
paper. The synthesis of higher functionality complex li-
gands, such as [Ru(tpm)(4,4’-bpy);]*>*, suitable for prepar-
ing tetranuclear compounds, will be also performed.)

ERu(tpm)Clali--[Ru(tpm)(L-L)C|}C|L--[Ru(tpm)(LmL)(BL)}(F»FB)E
1 2-4 8-12

IHZO

[Ru(tpm)(L-L)(Hz0))(PF5)2
57

1/2 BL

[{Ru(tpm)(L-L)}2(n-BL))(PFe)a
13-18

Scheme 1. Preparation scheme for the dinuclear complexes.

Figure 1. Ancillary and bridging ligands used in this work, showing
atom labelling scheme for '"H NMR assignments.
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The spectroscopical, electrochemical, and luminescence
properties of all reported species have been studied. Spec-
troelectrochemical experiments have been also performed
on some dinuclear complexes in order to elucidate their
mixed-valence properties.

Results and Discussion

Synthetic Studies

The complex metals [Ru(tpm)(L-L)CI|CI [L-L = 2,2"-bpy
(2), phen (3), and biq (4)] were synthesized by a modified
version of the procedure published by T. J. Meyer!!3 who
prepared 2 and 3 by refluxing an ethanol/water solution
containing Ru(tpm)Cl; (1), the chelating ligand, and a large
excess of LiCl; after few minutes, a large excess of triethyl-
amine, a reducing agent, was added and the mixture re-
fluxed for ten more minutes. In spite of the reported yields
for this method (41 and 66 %, respectively) we were not able
to obtain satisfactory results since the final reaction mix-
tures were always heavily contaminated with by-products. It
seemed to us that the presence of chloride ions in the reac-
tion mixture was counterproductive, and the use of NEt;
unnecessary. Thus we refluxed solutions containing only
complex 1 and the appropriate chelating ligands and ob-
tained much better results.

The complex ligands 8-11 (see Table 1) were synthesized
in good yields from the corresponding complex metals 2
and 3 by reaction of these complexes with large excesses of
pz or 4,4'-bpy in a refluxing ethanol/water (3:1) solution.
The reaction mechanism most likely involves the initial me-
tathesis of the chloride ion with a water molecule. It is note-
worthy that under the same conditions the biq analogues
[Ru(tpm)(biq)(pz)|(PFs)>  and  [Ru(tpm)(biq)(4,4'-bpy)]-
(PF¢), cannot be obtained, even if much longer reaction
times are employed; indeed, the reactions stop at the aquo
species stage. The strong electron withdrawing force exerted
by biq may make the substitution of the coordinated water
molecule very hard under the specific reaction conditions;
furthermore, in case of a dissociative mechanism, the aque-
ous medium could make the equilibrium position very un-
favorable. Complex Rubiq-bpy (12) was prepared by treat-
ing [Ru(tpm)(biq)(H>O)](PF¢), (7) with an excess of 4,4'-
bpy in refluxing absolute ethanol. The yield was limited by
the formation of the corresponding dinuclear compound.
The same procedure did not work at all for the synthesis of
[Ru(tpm)(biq)(pz)](PF¢),, probably on account of the
smaller nucleophilic character of free pz with respect to
4,4'-bpy, which may be further decreased by hydrogen
bonding with the solvent.

The dinuclear complexes 13-16 and 18 can be prepared
either by reacting the complex metals 5-7 with the appro-
priate complex ligands in a 1:1 molar ratio, or by reacting
them with the free bridging ligands in a 2:1 molar ratio.
The use of very mild conditions (dichloromethane solution,
room temperature) requires rather long reaction times, but
makes the reaction very clean so that the products that
spontaneously precipitate do not require purification. Com-
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Table 1. Numbers and short names for the synthesized complexes.

Formula Short name
[Ru(tpm)(2,2'-bpy)(pz)](PF)> 8 Rubpy-pz
[Ru(tpm)(2,2'-bpy)(4.4’-bpy)(PF)> 9 Rubpy-bpy
[Ru(tpm)(phen)(pz)|(PF), 10 Ruphen-pz
[Ru(tpm)(phen)(4,4’-bpy)](PFs)» 11 Ruphen-bpy
[Ru(tpm)(biq)(4,4’-bpy)|(PFe), 12 Rubiqg-bpy
[{Ru(tpm)(2,2'-bpy)} 2(1-p2)|(PFe)s 13 (Rubpy),-pz
[{Ru(tpm)(2,2'-bpy)}2(p-4,4'-bpy)|(PFe)y 14 (Rubpy),-bpy
[{Ru(tpm)(phen)} »(1-pz)](PF¢)4 15 (Ruphen),-pz
[{Ru(tpm)(phen)}(11-4,4’-bpy)](PF¢)4 16 (Ruphen),-bpy
[{Ru(tpm)(big)} »(-p2)|(PEo)s 17 (Rubiq)ypz
[{Ru(tpm)(biq)} »(p-4.4'-bpy)|(PFe)s 18 (Rubiq),-bpy

plex (Rubiq),-pz (17) can be prepared only by the second
procedure reported above owing to the unavailability of the
corresponding complex ligand. Attempts to synthesize the
latter complex in dichloromethane from the aquo species
and a large excess of pz failed, and the dinuclear compound
was always obtained. This result should confirm that, in
this specific case, the initial reactivity of pz is strongly influ-
enced by the possible formation of hydrogen bonds, and
that the first coordination of pz hugely increases the basic
strength of the second nitrogen atom.['*

NMR Spectra

All products were characterized by '"H NMR spec-
troscopy (see Exp. Sect.).

The spectra can be unambiguously assigned on the basis
of the multiplicities of the signals, thanks to the molecular
symmetries: the hydrogen atoms of two pyrazole rings of
tpm, and those of the two symmetric moieties of the chelat-
ing ligands that are in trans positions to the aforementioned
tpm rings, are always equivalent. Furthermore, the coupling
constants of hydrogen atoms on five-membered rings are
smaller than those for hydrogen atoms on six-membered
rings, which helps the attribution of the tpm signals; the
comparison of mononuclear and dinuclear systems allows
for the detection of the signals arising from the BL protons.

Figure 2 shows the interpreted spectra of complexes
Ruphen-pz (10) and (Ruphen),-pz (15) that are representa-
tive examples of mono- and dinuclear analogous species.
The interpreted spectra of compounds 8, 9, 11-14, and 16—
18 are reported in the Supporting Information.

The coordination of tpm to a Ru(L-L)(BL) subunit influ-
ences the chemical shift of its hydrogen atoms, each to a
different extent. In spite of its relatively long distance from
the metallic centre, the methine hydrogen at the & position
(see Figure 1) experiences the largest effect, being deshi-
elded by 1.08-1.91 ppm with respect to the free ligand (in [Dg]-
acetone solution the signal is observed at 6 = 8.74 ppm for
the free ligand and at 6 = 9.82-10.65 ppm for the coordi-
nated ligand). Apart from possible changes to the magnetic
anisotropy subsequent to coordination, apparently the in-
ductive effect on this benzyl-like position is particularly ef-
ficient because it is mediated by three aromatic rings, and
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parallels the combined influence of the ancillary and bridg-
ing ligands on the Ru ion; this effect is at a maximum in
case of compound (Rubiq),-bpy (18). This particular result
might be explained by taking into account that, while in
mononuclear complexes pz proves to be a better n-acceptor
(and a worse o-donor) than 4,4'-bpy, the second coordina-
tion of the ligand strongly reduces the m-acidity of pz but
does not affect much 4,4'-bpy.

