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ABSTRACT

This review provides an overview of density functional theory (DFT) calculations in a consequence with
spectroelectrochemical measurements on mononuclear and symmetrically or unsymmetrically bridged
di- and tetranuclear ruthenium complexes of vinyl and TCNX ligands. The DFT approach is used for the
calculations of molecular structures, vibrational frequencies, electronic and electron paramagnetic reso-
nance (EPR) spectral data. DFT calculations enable us to identity the primary redox site and the electron
and spin-density distribution between the individual components for the individual redox congeners.
The DFT technique reproduces the spectral properties of the presented complexes and their radical ions.
The generally close correspondence between experimental and quantum chemical results demonstrate
that modern DFT is a powerful tool to address issues like ligand non-innocence and electron and spin
delocalization in systems containing both redox-active metal ions and redox-active ligands.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

During redox changes within metal complexes containing one
or several non-innocent redox-active ligands the electron can be
accepted by or released from either a metal center or any of these
ligands. The electron density redistribution in the course of the
electron transfer will affect the variation of physical properties and
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allow for the possible formation of valence tautomers, which can be
distinguished by their absorption properties in the visible and the
near infrared (NIR). Knowledge of the character of redox orbitals is
thus generally required in order to interpret physical properties
and their variation due to redox changes [1]. Quantum chemi-
cal calculations can help to understand and adequately interpret
the mechanism and consequences of electron transfer processes.
Therefore, quantum chemical calculations of electronic structure
are frequently used for the interpretation of experimental prop-
erties and to probe the extent of electron delocalization between
individual redox centers in more complex systems featuring more
than just one redox-active subunit. Any meaningful discussion
requires to examine carefully all possible valence tautomers and
to look for the lowest energy configuration. At present, the DFT
method is preferably used for computational studies of large sys-
tems and their properties [2-9]. This contribution will illustrate
the use of DFT in electronic structure calculations on ruthenium
complexes containing different types of non-innocent ligands.

The chemistry of vinyl ruthenium complexes has been widely
explored since the late 1970s. Reviews of their synthesis
from corresponding hydride precursors and terminal alkynes,
the mechanism of the so-called “hydroruthenation” process
[10,11], their further modification through substitution of one or
more phosphine ligands or the chloride ligand, and the ready
interconversion between penta- and hexacoordinated deriva-
tives RuCl(CH=CHR)(CO)(PR3)> and RuCl(CH=CHR)(CO)(PR’3)2(L)
(L=neutral monodentate ligand such as phosphine, pyridine, isoni-
trile, CO and the like) have appeared in the literature [12].
Compared to the wealth of preparative and spectroscopic studies
on vinyl ruthenium complexes, their electrochemical proper-
ties were largely unexplored before we entered this field. The
notable exception is Caulton’s and Tilset’s study on the oxida-
tively induced reductive coupling of vinyl and alkynyl ligands in
Ru(CH=CHPh)(C=CPh)(CO)(P'Bu,Me), to give the corresponding
1,4-diphenylbut-3-ene-1-yne [13]. While this experimental result
already suggests a significant ligand contribution to the oxidation
process, it was only recently that the amount of that contribution
and, thus, the strongly non-innocent character of the vinyl ligand
in that particular environment came to light. Therefore we initi-
ated a combination of experimental and quantum chemical studies
in order to provide detailed insight into the electronic structure of
such vinyl ruthenium complexes as is summarized below.

Mono- and dinuclear ruthenium complexes RuCl(CH=
CHR’)(CO)(PR3 ), and RuCl(CO)(PR3 ),(CH=CH-X-CH=CH)RuCl(CO)
(PR3), containing substituted vinyl ligands form the first group
of complexes presented. DFT calculations on neutral diruthe-
nium complexes with substituted vinyl ligands indicate a mixed
m-ligand/metal character of the highest lying molecular orbital
(HOMO). Upon the first and second oxidations, electrons are
stepwise withdrawn from the HOMO. Calculated spin densities of
the radical cations thus correspond closely to HOMO orbital coef-
ficients. The calculations confirm experimental results of ligand
dominated oxidation processes and smaller contributions from
the metal atoms. Upon oxidation of the dinuclear divinyl-bridged
complexes the CO-band shifts to higher frequency and slightly
splits. DFT calculations reproduce the experimentally observed
variations of CO stretching frequencies. UV-vis spectra and their
variations during stepwise oxidation are also reproduced by
TD-DFT calculations. Here, the electron density can be reorganized
in different ways in the course of excitation.

A shorter chapter on tetraruthenium complexes of the non-
innocent oxidizable ligand tetrakis(4-styryl)ethene (TSTE) or of
reducible ligands of the TCNX type such as tetracyanoethene (TCNE)
and 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) [14] concludes
this review. Metal complexes of the TCNX ligands [15,16] are of
special interest because of low-dimensional electrical conductivity

and unusual magnetic properties, including ferri- and ferromag-
netism at relatively high temperatures, with potential applications
in spintronics and molecular magnetism [17-19]. DFT calculations
of these systems can clarify the electron density redistribution in
TCNX bridged systems and help to understand the intriguing exper-
imental results.

The presence of several redox-active components allows for
several possible redox pathways which are reflected in different
spectral properties. Quantum chemical calculations enable us to
assign the proper oxidation state distribution of individual ligands
and the metal atoms and to interpret IR and UV-vis spectra and
other physical properties along the various redox series.

