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Introduction

Dinuclear complexes containing polypyridyl-Ru(II) frag-
ments have been of particular interest for the study of mixed
valency because of their kinetic intertness in both the+2 and
+3 oxidation states, generally reversible electrochemical be-
havior, and goodπ-donor capability which allows interaction
with bridging ligand orbitals.1 Many of the bridging ligands
used in such binuclear complexes are also polypyridyl-based,
and although significant metal-metal interactions can occurVia
metal-ligand d(π)-π* overlap, these may be limited by the
considerable energy gap between the ruthenium d(π) and ligand-
basedπ* levels.1 Dioxolene-based ligands in contrast have
orbitals ofπ symmetry which are much closer in energy to those
of metal-based d(π) orbitals, and recently much effort has been
devoted to the study of the very rich electrochemical and
spectroscopic properties of mononuclear ruthenium complexes
with a variety of dioxolene ligands.2 Since strong metal-metal
interactions in binuclear complexes (resulting, for example, in
class III mixed-valence behavior and large comproportionation
constants for the mixed-valence state) are facilitated by electron
delocalization from the metals toward the bridging ligand,
binucleating bridging ligands based on dioxolenes are excellent
candidates for use in the preparation of such complexes.3 We
describe here the synthesis, electrochemical and spectroscopic
properties of [{(bipy)2Ru}2(µ-L)][PF6]2 (1) where L2- is the
dianion of 2,5-dihydroxy-1,4-benzoquinone. This ligand pre-
sents anO,O-donor binding site to each metal ion in which one
oxygen atom is formally quinonoidal and the other is anionic,
so the binding site is similar to that presented by a semiquinone
with the important exception that L2- is diamagnetic. L2- has
been shown to be an effective mediator of electron-transfer in
intramolecular redox reactions,4 as well as mediating electro-
chemical5 and magnetic exchange6 interactions in a variety of
binuclear and polynuclear complexes.

Experimental Section

General Details. K2L7 and [Ru(bipy)2Cl2]‚2H2O8 were prepared
according to the published methods. The apparatus used for standard
spectroscopic and electrochemical measurements has been described

in detail elsewhere.9 The EPR spectra were recorded on a Bruker ESP-
300E spectrometer; electrochemical generation of the reduced complex
was performed by using an OTTLE-type arrangment with a Pt-grid
working electrode in a conventional EPR flat cell, modified by addition
of a reservoir to accommodate the reference (SCE) and auxiliary (Pt
wire) electrodes.
Preparation of [{(bipy)2Ru}2(µ-L)][PF 6]2 (1). A mixture of K2L

(0.1 g, 0.46 mmol) and [Ru(bipy)2Cl2]‚2H2O (0.48 g, 0.92 mmol) in
ethylene glycol (20 cm3) was heated to 190°C for 1 h under N2. After
cooling, the complex was precipitated by addition of aqueous NH4-
PF6, filtered off, washed with water, and dried. The crude complex
could be purified either by recrystallization (MeCN/Et2O) or chroma-
tography on alumina (MeCN/toluene, 1:1). Anal. Calcd for
C46H34F12N8O4P2Ru2: C, 44.0; H, 2.7; N, 8.9. Found: C, 43.7; H,
2.7; N, 8.7. MS (FAB, 3-nitrobenzyl alcohol matrix):m/z) 1111
(100%,{1 - PF6}), 966 (75%,{1 - 2PF6}). 1H NMR, CD3CN, δ-
(ppm): 5.95 (2 H, s), 7.18 (4 H, ddd,J ) 7.3, 5.7, 1.4 Hz), 7.67 (8 H,
m), 7.82 (4 H, td,J ) 7.8, 1.3 Hz), 8.14 (4 H, td,J ) 7.9, 1.4 Hz),
8.38 (4 H, d,J ) 7.9 Hz), 8.50 (8 H, m). Yield: 60%.

Results and Discussion

Complex1 is formed by reaction of K2L with 2 equiv of
[Ru(bipy)2Cl2]‚2H2O at high temperatures and is a purple-black
solid with an intense inky purple color in solution. The FAB
mass spectrum and elemental analysis confirmed its formulation,
and the1H NMR spectrum shows the two protons of the bridging
ligand as a singlet at 5.95 ppm with the expected intensity (2
H) relative to the eight bipyridyl proton resonances (4 H each).