It is noteworthy that the solvent also has a large effect
on the chemical shift of Hs: in general a shift of more than
0.70 ppm to lower frequencies is observed when the samples
were dissolved in [Ds]acetonitrile instead of [Dglacetone.
Moreover the Hy signal for complex (Rubiq),-pz (17) in
[Dg]dimethyl sulfoxide, instead of [Dglacetone, was shifted
by 2.28 ppm to a higher frequency, which is a much larger
chemical shift than observed for the other hydrogen atoms
of tpm. These data, together with the H/D exchange that
we observed for some complexes when in [D4Jmethanol
solution, confirm that the methine hydrogen is acidic in na-
turel! and that its chemical shift moves to higher fre-
quencies as the hydrogen bonding capability of the solvent
increases.

The chemical shifts of the other hydrogen atoms of tpm
mainly move to higher frequencies subsequent to coordina-
tion. The largest and not very variable changes are exhib-
ited by H, and H, (shifted from 7.86 ppm for the free li-
gand in [Dglacetone to 8.73-9.00 ppm and 8.56-8.91 ppm
when complexed, respectively). Atom Hpg is slightly de-
shielded (its signal is shifted from 6.41 ppm for the free li-
gand to 6.64-6.98 ppm when the ligand is bound); atom
Hg is a little shielded (6.21-6.40 ppm) in Ruphen-pz (10),
Ruphen-bpy (11), (Rubpy),-pz (13), (Ruphen),-pz (15), and
(Ruphen),-bpy (16) and also a little deshielded (6.45-
6.60 ppm) in Rubpy-pz (8), Rubpy-bpy (9), Rubig-bpy (12),
(Rubpy),-bpy (14), (Rubiq),-pz (17), and (Rubiq),-bpy (18).
The H, protons are significantly deshielded (their signal is
shifted from 7.63 ppm for the free ligand to 8.17-8.60 ppm
when the ligand is complexed, with the exception of Rubpy-
pz when the signal is seen at 7.59 ppm), while the H, pro-
tons are generally shielded (6.33-7.29 ppm), but not when
L-L = biq (in this case the chemical shifts remain practically
unchanged). All these observations might be rationalized
in terms of an interplay between magnetic anisotropy and
inductive effects: the latter is due to the trans influences of
the L-L and BL ligands and is expected to act as a deshield-
ing factor towards the protons, and decreases in strength in
the order H, > H, > Hyg; the former, which is due to ring
currents in the L-L ligands, sometimes result in large shield-
ing of the H,, the proton nearest to the average plane of
the L-L ligand, which falls in its shielding cone, and could
also have some shielding influence on Hg.. These data, to-
gether with those regarding the L-L and BL protons (see
below) strongly support the hypothesis that tpm mainly be-
haves as o-donor ligand. Similar reasons could be advanced
in order to interpret the chemical shift changes observed
for the hydrogen atoms of L-L ligands.

In general, some displacements (= 0.5 ppm) to higher
frequencies are observed for all protons of 2,2'-bpy and

www.eurjic.org 711



FULL PAPER

M. Guelfi, F. Puntoriero, S. Serroni, G. Denti

a cY
TF
o
d 1,2
Y B
S a c
Y b o'
10.0 : 2.0 8.0 ' 70

Figure 2. '"H NMR spectra of [Ru(tpm)(phen)(pz)]** (10, top) and [{Ru(tpm)(phen)},(u-pz)]** (15, bottom) in [DgJacetone. Labels refer

to Figure 1.

phen. In the biq complexes Rubig-bpy (12), (Rubiq),-pz
(17), and (Rubiq),-bpy (18) the H, protons undergo large
displacements to lower frequencies with respect to the sig-
nal for the uncoordinated ligand (a shift from 8.23 ppm to
6.74-6.82 ppm when the spectra are recorded in [Dglace-
tone). This result does not seem explicable in terms of only
an increase in the electron density of the rings due to the
high m-accepting capability of biq. Indeed, each H, proton
is near to the pyrazole at a cis position and falls in a
strongly shielding zone the effect of which is enhanced be-
cause of the distorted coordination geometry of biq. (Due

712 www.eurjic.org
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to steric hindrance, in octahedral and square planar transi-
tion metal complexes the coordination plane of biq is ro-
tated some 20° away from the basal plane of the metal coor-
dination polyhedron and adopts a sort of “butterfly” look
with the individual quinolinic moieties subtending a dihe-
dral angle of about 10° with respect to each other.!'>4) The
same cause might explain the shielding of H, and H; by BL;
the displacement of the signals for these protons to lower
frequencies is smaller than the displacements seen for pro-
tons H, on account of the rotation of BL that averages the
effect.

Eur. J. Inorg. Chem. 2011, 709-720
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The chemical shifts of the BL protons are influenced
both by the complex nuclearity and by the nature of the L-
L ligands. For both pz and 4,4'-bpy the second coordina-
tion causes a displacement to lower frequencies of the
chemical shifts of all the protons, due to an increased elec-
tron density on the aromatic rings. The first coordination
causes the same trend for pz, while it gives rise to deshield-
ing of the H; protons in 4,4’-bpy, in agreement with the
more effective o-donor ability and the weaker m-acidity of
this ligand with respect to uncoordinated pz.

Electrochemistry

Electrochemical measurements (Table 2) indicate that the
complexes under investigation undergo several redox pro-
cesses in the potential range examined (+1.8/~1.8V vs.
SCE).

The oxidation processes are reversible for all species, with
the exception of compound (Rubiq),-pz (17). All mononu-
clear complexes were oxidized once in the investigated po-
tential window. The dinuclear complexes (Rubpy),-pz (13)
and (Ruphen),-pz (15) show two successive one-electron
oxidation processes, while for the dinuclear complexes
(Rubpy),-bpy (14), (Ruphen),-bpy (16) and (Rubiq),-bpy
(18) a single oxidation process involving two electrons is
observed. The reduction behaviour of the dinuclear com-
plexes [except for (Rubiq),-bpy (18), which undergoes ab-
sorption onto the electrode] is also very rich, with several,
sometimes overlapping, reduction processes recorded.

Oxidation. The electrochemical properties of transition
metal complexes are usually discussed with the assumption
that both redox states involve electron transfer that can be
suitably represented, in an approximate way, by localized
molecular orbital configurations.['*]

For Ru'-polypyridine complexes, oxidation processes are
known to be metal centred,['”] thus the potential values
mainly depend on the electronic density that the coordi-
nated ligands leave on the metal. The oxidation potentials
reported in Table 2 account for this effect.

The oxidation of the mononuclear species Rubpy-pz (8),
Ruphen-pz (10), Ruphen-bpy (11), and Rubiqg-bpy (12) can
be discussed with reference to model compounds [Ru-
(bpy)s]**, [Ru(phen);]>*, and [Ru(biq);]**, respectively. The

European Journal
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species 8 and 10 are oxidized at a potential very similar to
that at which the oxidation of the model compounds
[Ru(2,2’-bpy)s]** and [Ru(phen);]** occurs (see Table 2),
probably because the electronic effects of pz (which is a bet-
ter electron-acceptor than bpy and phen) and of the tripo-
dal ligand (a worse electron-acceptor than bpy and phen)
cancel each other out. Such an explanation also accounts
for the oxidation values of the other mononuclear species:
in general the tripodal ligand reduces the effects caused by
the presence of more electron-withdrawing ligands.