2. Theoretical and experimental approaches
2.1. Density functional theory

The transition metal complexes presented in this study are large
and the only practical method for their electronic structure calcu-
lations is DFT. Several review articles describing the application of
DFT in the field of transition metal complexes have been published
recently [2,3,9]. Therefore only specific details with regard to the
interpretation of redox and spectral properties are provided in this
section.

We present results obtained by using the Gaussian 03 [20] and
ADF [21] program packages. Within GO3 calculations the quasirel-
ativistic effective core pseudopotentials and the corresponding
optimized set of basis functions for Ru [22,23] and 6-31G™ [24,25]
polarized double-{ Gaussian basis sets or Dunning’s correlation
consistent basis sets cc-pvdz [26-28] for the remaining atoms were
employed. Within ADF Slater type orbital (STO) basis sets of triple-{
quality with polarization functions were employed with the excep-
tion of the CH3 substituents on P atoms which were described on a
double-{ basis. The inner shells were represented by a frozen core
approximation, viz. 1s for C, N, 1s-2p for P, Cl and 1s-3d for Ru were
kept frozen. Several pure and hybrid density functionals were used:
pure exchange correlation BP86 [29,30] and BPW91 [29,31], hybrid
B3LYP [32] and PBEO [33,34], and meta-GGA M05-2x [35,36].

The geometry optimizations were followed by frequency calcu-
lations in order to characterize the stationary state obtained and
to interpret IR spectra. Open-shell systems were calculated by the
spin unrestricted KS approach (UKS). Due to the cancellation of
errors the harmonic frequencies obtained by pure density function-
als like BP86 and BPW91 predict ground state IR spectra reasonably
well [37,38]. Hybrid density functionals are often needed for a bet-
ter description of the properties and electron density distribution
of radical ions. Harmonic frequencies calculated by hybrid func-
tionals require scaling in order to get quantitative agreement with
experimental IR frequencies [39]. Electron densities and unpaired
spins in open-shell systems can be distributed in different ways,
being either delocalized over the whole system or localized on one
part of the molecule. Such valence tautomers are usually close in
energy and difficult to obtain by standard approaches. The symme-
try broken approach [3,40-43] was used for finding the individual
states corresponding to different electron density localization. The
wavefunctions of optimized structures were checked for stabil-
ity [44]. Only solutions corresponding to stable wavefunctions are
presented throughout this work.

Electronic transitions were calculated by the time-dependent
DFT (TD-DFT) method [45]. Solvent effects within TD-DFT were
described by the polarizable continuum model (PCM) [46,47]. It
was shown that TD-DFT applied for open-shell systems gives in
some cases good agreement with experimental spectra but fails in
other cases [48], therefore caution is warranted when the inter-
preting the electronic spectra of radical ions. EPR parameters
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were calculated by the ADF program [49,50]. The scalar relativistic
(SR) effects were described by zero order regular approximation
(ZORA)[51]. The g-tensor was obtained from a spin-nonpolarized
wave function after incorporating the spin-orbit (SO) coupling
by first-order perturbation theory from ZORA Hamiltonian in the
presence of a time-independent magnetic field [52,53]. Solvent
effects within ADF were described a conductor-like screening
model (COSMO)[54,55]. IR and UV-vis spectra were modeled by
the GaussView software; spectral features were approximated as
Lorentzian curves.

2.2. Spectroelectrochemical techniques

In order to generate and spectroscopically characterize the oxi-
dized forms of vinyl ruthenium complexes, which sometimes are
chemically rather reactive, we mostly resorted to spectroelectro-
chemical techniques. Here, the species of interest is generated
by controlled potential electrolysis inside an optically transparent
thin-layer electrolysis cell with continuous spectroscopic mon-
itoring of the electrolysis progress. Our cell is home-built but
closely follows the design of Hartl et al. [56]. Its construction from
CaF, windows makes it amenable to spectroscopic studies over
the entire UV-vis—NIR-mid-IR range down to ca. 1000 cm~". The
designs of such experiments and their limitations and possible pit-
falls have already been commented on and the interested reader
is directed to relevant literature [57-60]. For practical purposes
(in particular its higher boiling point) these experiment were per-
formed in 1,2-C;H4Cly /NBuyPFg rather than in the CH, Cly /NBuyPFg
electrolyte system used otherwise for the recording of electro-
analytical data. EPR work is based on the electrolysis of the
compound under investigation inside the EPR tube with a simple
two-electrode arrangement. Experimental details to these proce-
dures can be found in our original papers that are cited in References.

3. Redox and spectral properties of ruthenium complexes
with substituted vinyl ligands

3.1. Mononuclear Ru complexes

The metal versus vinyl ligand contribution to the frontier orbitals
(FMOs) depends on the mutual positions of the appropriate metal
d levels and the 7 orbitals of the vinyl ligand and their variations.
Effects of such variation are nicely demonstrated by systems which
allow us to study how (i) extending the -system of the vinyl ligand,
(ii) varying the para-substituent in styryl complexes (iii) manipu-
lating the electron density at the metal atom, and (iv) varying the
degree of coordinative saturation at the metal atom affect the bond-
ing, the redox properties and metal versus ligand contribution to the
redox orbitals. Combined theoretical and experimental studies of
mononuclear ruthenium complexes monitor the electronic struc-
ture response on any of these variations, thus setting the ground
for an understanding of more complex systems comprising two or
more such moieties.

