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Bridge dominated oxidation of a diruthenium 1,3-divinylphenylene
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A divinylphenylene bridged diruthenium complex constitutes
an ensemble of three coupled redox systems. Spectroelec-
trochemistry provides evidence that the oxidation processes are
dominated by the organic bridge.

Complexes with two or more transition metal moieties bridged by
a s-conjugated carbon-rich ligand have gained increasing im-
portance, especially in the emerging field of molecular electronics.
Here, such systems are exploited to study electronic interactions
between the metal-based redox sites and to identify promising
candidates for the assembly of larger-scdle molecular wires.
Polyynediyl and diethynylphenylene bridges have been well
explored in this respect and found to be highly to moderately
efficient coupling units.2 Oligoenediyl bridges equal oligoynediyl
linkages of comparablelengthsin their ability to convey charge and
spin delocalization.23 No such investigations were, however,
performed on related divinylphenylene bridged dinuclear com-
plexes.45 The close resemblance of the divinylphenylene ligand to
the repeat units of poly-phenylenevinylenes (PPVs), which con-
stitute one of the most important classes of conducting polymers,®
provided afurther incentive for undertaking such a study. Here we
report our findings on the meta-bridged diruthenium complex E,E-
[{ (PPh3)(CO)CI(4-EtOOCpy)Ru} »(u-1,3-(HC=CH—-CgH ,—
CH=CH)] (1, see Chart 1).

1 was readily synthesized in 71% yield by double hydro-
ruthenation of 1,3-diethynylbenzene with [HRu(CO)CI(PPhz)s]
and treatment of the resulting E,E-[{(PPhs)2(CO)CIRU} »(u-
1,3-(HC=CH-C¢H,—CH=CH)] with aslight excess of ethylisonico-
tinate.8478 When 1 was subjected to voltammetric studies in
CH,CI,/NBuyPFg, two well separated and chemically reversible
one-electron waves were detected at +0.235 and +0.555 V as
calibrated against the ferrocene/ferrocenium couple. The AE;, of
320 mV signds, at first glance, a farly strong metal-metal
interaction, much stronger than that observed in comparable
1,3-diethynylbenzene bridged diiron complexes (AEy, = 125
mV).9 According to common belief, larger splittings of individual
half-wave potentials of formally identical redox-sites are usualy
associated with a stronger electronic communication.10.11

In order to probefor the identity of the redox-sitesand for charge
and spin delocalization in the mixed-valent state we generated and
spectroscopically studied the oxidized forms of 1. IR spectroscopy
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T Dedicated to Professor Helmut Werner on the occasion of his 70t
birthday.

T Electronic supplementary information (ESI) available: IR spectra of
oxidation of 1 in 1,2-C,H,4Cl,/NBusPFs and EPR spectra of electro-
chemically generated 1+ (CH,Cl,/TBAPFg). See http://www.rsc.org/supp-
data/cc/b4/b405349d/
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provides a particularly sensitive probe for intrinsic valence
localization or delocalization.10 The isonicotinate complex 1 offers
one carbonyl ligand at each ruthenium moiety and an IR active ester
group a each pyridine ligand and is ideally suited for such
investigations. During the first oxidation the single band at 1926
cm—1 of neutral 1 evolvesinto two separate bands at 1941 and 1963
cm~—1, while theisonicotinate band shiftsby just 3cm—1 (Figure S1,
Electronic Supplementary Information). Applying the usual
criteria, such behaviour, along with the shift of both CO bands to
higher energies, would be characteristic of a Class Il system with
moderately coupled but valence-trapped redox sites.10 During the
second oxidation, the two CO absorptions of the monocation merge
into one band which is now located at 1972 cm-1. This is
accompanied by a further blue shift of the ester band by 4 cm—1.
Remarkably, the total shift of the CO bands upon oxidation of 1 to
its dication 12+ amounts to just 46 cm—1. Thisis much less than the
shiftsof 100 cm—1 and more that usually accompany metal centered
oxidations of carbonyl complexes. The analogous mononuclear
styryl complex E-[{(PPhs),(CO)CI(4-EtOOCpy)Ru} (HC=CH-
Ph)] (2) behaves similarly.§ Oxidation at a potential sufficiently
positive of its Ey;, (+0.36 V) shifts the CO band and the ester band
to higher energies, by 40 cm—1 and 4 cm—1, respectively. The
comparatively small magnitude of the CO shifts signals that a
significant fraction of the positive charges in 1*, 12+ and 2* is
accommodated at the divinylphenylene ligand.

This finds support from UV-Vis-NIR spectroel ectrochemistry.
Oxidation of 1toitsradical cation givesriseto two structured bands
near 17000 and 8000 cm—1 (Fig. 1). Both display progressions of
1420 and 1240 cm—1, respectively. Nearly identical spectra have
been obtained for the radical cations of distyrylbenzenes or
distyrylstyrenes and oxidatively doped PPV oligomers and poly-
mers.1213 This implies a significant bridge contribution to the
singly occupied frontier levels (SOMOs) of 1+ and 2+. This, inturn,
can be probed by EPR spectroscopy. In fluid solution and at room
temperature, electrochemically generated 1+ displays an intense,
dlightly broad isotropic spectrum. The g-value of 2.0201 is
somewhat larger as is expected for a purely organic paramagnetic
species. Successive cooling causes a further broadening of this
signal until, starting at ca. 220 K, aweak rhombic splitting prevails
(o« = 2.0826, g, = 2.0207, g, = 2.0107, Figure S2, ESI).f The
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Fig. 1 Vis-NIR spectroscopic changes during the first (upper trace) and the
second (lower trace) oxidation of 1 in 1,2-CoH4Clo/NBusPFe.
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Fig. 2 Top: HOMO of 1’. Bottom: changes of electron density distribution
due to the oxidation of 1’. Blue and violet colors correspond to a decrease
and an increase in electron density, respectively.

dlightly larger g-values obtained for 2+ (g = 2.0653, g, = 2.0382
in frozen solution) may point to a somewhat larger metal
contribution as compared to 1*. All thislets us conclude that 1+ and
2+ are predominantly organic centered radicals with a minor, but
clearly detectable, contribution of Ru d-functions to the spin-
bearing SOMO.