Figure 3 shows the anodic region of the cyclic voltammo-
grams for (Ruphen),-pz (15) and (Ruphen),-bpy (16), which
are representative of the different behaviors exhibited by the
dinuclear species, depending on the bridging ligand present.
The dinuclear species (Rubpy),-pz (13) and (Ruphen),-pz
(15) exhibit two successive one-electron oxidation processes,
which suggest a good electronic communication through
the pz bridge.’) The oxidation of the first metal centre
moves the oxidation of the second towards more positive
potentials; for the same reason (Rubiq),-pz (17) shows only
one one-electron oxidation process in the investigated po-
tential window. On the contrary, in the voltammograms for
the dinuclear species (Rubpy),-bpy (14), (Ruphen),-bpy
(16), and (Rubiq),-bpy (18) the observed two-electron pro-

T
0.5 1.0 15 2
Vivolt

Figure 3. Anodic regions of the cyclic voltammograms of (Ruphen),-
pz (15, bottom) and (Ruphen),-bpy (16, top), recorded at a scan
rate of 200 mVs,

Table 2. Electrochemical data™ for mononuclear, dinuclear and reference complexes.

Short name E %% Epred Short name Ep°* E,pred
8 Rubpy-pz +1.29 [1] ~1.41[1] 13 (Rubpy),-pz +1.29 [1]; +1.57 [1]  —1.17 [1]; -1.42 [1]; -1.52 [1]
9l Rubpy-bpy +1.21 [1] ~1.41[1] 14  (Rubpy),-bpy +1.23 [2] —1.28 [1]; -1.42 [1]
10 Ruphen-pz +1.31[1] —1.45[1] 15  (Ruphen),-pz +1.29 [1]; +1.57 [1] —1.18 [1]; —1.44 [1]; —1.49
11 Ruphen-bpy +1.21 [1] -1.37[1] 16 (Ruphen),-bpy +1.27 2] ~1.301]; —1.43(
17 (Rubiq),-pz +1.381dl ~0.92 [1]; -1.48 [1]; —1.76!
12 Rubig-bpy +1.31[1] -0.95[1]; -1.53 [1] 18  (Rubiq),-bpy +1.31 [2] adsorption onto the electrode
Reference cations
[Ru(2,2'-bpy);]** 1el +1.29 [1] -1.33[1] [Ru(biq);]** 18! +1.47[1] -0.73 [1]
[Ru(phen)s** (171 +1.40 [1] ~1.41[1]

[a] Deareated acetonitrile solutions, r.t., 0.05 M tetraethylammonium hexafluorophosphate, V vs. SCE. Numbers printed in square brackets
represent the number of electrons involved in each redox process. [b] From ref.1% [c] Quasi-reversible process. [d] Irreversible process.
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cesses are assigned to the simultaneous and independent
one-electron oxidation of the two equivalent metal centres.
This clearly indicates that the extent of the electronic cou-
pling is poor, probably because the two pyridine subunits
of the 4,4'-bpy ligand are not coplanar.

Reduction. The reduction processes are localized on the
ligands, and their potential values reflect the energies of
their ©* orbitals.

The mononuclear complexes Rubpy-pz (8) and Rubpy-
bpy (9) are reduced at the same potential (—1.41 V vs. SCE).
This suggests that the single reduction processes occurring
in these complexes are localized on 2,2'-bpy. Their poten-
tials are shifted to more negative values with respect to that
of bpy in [Ru(2,2’-bpy)s]** (see Table 2), showing that the
tripodal ligand acts as a good o-donor and makes the metal
center more electron-rich, considerably increasing the back-
bonding towards the chelating ligand. However, on the ba-
sis of our experimental results, we cannot definitely exclude
the possible involvement of the pz ligand in the reduction
process of 8. The same arguments account for the phen-
centred reduction of Ruphen-pz (10) and Ruphen-bpy (11).

Two successive one-electron processes are observed in the
voltammogram for Rubiqg-bpy (12), the first is locatized on
biq, which is suggested by comparison of the the potential
value with the value recorded for the model compound [Ru-
(biq)s]. The second reduction ought to be centred on 4,4'-
bpy. This is not observed in the voltammogram for Ruphen-
bpy, probably because it is shifted out of the potential win-
dow investigated by the reduction of phen at a more nega-
tive potential.

In the dinuclear species (Rubpy),-pz (13) the n* orbitals
of pz are stabilized by the second metal coordination, so
the first reduction can be localized on the bridge, while the
second and third reduction processes involve the two pe-
ripheral 2,2'-bpy ligands. Actually, the rather small differ-
ence between the first and the second reduction potentials
(250 mV, see Table 2) would exclude the possibility that the
second process could still involve the pz bridge, as electron

Table 3. Absorpion and photophysical data.

pairing in pyrazine ligands is expected to require a potential
decrease of much more than 400 mV.l'! Interestingly, the
second and third reduction processes occur at different po-
tentials, although the two 2,2'-bpy ligands are chelated to
different metal centres, which accounts for a significant
electronic coupling between them, as also indicated by the
splitting of the oxidation potentials (see above). Further-
more, it can be noted that a doubly reduced state with an
added electron on each 2,2'-bpy ligand should be more
stable, for columbic reasons, than a doubly reduced state
with one electron added to the pz bridge and one electron
added to a 2,2'-bpy ligand. On this basis, it might be pro-
posed that after the first electron is added to the pz bridge,
the addition of the second one to a bpy ligand causes an
electron shifting from pz to the other bpy ligand (formally
a pz-to-bpy electron transfer). Then the third reduction
should again involve the pz bridging ligand; the potential
difference (350 mV) between the first and the third re-
duction (both involving a “neutral” pz subunit) would be
related to columbic effects caused by the two reduced 2,2'-
bpy ligands. Moreover, if this is the case, the difference be-
tween the second and the third reduction potentials could
be explained without invoking any electronic coupling be-
tween the peripheral 2,2'-bpy sites. An analogous dis-
cussion could be considered for the reduction features ob-
served in the voltammograms for (Ruphen),-pz (15) and
(Rubiq),-pz (17), but taking into account that in the latter
species the first reduction process involves a biq ligand.
The reduction of the 4,4'-bpy-bridged dinuclear species
(Rubpy),-bpy (14) and (Ruphen),-bpy (16) can be rational-
ized by similar arguments. The addition of an electron to
the bridge significantly changes its features and modifies
the electronic communication that, as the oxidation data
indicate, in the tetracation is negligible. For both species the
expected third process is apparently shifted outside of our
potential window. All of the above signal assignments are in
agreement with the electrochemical data reported for other
complexes containing 4,4’-bpy or pz as bridges.!?%-2!]