3.1.1. Tuning non-innocence by extension of the ligands’
T-system

The extension of the m-system of vinyl ligands brings the lig-
and m-orbitals closer to Ru d levels, increases the mr-conjugation
within the entire system and thus strongly influences its redox
properties. This effect was studied on penta- and hexacoordi-
nated vinyl ruthenium complexes RuCl(CH=CHR)(CO)(PR’5), and
RuCl(CH=CHR)(CO)(PR’3 )2(py) with R="butyl, phenyl or 2-pyrenyl
and R’ =Pr or Ph (see Chart 1). These complexes were prepared,
characterized spectroscopically and, in part, by X-ray crystallogra-
phy [61].
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1N [ (RS
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Chart 1. The vinyl complexes employed in this study.

In order to keep computational time at a reasonable limit, the
phosphine ligands were modeled as PMejs. The effect of such sim-
plification was probed by calculations on the model complexes
RuCl(CH=CHMe)(CO)(PR’3), with R’ = Me, {Pr or Ph. DFT-calculated
structures and properties were compared to fully optimized 1c.
Optimized structures of the model and real complexes generally
agree well [61,62]. In addition, the character of the frontier orbital
of the model RuCl(CH=CHMe)(CO)(PMes3), (1cM€) and of the fully
optimized real complex 1c differs only marginally. The experimen-
tally observed blue shifts of the $(CO) band due to replacement
of iPr by Ph and upon oxidation are well described. These results
indicate that substitution of the PiPr3 or PPhs ligands of the real
complexes by PMe3 does not overly compromise the accuracy of
our calculations and can be used for DFT study of vinyl ruthenium
complexes. These PMes substituted model complexes are hereafter
indicated by the “Me” superscript.

Fig. 1 shows the shapes of frontier orbitals for model complexes
1cMe, 2¢Me and 3cMe, For models of the hexacoordinated systems
1bMe 2bpMe and 3bMe similar trends in the FMO composition were
obtained. The major difference between the penta- and hexacoor-
dinated systems pertains to the nature of the LUMO, which changes
from a RuCl(CO)(PR3), based one to essentially a 7* orbital of the
pyridine ligand. For the propenyl and hexenyl systems 1cM€ and
1c the HOMO is fully delocalized over the Ru-vinyl entity. Vinyl
ligand contributions to the HOMO become even more important
when m-substituents are added and increase when going from
1cMe to 3cMe, Oxidation leads to an electron withdrawal from the
respective HOMOs. Calculated spin densities for their correspond-
ing oxidized forms as they are depicted in Fig. 2 confirm the trend
deduced from the HOMO compositions.

The oxidation-induced shift of #(CO) provides an ideal tool for
gauging the metal contribution to the oxidation process. Removal
of a full unit charge from a metal atom is expected to increase the
energy of the CO stretch by 100-150cm~! as less electron density
is transferred from the metal atom to the 7 orbitals of the carbonyl
ligand [63]. Spectroelectrochemical measurements [61] indicate
substantially lower shifts of (CO) than is expected in the case of a
metal centered redox process. Geometry optimisations followed by
vibrational analysis performed for the neutral forms and the oxi-
dized mono- and dications of the model complexes have shown
that the experimental variation of IR parameters P(CO) and D(C=C)
due to successive oxidations is well described by the calculated CO
and C=C stretching frequencies.
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Fig. 1. Contour plots of the frontier orbitals of complexes 1cV¢, 2cMe, and 3cMe.
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In agreement with experimental results calculated stretching
CO frequencies show the expected decrease of oxidation-induced
CO-band shifts with decreasing HOMO metal character. Taking the
redox pairs Ru(PR3),(C0)3%* as benchmark systems and assuming
a CO-band shift of 130cm~"! for a ruthenium centered process, the
metal contribution to oxidation of the PiPr; complexes can be esti-
mated as ca. 60% (1c), 50% (2c¢) and as ca. 35% (3c) of that in the
benchmark systems. These data are in agreement with calculated
HOMO compositions and indicate that metal contribution to the
occupied frontier levels decreases as the m-conjugation of the vinyl
ligand increases. This clearly justifies denoting the vinyl ligands in
that particular environment as “non-innocent”.

Recent examples of Ru(lll) alkynyl complexes document close
correlations between (calculated) metal contributions to the SOMO
and the Ag parameter [64-67]. EPR spectra of genuine Ru(III) para-
magnetic species generally display axial or rhombic g-tensors with
large g-anisotropies, i.e. large differences between the individual
components of the g-tensor, and average g-values distinctly dif-
ferent from the free electron value g. of 2.0023 [66-70]. Organic
radicals, on the other hand, routinely display richly structured
isotropic signals at room temperature, g-values close to that of the
free electron and too small g-value anisotropies to be resolved in
the X-band. EPR spectroscopy is thus ideally suited to probe for
the character of the vinyl complexes’ radical cations. The experi-
mentally observed deviations of the average g-values from ge. and
g-anisotropies Ag are generally small and systematically decrease
with increasing  conjugation. This confirms the above conclusions
of an increasing ligand contribution to the SOMO orbitals as the

covalency of the Ru-vinyl bond increases and more spin density is
shifted onto the ligand. Calculated EPR parameters fully reproduce
the experimental data [61].