Further insight into the electronic structure of complex 1 was
obtained by quantum chemical density functional theory (DFT)
calculations on a somewhat simplified model 1’ bearing PH3
instead of PPh3 ligands. Two nearly degenerate occupied levelsin
the frontier orbital region result from an antibonding interaction
between the Ru d-orbitals and appropriate m-levels of the
divinylphenylene bridge. Both are delocalized across the entire
diruthenium—divinylphenylene moiety. Fig. 2 (top) depicts the
highest occupied molecular orbital (HOMO). The contribution of
the bridge (81%) clearly dominates over that of the ruthenium
atoms (17%). Theclosely lying HOMO-1 hasasimilar composition
and is formed by antisymmetrical combination of Ru 4d,, orbitals.
The pyridine ligands contribute less than 1% to these orbitalswhich
explains the small IR shifts of the isonicotinate ester bands upon
oxidation. Spin unrestricted DFT calculations on the radical cation
1'+ confirm that the HOMO composition faithfully carries over to
spin-densities. Moreover, the computational results on 1+ parallel
our experimental findingsin predicting two distinct CO absorptions
and a dight rhombic splitting of the g-tensor in the monooxidized
state. The calculated mean difference of CO stretching frequencies
between 1’ and 1+ of 25 cm—1 matches the experimentaly
observed shift. Calculating the charge differences induced by
oxidation aso indicates a significant loss of electron density from
the bridge and only a smaller one from the Ru atoms (Fig. 2,
bottom), again in perfect agreement with our experiments. The
calculations give a symmetrical electron distribution in 1+, and the
calculated CO-band splitting of 13 cm—1 arises from a splitting of
the symmetrical and antisymmetrical combinations of the two Ru—
CO dtretches.

These results raise some points that are worthy of note. First of
all, the divinylphenylene bridge is not an innocent ligand but,
combined with the { Ru(CO)(PPhz),(4-EtOOCpy)} moaieties, forms
an ensemble of three coupled redox systems. Secondly, the ligand
not only participatesin, but dominates, the anodic redox processes.
This appears to be in sharp contrast to any of the dinuclear

complexes bridged by some carbon-rich, conjugated spacer that
have been investigated to date. Even though the oxidation mainly
involves the divinylphenylene bridge, the oxidation potentials of 1
are substantially lower than those of akylated oligovinylpheny-
lenes.14 Moreover, the presence of the metal moieties endow the
cations derived from 1 and 2 with stabilities that are usually not
encountered in their purely organic counterparts. This would make
oligomers of such complexes promising candidates as hole
transporting components for e.g. optoelectronic applications.

S. Z. gratefully acknowledges financial support by COST (grant
number OC D14.20) and the Grant Agency of the Czech Republic
(grant No. 203/03/082).

Notes and references

§ Selected spectroscopic data: compound 1: IR KBr/cm—1 1920 (CO),
1725 (COOEt), 1586 (C=C); 3P NMR (101.256 MHz, CDCl3), § 26.2 (s);
1H NMR (250 MHz, CDCl3), 68.70 [4H, d, py, 3Ju_ = 5.3Hz], 8.58[2H,
dt, C=CH, 3J4_4 = 16.5 Hz, 3Jp.y = 2.9 HZ], 7.40-7.58 [20H, m, PPhg],
7.05-7.30 [44H, m, PPhg, py], 6.90 [1H, t, H5(bridge), 3y = 7.6 HZ],
6.54 [2H, d, H48(bridge), 3J4_ = 7.6 Hz], 6.48 [1H, s, H2(bridge)], 5.83
[2H, brd, C=CH, 33,4y = 16.5Hz],4.37[4H, q, CH2,3)4_ = 7.2HZ], 1.39
[6H, t, CH3, 3Jyn = 7.14 HZ]; UV-VIS Amax in NM (gmax) = 410 (6400),
290 (39000), 275 (40000). Compound 2: IR KBr/cm—1 1916 (CO), 1727
(COOEt), 1594 (C=C); 3P NMR (101.256 MHz, CDCl3) 6 26.9 (s); H
NMR (250 MHz, 298 K, CDCl3), 6 8.73 [1H, dt, C=CH, J4_4 = 16.5 Hz,
Jey = 28 Hz], 8.66 [2H, d, py, Ju-n = 5.0 HZ], 6.84-7.52 [37H, m, Ph,
pyl, 5.79[1H, br d, C=CH, Jy_y = 16.5Hz],3.47[2H, q, CHz, Jy_s = 7.0
Hz], 1.20 [3H, t, CH3, Iy = 7.0 Hz]; UV-VIS Amax iN NM (€max) = 400
(3700), 285m (26500), 279 (26500).

The ground-state electronic structures were calculated by density
functional theory (DFT) methods using the Gaussian 03 program package.
The quasirelativistic effective core pseudopotentials and the corresponding
optimized set of basisfunctionsfor Ruand 6-31G* polarized double-C basis
sets for remaining atoms were employed together with the B3LYP
functional. For details see http://www.gaussian.con/.
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