Luminescencel®!
Amax [nm] 7 [ps]

Absorptionl#]
Jmax [nm] (¢ [M'em ']

Luminescencel®!
/max [nm] 7 [ps]

Absorptionl®
Jmax [nm] (¢ M 'em '])

8l 289 (54800) 570 6.5 13 296 (62000) 614 5.7
Rubpy-pz 390 (14400) (Rubpy),-pz 406 (15000)
504 (27200)

9lcl 395 (11000) 573 9.0 14 286 (65100) 596 5.8
Rubpy-bpy 286 (22000) (Rubpy),-bpy 433 (22200)

10 289 (45000) 580 6.0 15 290 (64000) 617 9.0
Ruphen-pz 372 (17000) (Ruphen),-pz 368 (14000)
434 (23000)

11 267 (57000) 575 9.5 16 266 (77100) 597 8.9
Ruphen-bpy 388 (16400) (Ruphen),-bpy 390 (13800)
510 (23400)

17 265 (64800) 746 2.1
(Rubiq),-pz 332 (46500)
556 (14800)

12 265 (37900) 747 2.2 18 265 (74800) 745 2.0
Rubig-bpy 333 (24500) (Rubiq),-bpy 332 (48500)

555 (6350)

554 (15800)

[a] In acetonitrile solutions at r.t. [b] In butyronitrile rigid matrix at 77 K. [c] From ref.1%
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UVIVis Absorption Spectra

Absorption spectra (Table 3) exhibit very intense bands
in the UV region and intense bands in the visible region.
Figures 4 and 5 show the spectra of two representative cou-
ples of mononuclear / dinuclear species.

3.0

e/ 1H M-Tem-1)

200 300 400 500 600 700 800
nm

Figure 4. Absorption spectra for Ruphen-bpy (11, full line) and
(Ruphen),-bpy (16, dashed line).

8.0

6.0

E/(10° M-lemr 1)

4.0

0.0

200 300 400 500 600 700 800
Anm

Figure 5. Absorption spectra for Rubig-bpy (12, full line) and (Ru-
biq),-bpy (18, dashed line).

Previous investigations of related compounds!??! allow us
to attribute the strong bands peaking at around 250 and
280 nm in the spectra to spin allowed polypyridine-centred
(LC) transitions, and the broad absorptions between 310
and 600 nm mainly to many spin allowed Ru— polypyr-
idine charge-transfer (MLCT) transitions.

Comparison of the absorption spectra of Ruphen-bpy
(11) and (Ruphen),-bpy (16) (Figure 4) indicates that the
second coordination of 4,4'-bpy stabilizes its ©* orbital (as
also shown by the electrochemical properties) allowing the
population of a state of lowered energy, e.g. Ru''—p-4,4'-
bpy (Amax = 510 nm, & = 23400 M 'cm™"). Analogous effects
are observed for the couples Rubpy-pz (8) / (Rubpy),-pz
(13) and Ruphen-pz (10) / (Ruphen),-pz (15) (see Table 3).
On the contrary, the absorption profiles for Rubiqg-bpy (12)
and (Rubiq),-bpy (18) [and even that of (Rubiq),-pz (17)]
are very much alike, as shown in Figure 5, because in these
cases, in the mononuclear and dinuclear complexes the low
lying MLCT states involve the peripheral biq ligands (see
electrochemistry section).
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Emission Spectra

All the investigated species do not exhibit any lumines-
cence at 298 K in fluid acetonitrile solution. This behaviour
is probably due to the lowering of the energy of the MC
state with respect to that which is typical of analogues poly-
pyridine complexes, as a consequence of an increased dis-
tortion in the octahedral geometry due to the presence of
the tripodal ligand. Thus the MC state becomes closer in
energy to the MLCT state, so that the thermally activated
surface crossing to the MC state is made very efficient and
finally leads to very fast radiationless decay.

Thermal population of the upper-lying MC states is not
effective at 77 K, thus allowing for luminescence from the
MLCT state, and all the species exhibit luminescence at
77 K in rigid matrix forms (see Table 3).

For the mononuclear complexes 8-12 the luminescence
is attributed to the deactivation of SMLCT states involving
the Ru' center and the chelating ligand. In the case of the
four dinuclear species 13-16, which do not contain biq, the
emission energy becomes lower with respect to the analo-
gous mononuclear compounds (Table 3). This can be attrib-
uted to the second coordination of the bridging ligands that
makes them easier to reduce with respect to the peripheral
ligands. Figure 6 shows a comparison between a mononu-
clear and two dinuclear complexes of this group.

I{a.u.)

500 550 600 650 700 750

Figure 6. Emission spectra, recorded at 77 K in rigid matrices, for
Ruphen-bpy (11, full line), (Ruphen),-pz (15, dotted line), and
(Ruphen),-bpy (16, dashed line).

It is worthy of note that the emission spectra of the dinu-
clear compounds (Rubpy),-pz (13) and (Ruphen),-pz (15)
are structureless, while all the other investigated species
show structured luminescence profiles. Highly structured
MLCT emission spectra are associated with negligible dis-
placements of the excited-state nuclear coordinates com-
pared to the ground state coordinates.”>?* This suggests
that the emitting MLCT states for these complexes have
very different geometries compared to their ground states.
Probably in these species the shorter metal-metal distances
with respect to that of the p-4,4'-bpy analogues, due to the
presence of the pz bridging ligand, enhances the steric hin-
drance around the metal centers.
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The emission features in the spectra for the complexes
that contain biq, namely (Rubiq),-pz (17) and (Rubiq),-bpy
(18) (Figure 7), are very similar to features seen in the spec-
trum of the mononuclear analogue Rubig-bpy (12), sug-
gesting that in both cases Ru'— biq states are involved in
the luminescence processes. This is in agreement with the
electrochemical results that show that the biq ligand is easy
to reduce with respect to the bridging ligand. Such a theory
is further supported by the excited state lifetimes measured
for Rubig-bpy (12), (Rubiq),-pz (17), and (Rubiq),-bpy
(18), which are typical of Ru"— biq excited states® (us
timescale) and shorter than the values obtained for all the
other species.

I(a.u)

L -
650 700 750 800 850

nm

Figure 7. Emission spectra, recorded at 77 K in rigid matrices, for
Rubig-bpy (12, full line) and (Rubiq),-bpy (18, dashed line).

Spectroelectrochemistry

As shown in the electrochemistry section, the oxidation
bands for the two metal centers in (Rubpy),-pz (13) and
(Ruphen),-pz (15) are split. Such splitting, which indicates
the relatively high stability of the mixed-valence species vs.
the isovalent forms,?®! prompted us to investigate in more
detail the properties of the corresponding mixed-valence
forms, and to fulfil this aim spectroelectrochemical experi-
ments were performed.

Figure 8 shows the change in the absorption spectrum of
(Rubpy),-pz (13) on applying a potential of 1.30 V vs. SCE
for a time sufficient to achieve the complete oxidation of
the first metal center. A slight increase in absorption is ob-
served in the infrared range (around 2100 nm), while a cor-
responding decrease in the intensity of the MLCT band at
about 500 nm occurs. The new band appearing in the infra-
red region upon oxidation can be attributed to the
Ru' - Ru'"! intervalence transfer (IT) transition. The sym-
metric shape of this band together with its width at half-
height (3320 cm™!) suggest that this species exhibits behav-
ior typical of a Robin and Day’s Class II type compound.?”]
716
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Figure 8. Absorption spectra for (Rubpy),-pz (13, dashed line) and

mono-oxidized 13 (full line).

The same behaviour is exhibited by (Ruphen),-pz (15),
as shown in Figure 9.