3.1.2. Effect of the para-substituent in styryl complexes on ligand
non-innocence

Another possibility of how to influence the position of
the ligand mr-orbitals in ruthenium styryl complexes is the
replacement of the para-hydrogen atom on the phenyl ring in
RuCI(CH=CHPh)(CO)(PR’3), by different substituents (Chart 2) [71].
Complexes with differently substituted styryl ligands having donor
or acceptor substituents in the para-position were prepared and
characterized by spectroscopic, electrochemical and spectroelec-
trochemical methods. Quantum chemical studies (GO3/PBEO) of
the substituent effect within these complexes were carried out for
the series of model complexes RuCl(CH=CHCgH,4-4-X)(CO)(PMes),

i
CI,I Ii’Pr3
“Ru
P'Pr,

X = NMe,, OMe, F, H, COOMe, CN, CF,, NO,

Chart 2. para-Substituted ruthenium styryl complexes RuCl(CH=CHCgH4-4-
X)(CO)(P'Pr3)z.
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(X=NMe,, OMe, F, COOMe, CN, CF3, NO,) with the phosphine lig-
ands modeled as PMes. The variation of the substituent strongly
influences the character of the frontier orbitals and, consequently,
the redox properties. Thus, the measured first oxidation potentials
are highly sensitive to the nature of X and vary from -0.19V for
X=NMe, to +0.47 V for X=NO, when referenced to the Fc/Fc* scale.
The electronic effect of the para-substituent is also reflected by the
variation of the CO stretching energies in the neutral and the oxi-
dized forms of these complexes and the relative magnitudes of the
oxidation-induced CO-band shift by the modification of X. Quan-
tum chemical results correlate with experimental variation of v(CO)
(see Fig. 3). Systematic effects of the para-substituent are also seen
on a variety of other properties such as the 13C and 'H NMR shifts of
the carbon atoms and the protons of the vinyl substituent, the spec-
tral position of the low-energy bands in the electronic spectra of the
radical cations and on the isotropic (or average) g-values and the
g-anisotropies. Experimental and calculated EPR parameters agree
well and show that the average g-values and g-anisotropies both
increase as X becomes a stronger electron acceptor, which increases
the metal contribution to the HOMO of the neutral complexes and
to the SOMO of their corresponding radical cations. These were
traced by the experimental EPR data and confirmed by calculated
g-values.

3.2. Multinuclear ruthenium complexes

Previous studies on butadienediyl bridged diruthenium com-
plexes have shown that these systems constitute completely
delocalized organometallic mr-chromophores that defy any assign-
ment of the redox processes as metal or ligand based [72,73]. These

Me,;P
H, | .co
H ,C— \ ’/C 7Ru
c PMe; c—c c—ca’l
o, | ’ v, PMeg
Ru=C, =c H
H
Me,p CO
p _4".

1387

1980 - .
T [ ]
™ ™ v v
v v
1960- \
'E
2 .
5 19404
Q
>
1920+
®
@ &
® @ ™ [®
19001 — ; : ' : , .
-NMe, -OMe -F  -H -COOMe -CF; -NO,

substituent

Fig. 3. Comparison of experimental v(CO) IR frequencies of RuCl(CH=CHCgH,4-4-
X)(CO)(PR3), (exp.: R="Pr, calc. R=Me) in the neutral (black empty squares) and the
mono-oxidized states (black full squares) with DFT (GO3/PBEO) calculated ones (red
circles and triangles for the neutral and the mono-oxidized states, respectively).
DFT-calculated values for model complexes RuCl(CH=CHCgH4-4-X)(CO)(PMe3),
were scaled by a factor of 0.9365.

studies have been extended to symmetrically and unsymmetrically
bridged dinuclear styryl complexes. Quantum chemical calcula-
tions in line with the analysis of experimental data give deeper
insight into the electron density redistribution between the metal
centers and the bridging ligands and into the degree of charge and
spin delocalization within these systems.

O
H ¢ C.
: o \C/ \ﬁ
al, iMesc C PMe,
H 2"\ «Co
Ru H R
I ~oc AN
PMe, a”l
PMe,
m-4¥e

Chart 3. The meta- and para-divinylphenylene bridged diruthenium model complexes m-4™¢ and p-4Me,
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Fig. 4. Qualitative MO scheme of m-4V¢€ (GO3/B3LYP). Arrows indicate the main contributions to the lowest allowed TD-DFT-calculated transitions. Symbols ‘s’ and ‘a’ label
the symmetric and antisymmetric combination of contributing 4d Ru orbitals, respectively.
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Fig. 5. Qualitative MO scheme of p-4™e (G0O3/B3LYP/CPCM). Arrows indicate the main contributions to the lowest allowed TD-DFT-calculated transitions. Symbols ‘s’ and ‘a’
label the symmetric and antisymmetric combination of contributing 4d Ru orbitals, respectively.

3.2.1. Divinylphenylene bridged diruthenium complexes

Divinylphenylene bridged diruthenium complexes E,E-
[{(PiPr3),(CO)CIRu},(-HC=CH-CgH4-CH=CH-1,3)] (m-4) and
E,E-[{(P'Pr3),(CO)CIRu}»(pu-HC=CH-CgH4-CH=CH-1,4)] (p-4)
have been prepared and studied [74,75]. DFT calculations were
performed on model complexes m-4M€ and p-4Me (Chart 3) in
order to compare the electronic structures of the meta and the
para isomers and to explain differences in their behavior. It was
shown that GO3/B3LYP calculations on model system p-4Me well
describe the experimental crystal structure [76]. The good match
of calculated and experimental structures also pertains to the
dihedral angle of 13° between the central benzene ring and the
vinyl groups of p-4; experimental values range from 13.3° to 15.0°.

The qualitative MO schemes of the neutral complexes and the
shapes of the frontier orbitals are depicted in Figs. 4 and 5. The
composition of the frontier orbitals is similar for both isomers. The
HOMO and HOMO-1 levels have about 60-70% contributions from
the 3 levels of the divinylphenylene ligand interacting with the
appropriate combination of metal d-orbitals (25-35%). HOMO and
HOMO-1 levels are separated by 0.97 eV for p-4Ve. In the case of m-
4Me the HOMO and HOMO-1 orbitals are nearly degenerate with
an energy gap of just 0.22 eV.