The results of a molecular orbital calculation on the complex
using the ZINDO method10 are presented in Figure 1, which
shows the relative energies of the frontier orbitals. The HOMO
contains substantial contributions from both the metals [Ru d(xz)
orbitals] and the bridging ligand; the density of the HOMO is
20% at each of the Ru atoms, with the remaining 60% being
distributed over the bridging ligand. The LUMO in contrast is
almost entirely composed of the bridging ligandπ* orbital
(94%) with small contributions from the metal d(xz) orbitals
(3% each). The extent of mixing between the metals and the
bridging ligand is less than that which occurs with simple
dioxolenes such as theo-benzosemiquinone anion (sq), presum-
ably due to the higher energy of theπ* level of L2- arising
from the double negative charge; although theπ* level of L2-

does lie below the bipyπ* levels, it is still substantially higher
than the ruthenium d(π) orbitals.
Cyclic and square-wave voltammetry (Figure 2) shows the

presence of two reversible, one-electron oxidations at E1/2 )
+0.36 and+0.70 V Vs the ferrocene/ferrocenium couple (Fc/
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Fc+). By “reversible” is meant that the ratio of the cathodic
and anodic peak currents is approximately unity at a variety of
scan rates, and the peak-peak separations∆Ep lie in the range
60-80 mV. These could be considered formally as metal-based
Ru(II)/Ru(III) couples, although on the basis of the MO picture
they have substantial ligand-based character. Their potentials
are comparable to those of [{(bipy)2Ru}2(µ-OMe)2]2+ in which
the array of donor atoms and charges about the Ru centers is
similar to that of1.11 The separation of 0.34 V between these
couples corresponds to a comproportionation constantKc of ca.
6 × 105.
There is also a reversible one-electron wave at E1/2 ) -1.05

V Vs Fc/Fc+ which is on the predominantly ligand-centered
LUMO. We investigated this by recording the EPR spectrum
of the reduced species, generated either by controlled potential
electrolysis in an EPR cell or by chemical reduction with
cobaltocene in dry MeCN under N2. In each case a sharp signal
was observed atg ) 2.063 with a peak-peak separation ofca.
3 G (Figure 3); the spectrum of the chemically-reduced species
is much broader than that of the electrochemically-reduced
species, possibly due to being present in a higher concentration,
but the essential parameters are the same. Shoulders on either
side of the main peak are ascribable to weak hyperfine coupling
to ruthenium, which has two isotopes withI ) 5/2 (99Ru and
101Ru, combined abundance 29.8%): coupling to two equivalent
Ru atoms would therefore give a singlet (49% of total intensity),
a 1:1:1:1:1:1 sextet (42% of total intensity), and a 1:2:3:4:5:6:

5:4:3:2:1 undecet (9% of total intensity). The appearance of
the spectra suggests that the two shoulders are the outer
components of the sextet, with the outer components of the
undecet being too weak to see. The hyperfine couplingARu is
therefore one-fifth of the separation between these components,
i.e. 2.1 G. The narrow width of the signal is consistent with
the expected predominantly ligand-centered organic radical
species; however the deviation from the free-spin position and
the weak coupling to ruthenium indicates a slight degree of
delocalization of the electron onto the metals.12

Further ligand-based reductions occur at the extreme of the
solvent window (beyond-2 V Vs Fc/Fc+), but the individual
waves are obscured by sharp spikes from surface processes.
These are likely to be bipy-based processes; a second reduction
of the bridging ligand is also possible.
The electronic spectrum of1 (Figure 4) contains transitions

at 242, 293, 330, 506, and 721 nm in MeCN. The first two of
these are typical ligand-centered (LC)πfπ* transitions, and
the 506 nm transition we assign to a Ru(II)fbipy(π*) MLCT
process.13 The most notable feature of the spectrum is the very
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Figure 1. Frontier orbitals of1. The absolute energies are not given but the relative separations between orbitals are to scale. The symmetry labels
for the orbitals assumeD2h local symmetry (i.e. the sense of coordination of the bipyridyl chelates is ignored). Thex-axis is the Ru-Ru axis, and
the z-axis is perpendicular to the plane of the bridging ligand.

Figure 2. Osteryoung square-wave (upper trace) and cyclic (lower
trace) voltammograms of1 at a Pt-bead working electrode in MeCN
containing 0.1 M [Bu4N][PF6] as base electrolyte. The scan rate was
0.2 V s-1.