E/( 104 M-Teme1)

1.0

0.5

0.0

300 800 1300 1800 2300 Xnm

Figure 9. Absorption spectra for (Ruphen),-pz (15, dashed line)
and mono-oxidized 15 (full line).

The formation of the IT bands in 13 and 15 allowed us
to calculate the electronic interaction between the metal
centres using the Hush Equation (1).2#

Emax = (2380 dz/vmax AV1/2) HAB2 (1)

This equation correlates the optical intervalence transfer
band to the magnitude of the electronic coupling matrix
element between the two subunits A and B (in the present
case, these are the Ru'" subunits), Hap. In Equation (1),
Emax 18 the maximum molar absorption coefficient of the
IT band, v, and Av are the band maximum energy and
halfwidth (in em™'), and d is the intercomponent distance
in A. The values of above quantities are: for (Rubpy),-pz
(13), &max 1500 M 'em ™, vy = 4665cm!, Av =
3320cm !, d = 6.6 A (taken as the center-to-center distance
obtained from simple energy minimization software®)); for
(Ruphen),-pz (15), &max = 1600 M 'em ™, v, = 4650 cm ™!,
Av =3400cm!, d = 6.6 A. Application of these experimen-
tal parameters lead to a calculated value of about 470 cm™!
for Hap in both cases. This value compares well with the
electronic coupling matrix elements of dinuclear Ru'! poly-
pyridine complexes bridged by good electron coupling me-
diator spacers such as cyanideP” and pzP! ligands
(620 cm™"), confirming the intense intercomponent interac-
tion via the pz bridge in these complexes.
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Conclusions

A series of mononuclear tris(1-pyrazolyl)methane-ruthe-
nium(IT) complexes containing a chelating ligand (2,2’-bpy,
phen, biq) and a bridging ligand (pz, 4,4'-bpy) have been
synthesized and used for the preparation of six symmetrical
achiral dinuclear compounds by exploiting the “complexes-
as-metals/complexes-as-ligands™ synthetic strategy. 'H
NMR spectroscopy, electrochemical, UV/Vis and lumines-
cence studies have allowed the role played by each compo-
nent within the assembly to be recognized, confirming, in
particular, that tpm essentially acts as a o-donor ligand.
Spectroelectrochemical experiments, when possible, have
confirmed that in mixed-valence (II/III) species pz is a good
electron coupling mediator between the metal centers. On
the contrary, 4,4’-bpy does not help the intermetallic com-
munication, which is probably reinforced in the +4 species
by a lack of coplanarity of the two rings.

Future work will be aimed at the synthesis and study of
the properties of asymmetric achiral dinuclear species, some
of which have already been prepared. Increasing the nu-
clearity of the complexes will also be pursued.

Experimental Section

Materials, Methods and Instruments for Characterization: Solvents
and other commercially available chemicals were used as received.
TpmP?! and [Ru(tpm)Cl5] (1)["3 were prepared according to litera-
ture methods; the purification of tpm was accomplished by subli-
mation of the raw material at 11 Torr: at 25 °C the residual free
pyrazole was removed, by heating to 90 °C very pure tpm was ob-
tained. The complexes 2-4 were prepared from 1 by a heavily modi-
fied literature method!'?! (see Results and Discussion). The corre-
sponding aquo complexes 5-7 were prepared as hexafluorophos-
phate salts by a modification of the method reported in ref.['3l All
reactions were carried out in an argon atmosphere with Schlenk
techniques. Filtrations and purifications were usually performed in
air. NMR spectra were obtained at 25 °C with a Varian Gemini
NMR spectrometer operating at 200 MHz for 'H with tetramethyl-
silane as internal reference. Infrared spectra (KBr pellets) were ob-
tained with a Perkin—Elmer Spectrum RX I FT-IR spectrophotom-
eter. Details of the preparation and characterization of complexes
2-7, and NMR spectra of the complex ligands and dinuclear spe-
cies are available as Electronic Supporting Information.

Syntheses of the Complex Ligands: The following procedures for
the preparation of compounds 8 and 9, when compared to a
method already reported,!'” give considerably increased yields.

[Ru(tpm)(2,2’-bpy)(pz)|(PF¢), (8, Rubpy-pz): Compound 2 (0.100 g,
0.184 mmol) and pz (0.295 g, 3.68 mmol) were refluxed for 12 h in
EtOH/H,0, 3:1 (v/v, 25 mL). After cooling to room temperature
the solution was concentrated, and a saturated aqueous solution of
KPFg (ca. 3 mL) was added. The red solid obtained was filtered
off, washed several times with cold water, and vacuum dried (yield
0.113 g, 73%). Co4H»,F 5N oPoRu (842.04): caled. C 34.26, H 2.64,
N 16.64; found C 33.98, H 2.80, N 16.30. IR: v, = 1508 (m),
1458 (w), 1436 (w), 1406 (s), 1284 (m), 1249 (m), 1090 (m), 1056
(w), 780 (m), 751 (m), 606 (w), 520 (w) and 486 (w) cm™'. '"H NMR
(200 MHz, [DgJacetone, 20 °C): 6 = 10.02 (s, 1 H, &), 8.82 (d, 3Jyn
=8.8Hz, 2 H, d), 8.75 (d, *Jyyy = 2.8 Hz, 1 H, ¥'), 8.74 (d, 3Ju.n
=28Hz 2 H, y), 8.66 (d, 3Jyuy = 8.8 Hz, 2 H, a), 8.18 (dd, 3Jy i
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=8.1,1.4Hz, 2 H, 1), 7.66 (ddd, 3Jyz = 8.1, 7.0, 1.1 Hz, 2 H, b),
7.59 (d, 3y = 2.2 Hz, 2 H, ), 7.29 (ddd, 3/ 51 = 8.4, 7.0, 1.6 Hz,
2H, c), 728 (d, Yy = 22 Hz, 1 H, '), 6.77 (dd, 3y = 8.1,
1.6 Hz, 2 H, 2), 6.64 (dd, /sy = 2.8, 2.3 Hz, 2 H, B), 6.48 (dd,
3Jyn =2.9,23Hz, 1 H, B') ppm.

[Ru(tpm)(2,2’-bpy)(4,4'-bpy)I(PFs), (9, Rubpy-bpy): Compound 2
(0.100 g, 0.184 mmol) and 4,4'-bpy (0.575 g, 3.68 mmol) were re-
fluxed for 12 h in EtOH/H,O0, 3:1 (v/v, 25 mL). After cooling to
room temperature the solvent was removed by rotary evaporation.
The solid thus obtained was washed several times with diethyl ether
and dissolved in a minimum amount of water. Upon addition of a
saturated aqueous solution of KPF¢ (ca. 3 mL) a red solid precipi-
tated; this was filtered off, washed several times with diethyl ether,
and vacuum dried (yield 0.129g, 76%). CsoHysF12NjoP>Ru
(918.07): caled. C 39.27, H 2.86, N 15.26; found C 39.33, H 2.69,
N 15.03. IR: vy = 1597 (m), 1466 (m), 1447 (s), 1412 (s), 1287
(s), 1253 (m), 1229 (w), 1097 (s), 1059 (w), 994 (w), 761 (s), 731 (m),
629 (w), 608 (w) cm™. "TH NMR (200 MHz, [DgJacetone, 20 °C): &
=9.89 (s, 1 H, 8), 9.10 (d, 3Jyu = 6.8 Hz, 2 H, 1), 9.05 (d, 3/
=7.7Hz, 2 H, d), 8.96 (d, 3Ju = 54 Hz, 2 H, a), 8.82 (d, 3Jun
=29Hz 2 H, ), 8.61 (d, *Jyu = 23Hz, | H, y'), 842-8.36
(overlapping multiplets, 4 H, a, ¢), 8.04 (dd, *Jiy = 5.5, 1.4 Hz, 2
H, 4), 7.82 (dd, *Jyy = 5.5, 1.5Hz, 2 H, 3), 7.71 (overlapping
multiplets, 4 H, 2, b), 6.99 (d, 3Jy;q = 2.3 Hz, 1 H, o'), 6.93 (dd,
3Jum = 2.8,2.4Hz, 2 H, B) 6.45 (dd, 3Jy . = 2.9, 2.3 Hz, 1 H, B')
ppm.