TD-DFT calculations with solvent CPCM correction reasonably
well described experimental UV-vis spectra of neutral complexes
m-4 and p-4 [75]. Arrows in Figs. 4 and 5 indicate the main con-
tributions to the lowest allowed TD-DFT-calculated transitions for
the neutral p-4M€ and m-4Me systems. Based on the composition of
these orbitals, these transitions may be described as mixed bridging
ligand-to-metal (LMCT) and bridging ligand-to-phosphine (LLCT)
charge-transfer bands (c!A). A transition at higher energies (f'A in
Fig. 4), which is only visible as a shoulder in the experimental spec-
tra, has d-d character while the most intense absorption (i'A) in
the near UV can be interpreted as a 7 — 7™ transition within the
extended delocalized metal-organic chromophor.

The compositions of FMOs indicate that, upon stepwise oxi-
dation, electrons are withdrawn from a mainly ligand based MO.
The ruthenium contribution to the redox orbitals should again
be reflected by shifts of the CO bands upon formation of the
radical cations and the fully oxidized dications. Our previous cal-
culations done by GO03/BPW91 reproduced the experimentally
observed stepwise CO-band shifts to higher energies upon sequen-
tial oxidation qualitatively well. The occurrence of one band in the
neutral forms and the dications of both forms as well as just one
main CO band for p-4** was compatible with the computational

results. The shift of the HC=CH band upon sequential oxidation
was also well reproduced. A major discrepancy between calcu-
lated and experimental data, however, arose in the case of m-4**
in that the calculations failed to adequately reproduce the siz-
able splitting of the CO frequencies for the radical cation m-4**.
We tried to cure this discrepancy by applying the broken sym-
metry approach. DFT calculations with pure density functional
BPW91 as well as hybrid B3LYP and PBEO lead to a completely
delocalized picture for both systems. The calculated separation
of CO stretching frequencies by B3LYP and PBEO was only about
18cm~!. It was shown that a larger admixture of Hartree-Fock
(HF) exchange can help in finding the symmetry broken solution
[77]. This approach (using MPW 1K functional [ 78] with a significant
HF component) was applied successfully to bis(ethynyl)carborane
bridged diruthenium complexes [79]. Therefore we repeated cal-
culations with meta-GGA density functional M05-2x [35] with
56% of HF exchange. In doing so, a symmetry broken solution
was found for the radical cation m-4Me** The frequency calcu-
lation on the symmetrical m-4Ve** system optimized under C,
symmetry constraints gave one imaginary frequency. The energy
of the symmetrical (constrained) system is about 0.104 eV higher
than that obtained for the unsymmetrical structure, the imagi-
nary frequency corresponding to a symmetry breaking mode. In
the case of p-4Mee* the calculations inevitably led to a delocal-
ized state. Fig. 6 shows that in p-4Me** the spin density spreads
over both metal centers and the bridge. Contrary to this the
spin density is localized on just one Ru-CH=CHPh subunit of m-
4Mee* Apalogous electron density distributions were derived for
corresponding purely organic meta-distryryl benzenes or meta-
phenylenevinylene oligomers [80].

The comparison of experimental and DFT-calculated IR spectra
(Table 1, Figs. 7 and 8) show for both complexes that the variations
of the stretching frequencies P(CO) and P(C=C) with successive
oxidation is now nicely reproduced by calculations. The experi-
mentally observed separation of the CO stretches of 56cm~! of
m-4°* is nearly identical to the calculated value of 54cm~!. For
p-4°* calculations provide an almost degenerate set of ¥(CO), again
in agreement with the experiment.

The intense EPR signals of m-4** and p-4** at around gjs, ~ 2.028
in fluid solution indicate that the oxidation is again a ligand dom-
inated process. Both radical cations exhibit resolved hyperfine
splittings to the vinyl protons and to the ruthenium nuclei. The
slight deviations of the isotropic and average g-values from the
free electron value ge observed for m-4** and p-4** are indicative
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Fig. 6. DFT (G09/M05-2x) calculated spin densities for m-4V€** (top) and p-4Me+*
(bottom).

2000 1800 1600
wavenumber / cm-1

2000 1800 1600
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Table 1
Comparison of selected experimental stretching frequencies m-4™ and p-4™ with
G03/MO05-2x calculated ones for models m-4Men* and p-4Men+,

Experimental? Calculated®

51(CO)  D,(CO)  1(C=C) 51(CO)  D,(CO)  H(C=C)
m-4 1910 1910  1577,1554 1908 1912 1540
m-4* 1915 1971 1524 1922 1976 1510
m-4>* 1983 1983  Not detected 1994 1998 1435
p-4 1910 1910 1573, 1561 1912 1913 1540
p-4*  1932¢ 1932  1519,1503,1482 1945 1952 1462
p-42* 1991 1991 1511 1991 1995 1501

2 Energies are given for 1,2-CoH4Cl, solutions in cm~1.

b Calculated band energies scaled by the factor of 0.922.