Figure 3. Solution EPR spectra in MeCN of the one-electron reduction
product of1, prepared by chemical reduction with cobaltocene (upper
trace) or electrochemically (lower trace).
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intense, broad band at 721 nm (ε ) 12 200 M-1 cm-1) which
is a transition from the HOMO (both metal- and ligand-based)
to the LUMO (largely ligand-based), and therefore has both
MLCT and LC character; for simplicity we will call this a Ru-
(II)fL(π*) transition even though this description is not wholly
accurate. This transition is similar to Ru(II)fsemiquinone
MLCT transitions with other dioxolene ligands,2c,3balthough it
is at a rather high energy; in [Ru(bipy)2(sq)]+ for example the
Ru(II)f(sq) MLCT transition is at 880 nm in MeCN due to
the lower π* level of the sq radical anion.2c It is slightly
solvatochromic, withλmax taking the following values in
different solvents: CH2Cl2, 720 nm; acetone and MeCN, 721
nm; MeOH, 728 nm; dmf and pyridine, 735 nm; dmso, 743
nm; dmf/water (3:1, v/v), 745 nm; dmf/water (2:1), 751 nm
(all values(2 nm). This is in accord with what would be
expected for a transition which has some vectorial charge-
transfer character.
The spectral region between 400 and 1800 nm was examined

during a spectrophotometric titration in which1 was succes-
sively oxidised from the dicationic state to the+3 and finally
+4 states by addition of numerous small portions of the oxidant
[Bu4N][Br3] (Figure 5). Due to the relatively low solubilities
of the oxidized species it was necessary to use dmf/H2O (3:1)

as solvent to prevent precipitation; unfortunately this limits the
available spectral window to 1800 nm since at longer wave-
lengths there are multiple intense solvent absorptions. On
oxidation of1 by one electron to the+3 state the changes in
the electronic spectrum are not dramatic: the Ru(II)fbipy(π*)
transition is slightly blue-shifted from 506 to 493 nm with a
slight drop in intensity, whereas the Ru(II)fL(π*) transition
transition is red-shifted from 745 to 797 nm and remains at the
same intensity. This suggests that the valences are localized
and that these two transitions in the mixed-valence state involve
the remaining Ru(II) center; the Ru(II)fL(π*) band is red-
shifted due to the increased positive charge distibuted between
the bridging ligand itself and the metal ion at the far end of the
bridge. On further oxidation of the+3 state to the+4 state,
both the Ru(II)fL(π*) and Ru(II)fbipy(π*) transitions disap-
peared, which is to be expected. A weak new transition atca.
650 nm has appeard, which is likely to be a pyridylfRu(III)
LMCT.14

We found no evidence for the expected inter-valence charge
transfer (IVCT) band in the spectrum of the+3 (mixed-valence)
species within the spectral window available. There are two
possible reasons for this. First, the mixed-valence state could
be a relatively weakly interacting class II species, in which case
the IVCT band would be at high energy and of low intensity:
λmax values of<1000 nm andε values of a few hundred are
common.1 Such a band would be obscured by the intense Ru-
(II)fL(π*) transition, which is very broad and hasε ≈ 1800
M-1 cm-1 at λ ) 1000 nm. The second possibility is that the
mixed-valence complex is class III, with an exceptionally low-
energy IVCT band: for example the mixed-valence complex
[{(bipy)2Ru}2(µ-tetrox)]3+ has an IVCT band atλmax ) 2080
nm, the lowest energy known for such a transition.3a Although
this wavelength lies outside the spectral window we had
available, a transition in this region would be very broad on a
wavelength scale and a rise in the baseline at 1800 nm would
certainly be apparent, which it was not. For an IVCT band to
be at a sufficiently low energy for the baseline at 1800 nm to
be flat is so far unprecedented for a ruthenium complex. The
former explanationsthat 1 has a class II mixed-valence state
whose weak IVCT band is obscuredsis much more likely, and
is consistent with (i) theKc value, which is rather lower than
that of the Creutz-Taube ion (Kc ≈ 3× 106, corresponding to
a “borderline” class II/class III species); (ii) the spectroscopic
evidence for a localized Ru(II) center in the mixed-valence state;
and (iii) the possibility of charge redistribution in the bridging
ligand which would stabilize a valence-localized state. The
2-fold degeneracy of the mixed-valence state (the odd electron
could be associated with either metal) could be lifted by an
unsymmetrical distortion involving a redistribution of electron
density in the bridging ligand (structure2), such that the Ru(II)
center is bound to a quinone-type binding site and the Ru(III)
center is bound to a dianionic catechol-type binding site. In
the absence of strong delocalization of electronsVia Ru(dπ)sL-
(π*) overlap this would be favored energetically,15 and is
consistent with the observed valence-localized mixed-valence
state.
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Figure 4. Electronic spectrum of1 in MeCN (expansion is×4).

Figure 5. Successive electronic spectra of1 recorded (a) during the
+2 f +3 oxidation and (b) during the+3 f +4 oxidation, in dmf/
water (3:1 v/v).
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