[Ru(tpm)(phen)(pz)|(PFg), (10, Ruphen-pz): Compound 10 was ob-
tained from 3-CH,Cl,-H,O (0.100 g, 0.149 mmol) and pz (0.240 g,
3.00 mmol) by the same procedure described for complex 8. The
product was obtained as a red solid (yield 0.101g, 78%).
Cs6HoF 5N gPoRu (865.53): caled. C 36.08, H 2.56, N 16.18;
found C 35.98, H 2.80, N 15.90. IR: v, = 1603 (m), 1525 (w),
1467 (w), 1441 (m), 1420 (s), 1297 (s), 1255 (m), 1219 (w), 1160
(w), 1095 (s), 1067 (m), 1023 (w), 762 (s), 740 (m), 634 (w), 606 (w)
cm’'. 'TH NMR (200 MHz, [DgJacetone, 20 °C): § = 10.24 (s, 1 H,
d), 9.32 (dd, 3Jyu = 5.3, 1.3Hz, 2 H, a), 8.99 (dd, 3Jyu = 8.2,
1.2Hz, 2 H, ¢), 8.91 (d, 3Jgu = 2.8 Hz, 2 H, v), 8.61 (d, 3Jyp =
2.8Hz, 1 H, v"), 8.60 (d, 3/ = 2.5Hz, 2 H, 1), 8.58 (s, 2 H, d),
8.23 (dd, 3Jy . = 3.2, 1.3 Hz, 2 H, 1), 8.10 (dd, 3Jy iz = 8.2, 5.3 Hz,
2 H, b), 7.72 (dd, 3Juu = 3.2, 1.3Hz, 2 H, 2), 6.98 (dd, 3Jypu =
2.8, 2.5Hz, 2 H, B), 6.44 (d, 3Jyy = 2.3Hz, 1 H, o'), 6.28 (dd,
3Jpn = 2.8, 24 Hz, 1 H, B') ppm.

[Ru(tpm)(phen)(4,4'-bpy)|(PF¢), (11, Ruphen-bpy): Compound 11
was obtained from 3-CH,Cl,-H,O (0.100 g, 0.149 mmol) and 4,4'-
bpy (0.469 g, 3.00 mmol) by the same procedure described for com-
plex 9. The product was obtained as a red solid (yield 0.115 g,
81%). CsHysFoNjgPoRu (942.07): caled. C 40.82, H 2.78, N
14.88; found C 40.68, H 2.55, N 14.43. IR: v = 1596 (m), 1427
(w), 1410 (m), 1286 (m), 1254 (m), 1096 (w), 1057 (m), 783 (w),
722 (w), 668 (w), 608 (w) cm™'. '"H NMR (200 MHz, [DgJacetone,
20°C): 6 =9.91 (s, 1 H, 8), 9.37 (dd, 3Jyz;r = 5.2, 1.0Hz, 2 H, a),
8.98 (dd, 3Jyu = 8.2, 1.1 Hz, 2 H, ¢), 8.86 (d, *Jy = 2.8 Hz, 2
H,v), 8.83(dd, 3Jyy iy =4.9, 1.4 Hz,2 H, 1), 8.67 (d, *Jyy.;s = 2.3 Hz,
1 H,v'),858(s,2H,d), 857 (d, *Jyyu = 2.7 Hz, 2 H, @), 8.09 (dd,
3Jyun = 8.2, 5.3 Hz, 2 H, b), 7.70 (dd, 3Jy 1y = 5.2, 1.5Hz, 2 H, 4),
7.65(dd, I =49, 1.5Hz, 2 H, 2), 7.55 (dd, 3Jy i = 5.2, 1.4 Hz,
2 H, 3), 6.99 (dd, 3Jyu = 2.7, 24Hz, 2 H, B), 6.42 (d, *Jypu =
2.2Hz, 1 H, a'), 6.28 (dd, *Jy g = 2.9, 23 Hz, 1 H, B’) ppm.

[Ru(tpm)(biq)(4,4'-bpy)|(PF¢), (12, Rubig-bpy): Compound 7
(0.050 g, 0.057 mmol) and 4,4'-bpy (0.176 g, 1.13 mmol) were re-
fluxed for 12 h in absolute ethanol (25 mL). After cooling to room
temperature the solution was concentrated, and an equal volume

www.eurjic.org 717



FULL PAPER

M. Guelfi, F. Puntoriero, S. Serroni, G. Denti

of diethyl ether was added. The mixture was stored overnight at
—18 °C. A violet solid obtained and was filtered off, dissolved in a
minimum amount of MeOH, and separated by column chromatog-
raphy on silica (the eluant was MeOH saturated with KPFy). The
first violet fraction was discarded, but the second fraction (deep
violet) was collected and dried by rotary evaporation. The solid
obtained was suspended in water and extracted three times with
CH,Cl,. The organic layer was dried with Na,SO, and concen-
trated. On addition of diethyl ether a violet solid was obtained; this
was separated by filtration, washed several times with diethyl ether,
and vacuum dried (yield 0.033 g, 55%). CssH30F2NoP-Ru
(1018.10): caled. C 44.85, H 2.97, N 13.76; found C 44.98, H 2.69,
N 13.61. IR: vy, = 1596 (m), 1560 (m), 1508 (m), 1411 (m), 1286
(m), 1248 (w), 1110 (m), 1056 (w), 781 (m), 606 (w), 518 (w) cm™".
'"H NMR (200 MHz, [D¢Jacetone, 20 °C): 6 = 10.38 (s, 1 H, §), 9.00
(d, 3Juu = 24Hz 2 H, ), 891 (d, 3Juu = 23Hz 1 H, y'), 8.86
(d, 3Jyu = 8.5Hz, 2 H, 1), 8.76 (d, 3Juy = 8.7Hz, 2 H, 2), 8.69
(d, 3Jyn = 54 Hz, 2 H, 4), 8.38 (d, 3Jyn = 24 Hz, 2 H, «), 8.33
(d, 3Jyu = 8.1 Hz, 2 H, d), 8.15 (dd, 3Jyy i = 5.6, 1.3 Hz, 2 H, ),
7.83 (ddd, 3Jy i = 8.7, 7.0, 1.0 Hz, 2 H, b), 7.65-7.60 (overlapping
multiplets, 5 H, e, 3, a'), 7.48 (ddd, 3Jyp = 8.0, 7.0, 1.4 Hz, 2 H,
¢), 6.86 (dd, 3Jyy = 2.7, 24 Hz, 2 H, B), 6.82 (d, 3Jy iy = 8.8 Hz,
2 H, a), 6.60 (dd, 3Jy 5 = 2.9, 2.3 Hz, 1 H, B’) ppm.