¢ Weaker CO bands at 1942 and 1915cm~! were also observed which possibly
correspond to another rotamer with less extensive charge delocalization.

of non-negligible metal contributions to the SOMOs. EPR parame-
ters calculated for m-4Me<* and p-4Me** by the ADF/BP86 approach
including spin-orbit coupling agree reasonably with the experi-
mental ones. Calculations for m-4Mé** gave an isotropic g-value
Ziso =2.039 and a splitting of the g-tensor with g; =2.069, g, =2.034
and g3=2.016, while the corresponding values for p-4Me** are
Ziso =2.029 and g1 =2.050, g, =2.026 and g3 =2.014. These are to
be compared with experimental values gj, = 2.0274 for m-4** and
Ziso =2.0278 for p-4°*.

The different conclusions as to the electronic structure of m-
4Me<* and the degree of electron and spin delocalization drawn
from IR and EPR spectroscopy relate to different vibrational and EPR
timescales. While the radical cation of the meta-isomer, m-4**, is
clearly unsymmetrical (that is partially localized) on the vibrational
timescale of 1x 10711 to 1 x 1012 s, it appears to be symmetri-
cal (that is delocalized) on the slower EPR timescale of 1 x 10~°

2000 1800 1600
wavenumber / cm-1

2000 1800 1600
wavenumber / cm-1

Fig. 7. Comparison of experimental and simulated IR spectra of m-4™*. IR-spectroelectrochemistry of m-4 in DCE/NBu4PFg at 295 K; first oxidation (left upper graph), second
oxidation (left lower graph). Simulated IR spectra (scaling factor 0.922); first oxidation (right upper graph) - black line: m-4Me, red line: m-4Me**; second oxidation (right

lower graph) red line: m-4Me+* blue line: m-4Me2*,
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Fig. 8. Comparison of experimental and simulated IR spectra of p-4™*. Placement of individual graphs is the same as within the caption to Fig. 7.
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Chart 4. Vinylbenzoate bridged diruthenium complexes 5a and 5b.

to 1 x 1078 s, In fact, solution EPR spectra of m-4** and p-4°** are
nearly superimposable with only slightly different hyperfine cou-
pling constants. This parallels the phenomenon of time-dependent
valence detrapping where the assignment of a mixed-valent system
as either fully delocalized Class III or localized Class Il depends on
the timescale of the experiment [81-84]. In mixed-valent chem-
istry, such behavior is typical of systems that are close to the
interesting borderline between these two regimes [85,86]. In the
case of m-4**, it may however rather indicate a time-dependent
localization of charge and spin on predominantly one or delocal-
ization over both styryl subunits.

3.2.2. Dinuclear systems with vinylbenzoate bridges

Vinylbenzoate bridged diruthenium complexes Ru(HC=CHR)
(CO)(PPr3);(w-4-00CCgH4-CH=CH)RuCI(CO)(P'Pr3), with sub-
stituents R=Ph (5a) or CF3 (5b) (Chart 4) contain two redox-active
vinyl ligands which assume either a terminal or a bridging func-
tion. This fact brings in another dimension and complicates the
assignment of the individual redox sites along the redox sequences.
The primary oxidation can either lead to a more delocalized struc-
ture when occurring on the bridge or to a more localized one
if the terminal ligand is oxidized first. Spectroelectrochemical
measurements in line with DFT calculations on simplified model
complexes 5aMe™* and 5bMe n* (pMe; instead of PiPr3) were per-
formed in order to assess the respective order of redox events
[87].

Owing to the inherent asymmetry of these complexes, one
expects to see two different CO absorption bands for 5a** and
5b°**, irrespective of the identity of the primary oxidation site. UKS
calculations lead to symmetry broken solutions for both cations
5aMes* 3nd 5bMe=* Fig. 9 shows two possible alternative valence

1/‘
5bMe* form A 5bMe*form B

Fig.9. DFT (G09/MO05-2x) calculated spin densities for 5aMe** (top) and 5bMe** (bot-
tom). Spin densities were calculated at optimized geometries with the exception
of 5aMe*  form B, which was based on the frozen geometry estimated from the
optimized geometry of 5hMe**,

=
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Fig. 10. DFT (G09/MO05-2x) calculated spin densities for the triplet state of 5a%*.

tautomeric forms differing in their charge and spin-density dis-
tributions. In form A the spin density resides on the terminal
Ru(HC=CHR) unit whereas in form B the spin density is spread over
the central diruthenium vinylbenzoate part. Geometry optimiza-
tion of the radical cation 5bMe** indicates the form B is the most
stable one, the local energy minimum was found slightly higher
(AG=0.029eV) for form A. The geometry optimizations of 5aMe**
found only the form A to be stable. For doubly oxidized species 5a2*
and 5b2* geometry optimization indicates a completely delocalized
triplet configuration (Fig. 10) as the lowest energy solution. Fig. 11
shows that vibrational analysis at the above mentioned energy min-
ima nicely reproduce experimental IR spectra in the region of CO
frequencies.

EPR parameters calculated for the mono-oxidized forms of
5aMes* 3nd 5bMee* by the ADF/BP86 approach again agree rea-
sonably with the experimental values. The calculated isotropic
g-value g5, =2.042 and the splitting of the g-tensor with g; =2.053,
g> =2.040 and g3 =2.032 for 5aMe** and g;, =2.059 and g; =2.081,
g>=2.058 and g3 =2.040 for 5bMe€** are comparable with experi-
mental values gi;, =2.0492 for 5a** and gjs, =2.0506 for 5b**. EPR
spectroscopy of 5a** and 5b** in fluid solution point to vinyl ligand
dominated oxidation, but argue against an oxidation process occur-
ring on the CF3CH=CH site of 5bMe** since the radical cation derived
of its corresponding mononuclear precursor Ru(CH=CHCF3)(n2-
00CCgH4—C=CH-4)(CO)(PPr3),** is EPR silent under these condi-
tions. In line with that argument, the experimentally observed IR

1500 2000 1900 1800 1700 1600 1500 1400
wavenumber / em™!

2000 1900 1800 1700 1600
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: AT
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2000 1900 1800 1700 1600 1500 cm’

Fig. 11. Comparison of experimental and simulated IR spectra of 5a. IR-
spectroelectrochemistry of 5a in DCE/NBu4PFg; first oxidation (left upper graph),
second oxidation (left lower graph). Simulated IR spectra (scaling factor 0.922); first
oxidation (right upper graph) - black line: 5a, red line: 5a**; second oxidation (right
lower graph) red line: 5a**, blue line: 5a2*. A similar picture was obtained for the
series of complexes 5b™*.
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Chart 5. The divinylphenylene and vinylpyridine bridged tetraruthenium com-
plexes 6a,b and the dinuclear vinylpyridine bridged styryl complex 7.

CO-band shifts of 5a/5a** and of 5b/5b** closely resemble those
observed for the Ru(CH=CHPh)(OOCCgH4C=CH)(CO)(PPr5),%**
couple or the RuCl(CH=CHPh)(CO)(PPr3),%** one that resemble
the terminal site of 5a or the briding one of 5b.

3.2.3. Tetraruthenium complexes bridged by phenylenevinylene
and vinylpyridine ligands

Tetranuclear  complexes {(P'Pr3),(CO)CIRu(.-CH=CHpy)
(CO)CI(PPh3 );Ru}, (-CH=CH-CgH4-CH=CH-1,4 or -1,3) (6a,b)
(Chart 5) with vinylpyridine ligands connecting peripheral five-
coordinated PiPr3 substituted vinyl ruthenium units to a central
divinylphenylene bridged diruthenium core have been prepared
and investigated [88]. Both complexes undergo a series of five
consecutive redox processes that come as a pair of moder-
ately split (by ca. 230 and 300mV for complexes 6a and 6b)
one-electron waves, an unresolved two-electron wave and an
additional one-electron oxidation. The wave splittings of the first
two waves of 6a,b closely match those of the dinuclear complexes
{(4-EtO0C-C5H3N)(PPh3),(CO)CIRu};(u-CH=CH-CgH4-CH=CH)-
1,3 or -1,4 that represent the core section of complexes 6a,b
[74]. That particular splitting pattern is strongly suggestive of
a redox sequence where the core divinylphenylene bridged
diruthenium unit is oxidized first in the same stepwise manner
as was observed for pentacoordinated diruthenium complexes
m-4 and p-4 and the related hexacoordinated derivatives {(4-
EtOOC-CsH3N)(PPh;3 ), (CO)CIRu}, (u-CH=CH-CgH4-CH=CH)-1,3
or -1,4 featuring additional pyridine ligands. The following two-
electron wave arises from the simultaneous oxidation of the
peripheral vinylpyridine appended sites which obviously do not
interact with each other via the central oxidized divinylphenylene
bridged diruthenium unit. The fifth oxidation probably again
relates to the central portion of this molecule.

Results from IR-spectroelectrochemical studies further sub-
stantiate the proposed order of redox events. Neutral 6a has
a broad CO band that can be deconvoluted into two sepa-
rate absorptions at 1924 and 1919cm~! for the inherently
different peripheral and internal {RuCl(CO)(PRs3),(CH=CHR')}
subunits. Gradual oxidation of 6a to 6a** and then to 6a%*
first leads to the development of a high-energy shoulder at
1934cm! (see Fig. 12) and then to a distinct two band pat-
tern with CO-band positions of 1979 and 1934cm~!. This is
highly reminiscent of the p-4%°*2* and the even closer related
{(4-EtO0C-C5H3N)(PPh;3 ),(CO)CIRu}, (p-CH=CH-CgH4-CH=CH)-
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Fig. 12. Comparison of the IR spectra of 6a/6a** and 6b/6b**.

1,49/*/2* series, where one-electron oxidation first produced a
single CO band with a moderate shift of 13cm~! with respect
to the neutral (1926cm~! — 1939cm!) and then a significantly
larger shift of 33cm~1 (1939cm~! — 1972 cm~1) upon the second
oxidation (see Fig. 8, the lower energy CO-band of p-42* originates
from the peripherally appended sites). For 6b, the first oxidation
produced a two band pattern with a weaker absorption at a
significantly higher energy of 1964cm~! and the main band at a
similar position as in the neutral (see Fig. 12). This relates to a more
localized electronic structure of the divinylphenylene bridged
diruthenium unit having the meta topology (see Section 3.2 of this
paper).

Quantum chemical calculations on simplified model complexes
6aMe and 6bMe agree with this picture and explain the lack of
eletronic interactions between the two vinylpyridine appended
terminal sites through the central divinylphenylene bridges. The
occupied FMOs HOMO to HOMO-6 of the neutrals are either delo-
calized across the central divinylphenylene part of complexes 6a,b
(HOMO and HOMO-1, see Fig. 13) or combinations of orbitals cen-
tered on the individual {RuCl(CO)(PR3),} metal sites of that unit.
The first occupied FMO with dominant contributions of the outer
vinylpyridine ruthenium sites appears as HOMO-7, 1.7 eV (6aM¢)
or 1.4eV (6bMe) below the HOMO. Calculated spin densities for
radical cations 6a°** and 6b** agree with electron removal from
the respective HOMO of the neutrals upon one-electron oxida-
tion and faithfully retrace the shapes of the immediate occupied
frontier level [88]. Neither of the vinyl ligand based orbitals delo-
calize beyond the inner ruthenium atoms. This prevents charge
and spin delocalization onto the outer vinylpyridine ruthenium
{(PR3)2(CO)CIRu(CH=CH-py)} subunits, and, as a consequence,
prevents electronic coupling between the individual vinylpyridine
units. The same situation pertains to the simpler vinylpyri-