Syntheses of Dinuclear Complexes

[{Ru(tpm)(2,2"-bpy)}2(n-pz)|(PFs)s [13, (Rubpy),-pz]. Procedure (a)
Compounds 5 (0.050 g, 0.064 mmol) and 8 (0.054 g, 0.064 mmol)
were dissolved in CH,Cl, and stirred at room temperature for 3 d.
The solid that formed was filtered off, washed several times with
diethyl ether, and vacuum dried (yield 0.075 g, 73%). Procedure (b)
Compound 5 (0.050 g, 0.064 mmol) and pz (0.0026 g, 0.032 mmol)
were dissolved in CH,Cl, and stirred at room temperature for 3 d.
The solid obtained was separated by filtration, washed several
times with diethyl ether, and vacuum dried. (yield 0.041 g, 80%).
CyyHyoFo4NgP4Ru, (1604.03): caled. C 32.97, H 2.52, N 15.73;
found C 33.38, H 2.82, N 15.65. IR: v, = 1606 (m), 1467 (m),
1448 (s), 1413 (s), 1288 (s), 1254 (m), 1059 (m), 761 (s), 731 (m),
608 (w) cm™'. "H NMR (200 MHz, [DgJacetone, 20 °C): 6 = 9.82 (s,
2 H, 8), 8.89 (d, 3Jyuu = 7.9 Hz, 4 H, d), 8.73 (d, 3Jyy .y = 3.0 Hz,
4 H, v), 8.67 (d, 3Jupu = 5.7Hz, 4 H, a), 8.56 (d, 3Jyn = 3.0 Hz,
2 H,v'), 8.30 (ddd, 3Jy 1 = 8.0, 7.9, 1.4 Hz, 4 H, ¢), 8.17 (d, 3Ju.n
=23Hz 4 H, a), 7.64 (ddd, 3Jy 1z = 8.0, 5.6, 1.1 Hz, 4 H, b), 7.58
(s,4H,1),6.92(d, 3Jgn=23Hz 2 H, &), 6.83 (dd, 3Jxg = 2.9,
2.4 Hz, 4 H, B), 6.40 (dd, 3Jy 1y = 2.9, 2.4 Hz, 2 H, B') ppm.

[{Ru(tpm)(2,2'-bpy)}»(n-4,4'-bpy)I(PFe)s [14, (Rubpy),-bpyl: Com-
pound 14 was obtained, as a reddish brown solid, from either 5
(0.050 g, 0.064 mmol) and 9 (0.059 g, 0.063 mmol) (yield 0.081 g,
77%), or from 5 (0.050 g, 0.064 mmol) and 4,4’-bpy (0.0050 g,
0.032 mmol) (yield 0.045 g, 84%), by procedures (a) and (b) respec-
tively, which are described above for complex 13.
CsoHyyFo4NgP4Ru, (1680.07): caled. C 35.77, H 2.64, N 15.02;
found C 3598, H 2.86, N 14.75. IR: vy = 1617 (w), 1448 (m),
1412 (m), 1287 (m), 1259 (m), 761 (m), 669 (w), 608 (w) cm™'. 'H
NMR (200 MHz, [DgJacetone, 20 °C): 6 = 9.89 (s, 2 H, 9), 9.01 (d,
3Jgu = 8.4Hz, 4 H, d), 8.92 (d, 3/ = 5.7 Hz, 4 H, a), 8.81 (d,
3Jun = 29Hz, 4 H, y), 8.61 (d, 3Jyu = 2.8Hz, 2 H, v'), 8.34
(ddd, 3Jyn = 84, 8.0, 1.4Hz, 4 H, ¢), 8.32 (d, 3Juy = 2.2 Hz, 4
H, ), 7.87 (d, 3Jyu = 6.9 Hz, 4 H, 1), 7.69 (ddd, 3Jy; 1 = 8.1, 5.7,
1.3Hz, 4 H, b), 7.58 (d, 3Ju = 6.9 Hz, 4 H, 2)) 6.96 (d, 3Jyp1 =
2.2Hz, 2 H, '), 6.90 (dd, 3Jyy = 2.5, 2.4 Hz, 4 H, B), 6.45 (dd,
3Jyan = 27,24 Hz, 2 H, B') ppm.

[{Ru(tpm)(phen)} »(n-p)I(PFe)s [15, (Ruphen),-pz]: Compound 15
was obtained, as a reddish brown solid, from either 6 (0.050 g,
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0.062 mmol) and 10 (0.054 g, 0.062 mmol) (yield 0.077 g, 76%), or
from 6 (0.050 g, 0.062 mmol) and pz (0.0026 g, 0.032 mmol) (yield
0.041 g, 80%), by procedures (a) and (b) respectively, which are
described above for complex 13. CysHyoF24NsP4Ru, (1652.03):
caled. C 34.92, H 2.44, N 15.27; found C 35.04, H 2.67, N 15.14.
IR: vyax = 3154 (m), 1609 (m), 1466 (m), 1442 (m), 1420 (s), 1301
(s), 1255 (m), 1069 (m), 836 (s), 761 (s), 558 (s) cm™'. '"H NMR
(200 MHz, [DgJacetone, 20 °C): 6 = 9.91 (s, 2 H, §), 9.02 (dd, 3Jy
=54, 1.2Hz 4 H, a), 8.86 (dd, *Jyn = 8.2, 1.2 Hz, 4 H, ¢), 8.77
(d, 3y =29Hz, 4 H, y), 8.52 (d, 3Jyu = 29 Hz, 2 H, 7'), 8.42
(s, 4 H, d), 829 (d, Juy = 2.2 Hz, 4 H, @), 7.95 (dd, 3Jyu = 8.3,
53Hz,4H,b),7.21 (s,4 H, 1), 6.85 (dd, 3/ = 2.8, 2.5Hz, 4 H,
B), 6.33 (d, 3Jyr = 2.3Hz, 2 H, '), 6.21 (dd, 3Jyy iy = 2.8, 2.4 Hz,
2 H, B’) ppm.

[{Ru(tpm)(phen)}»(n-4,4'-bpy)I(PFe)s [16, (Ruphen),-bpy]: Com-
pound 16 was obtained, as a reddish brown solid, from either 6
(0.050 g, 0.062 mmol) and 11 (0.058 g, 0.062 mmol) (yield 0.081 g,
76%), or from 6 (0.050 g, 0.062 mmol) and 4.4'-bpy (0.0050 g,
0.032 mmol) (yield 0.045 mg, 84%), by procedures (a) and (b)
respectively, which are described above for complex 13.
Cs4HyyFouNgP4Ru, (1728.07): caled. C 37.55, H 2.57, N 14.60;
found C 37.89, H 2.45, N 14.43. IR: v, = 1615 (m), 1450 (w),
1413 (s), 1286 (m), 1284 (w), 761 (m) cm’’. '"H NMR (200 MHz,
[Dglacetone, 20 °C): § = 991 (s, 2 H, 8), 9.28 (dd, 3Jypu = 5.3,
1.3 Hz, 4 H, a), 8.93 (dd, 3Jy.n = 8.2, 1.2 Hz, 4 H, ¢), 8.82 (d, 3yt
=3.0Hz, 4 H, v), 8.54 (d, 3Jyu = 3.0Hz, 2 H, y'), 8.52 (s, 4 H,
d), 8.40 (d, 3Jy = 2.3 Hz, 4 H, 0), 8.03 (dd, 3Jix = 8.2, 5.2 Hz,
4 H, b), 7.61 (dd, 3Jy = 5.3, 1.5Hz, 4 H, 1), 7.35 (dd, 3Jypu =
5.3,1.5Hz,4 H, 2), 6.91 (dd, 3Jyu = 2.9, 2.4 Hz, 4 H, B), 6.35 (d,
3Jun = 23Hz, 2 H, o), 6.24 (dd, 3Juyn = 2.9, 24 Hz, 2 H, B')
ppm.

[{Ru(tpm)(biq)},(n-pz)|(PFe)4 [17, (Rubiq),-pz]: Compound 17 was
obtained, as a violet solid, from 7 (0.030 g, 0.034 mmol) and pz
(0.0014 g, 0.017 mmol) (yield 0.024 mg, 78%) by procedure (b) de-
scribed above for complex 13. CgoHygF24 N sP4Ru, (1804.10): caled.
C 39.97, H 2.68, N 13.98%; found C 40.13, H 2.81, N 13.74. IR:
Vmax = 1508 (s), 1457 (s), 1411 (m), 1383 (m), 1290 (m), 1097 (m),
832 (w), 784 (w), 669 (m) cm’!. "TH NMR (200 MHz, [DgJacetone,
20°C): 6 = 10.31 (s, 2 H, 8), 8.97 (d, *Jy .z = 3.0 Hz, 4 H, y), 8.88
(s,4H,1),888(d, 2H, "), 834 (d, 3Jyn =3.5Hz, 4 H, 1), 8.29
(dd, 3Jyu = 8.1, 1.4 Hz, 4 H, d), 8.18 (d, *Jyyu = 2.4 Hz, 4 H, o),
8.09 (d, 3Jym =3.5Hz, 4 H, ¢), 7.78 (m, 4 H, b), 7.63 (d, 3Jyu =
2.3Hz, 2 H, «'), 741 (m, 4 H, ¢), 6.84 (m, 4 H, B), 6.74 (d, 3Jyn
=89Hz, 4 H, a), 6.58 (m, 2 H, ') ppm.

[{Ru(tpm)(biq)}»(n-4,4"-bpy)l(PFe)4 [18, (Rubiq),-bpy]: Compound
18 was obtained, as a violet solid, from either 7 (0.030 g,
0.034 mmol) and 12 (0.035 g, 0.034 mmol) (yield 0.045 g, 70%), or
from 7 (0.053 g, 0.060 mmol) and 4,4"-bpy (0.0047 g, 0.030 mmol)
(yield 0.047 g, 83%), by procedures (a) and (b) respectively, which
are described above for complex 13. CgcHs,FoyNigP4Ru, (1880.13):
caled. C 42.18, H 2.79, N 13.42; found C 41.98, H 2.64, N 13.05.
IR: vay = 1509 (w), 1411 (m), 1287 (m), 1257 (w), 1099 (m), 1056
(w), 1020 (w), 787 (m) cm'. '"H NMR (200 MHz, [DgJacetone,
20°C): 6 = 10.65 (s, 2 H, §), 8.97 (d, *Jyu = 2.6 Hz, 4 H, v), 8.90
(d, 3Jyu = 2.5Hz, 2 H, '), 8.76 (d, *Jyu = 8.6 Hz, 4 H, 1), 8.64
(d, 3Jgu = 8.7Hz, 4 H, 2), 8.26 (dd, 3J 11 = 8.3, 1.0 Hz, 4 H, d),
8.22 (d, 3Jyu = 2.3Hz, 4 H, ), 8.03 (dd, 3Jyu = 5.8 Hz, 4 H, f),
7.77 (m, 4 H, b), 7.58 (d, 3Jyzp = 2.1 Hz, 2 H, @), 7.44-7.40 (over-
lapping multiplets, 8 H, c, e), 6.77 (m, 4 H, B), 6.74 (d, 3Jyyu =
8.4 Hz, 4 H, a), 6.55 (m, 2 H, B’) ppm.

Electrochemistry and Spectroelectrochemistry: Electrochemical ex-
periments were carried out with argon-purged acetonitrile solutions
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of the samples with an Autolab PGSTAT 12 potentiostat/galvanos-
tat instrument interfaced to a personal computer, with cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV) tech-
niques. The working electrode was a glassy carbon electrode
(0.08 cm?, Amel); its surface was polished immediately prior to use
with a 0.05 pm alumina-water slurry on a felt surface. The counter
electrode was a Pt wire. We used an Ag wire as a quasi-reference
electrode, and we added 5mL of a 0.1 M solution of ferrocene in
acetonitrile to act as an internal standard. The concentration of
the examined compounds was 5.0 X 10 m; tetraethylammonium
hexafluorophosphate 0.05 m was added as a supporting electrolyte.
Cyclic voltammograms were obtained at sweep rates of 20, 50, 200,
and 500 mVs !; DPV experiments were performed with a scan rate
of 4mVs™!, a pulse height of 10 mV, and a duration of 40 ms. The
ferrocene/ferrocenium measured potential vs. SCE, under the ex-
perimental conditions employed, was 0.395 V. For reversible pro-
cesses the half-wave potential values are reported; the same values
are obtained from the DPV peaks and from an average of the cath-
odic and anodic cyclic voltammetric peaks. For irreversible pro-
cesses the reported values are those evaluated from the peak poten-
tials recorded in the DPV experiments. Both CV and DPV tech-
niques have been used to measure the number of the exchanged
electrons involved in each redox process. No reliable conclusions
can be drawn on the number of electrons exchanged in irreversible
processes. To establish the reversibility of a process, the following
criteria were considered: (i) separation between cathodic and an-
odic peaks, (ii) close to unity ratio of the intensities of the cathodic
and anodic currents, and (iii) constancy of the peak potential on
changing the sweep rate in the cyclic voltammograms. For the redox
potentials the estimated errors are = 10 mV.

Spectroelectrochemical measurements were recorded on a JASCO
V570 spectrophotometer connected to an EG&G 273A potentios-
tat.

Absorption and Luminescence Spectra: Absorption spectra were re-
corded with a JASCO V570 spectrophotometer. Luminescence
spectra were recorded on a Jobin Yvon-Spex Fluoromax 2 spectro-
fluorimeter equipped with a Hamamatsu R3896 photomultiplier,
and the spectra were corrected for photomultiplier response with a
program purchased with the fluorimeter. Luminescence lifetimes
were determined by time-correlated single-photon-counting
(TCSPC) with an Edinburgh OB900 spectrometer (a 408 nm light
pulse was generated with a Hamamatsu PL2 laser diode, with a
pulse width of 59 ps). Experimental uncertainties are as follows:
absorption maxima, 2 nm; molar absorption coefficient, 10%;
emission maxima, 5 nm; excited state lifetimes, 10%).

Supporting Information (see footnote on the first page of this arti-
cle): Syntheses and characterization of complex metals 2-7, inter-
preted "TH NMR spectra of complexes 8, 9, 11-14, and 16-18.
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