dine bridged diruthenium complex (P!Pr3),(CO)CIRu(CH=CH-
py)RuCl(CH=CHPh)(PPh3),Cl, 7. This suggests that, with the
appropriate choice of {Ru} and {Ru’} such as to direct the primary
oxidation to the bridging vinylpyridine ligand and the attached
metal sites, oligomers {Ru}[(py-CH=CH){Ru'}], might be electri-
cally conducting at low doping (i.e. low oxidation) levels.

4. Tetraruthenium complexes with TCNX bridging ligands

4.1. The oxidation of a tetrakis(4-styryl)ethene (TSTE) bridged
tetraruthenium complex

A tetraruthenium complex with four equivalent ruthe-
nium moieties bridged by the tetrakis(4-styryl)ethene
ligand (TSTE)  [{(PiPr3),(CO)CIRu(4-CH=CH-CgH4)}4(C=C)],
8 (Chart 6), undergoes a series of one-electron oxidations
(8 = 8°* = 82* = 8*3* = 8%) which primarily involve the organic
ligand [89]. These oxidations come as pairs of two closely spaced
one-electron processes with rather small comproportionation
constants. Despite the fact that the intermediate odd-electron
species 8** and 8°3* only coexist in equilibrium with their neigh-
bouring closed-shell reduced and fully oxidized redox congeners
8 and 82* or 82* and 8%, respectively, their presence was clearly
indicated by virtue of their characteristic electronic absorption
bands that extend into the high-energy regime of the mid-IR. These
extremely low-energy bands first grow in and then diminish upon
traversing the composite 8%**2* or 82*/+34/4* aves. Calculations
on model complexes 8M€ ™ rationalize and retrace the variation of
the electronic spectra for the thermodynamically stable members
of the redox series 8Me — gMe 2+ — gMe 4+

Fig. 14 depicts the HOMO and HOMO-1 of the neutral com-
plex. Both are mainly composed of m-orbitals of the TSTE bridge.

it

Fig. 13. Contour plots of HOMO (top) and HOMO-1 (bottom) of the model complexes 6aM¢ (left) and 6bMe (right).
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Chart 6. The TSTE bridged tetraruthenium complex 8.
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Fig. 14. Contour plots of HOMO and HOMO-1 of the model complex 8Me,
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Fig. 16. DFT-calculated electron density differences between the excited and
ground states of 8M¢ corresponding to the intense transitions. Red and blue areas
correspond to increasing and diminishing electron densities, respectively.

In the course of stepwise oxidation up to the tetracation level elec-
trons are stepwise withdrawn from these orbitals. The HOMO and
HOMO-1 orbitals of 8 thus form the LUMO and HOMO of doubly
oxidized 8Me 2+,

The comparison of experimental and TD-DFT simulated elec-
tronic spectra of the neutral complex and its oxidized dication
depicted in Fig. 15 shows that calculations describe the spectrum
of neutral 8 and the appearance of new intense features in the vis-
ible and NIR regions for doubly oxidized 82* well. Although the
energies of the low lying excitations are slightly overestimated, the
TD-DFT calculations retrace the main features of the experimental
spectra. Figs. 16 and 17 display the calculated electron density dif-
ferences corresponding to the intense transitions within the neutral
and doubly oxidized forms of model complex 8V€, Fig. 16 indi-
cates that intense features in neutral 8V€ correspond to intraligand
charge-transfer (ILCT) e!A and ilA transitions with appreciable
MLCT character for the latter. Intense low-energy transitions b'A
and d'A in 8Me2* correspond mainly to the HOMO — LUMO and
HOMO-2 — LUMO excitations, respectively. The composite low-

intensity
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Fig. 15. Comparison of experimental and simulated UV-vis spectra of 8. UV-vis-near-IR-spectroelectrochemistry of complex 8 in 1,2-C;H4Cl,/NBu4PFg. Spectroscopic
changes upon oxidation: neutral complex (left upper graph), doubly oxidized species 82* (left lower graph). Simulated spectra: neutral complex 8M€ (right upper graph),

doubly oxidized species 8M€2* (right lower graph).
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Chart 7. The three different conjugation pathways for cross-conjugated 8™*.

energy band at around 10,000cm~! can thus be characterized as
involving both LLCT and MLCT transitions. The band h'A calculated
ataround 19,000 cm~! is assigned to the HOMO-1 — LUMO + 1 exci-
tation and has also mixed LLCT and MLCT character.

Another interesting aspect of this work relates to the general
problem of -conjugation in cross-conjugated systems like 8™*.
Tetraphenylethenes offer three different pathways of electron con-
jugation which are denoted as diagonal, lateral and geminal (see
Chart 7). There is a long-standing debate on how efficient each of
these pathways is and on which is the dominant one for each of
the various oxidation states [90-93]. This is coupled with the ques-
tion of the degree and timescale of charge (or spin) equilibration in
such systems. In its IR-spectrum dioxidized 82* displays an unsym-
metrical and broadened CO band for its individual Ru(CO)CI(PPr3 ),
moieties that was deconvoluted into separate peaks located at 1942
and 1924 cm~! with an excellent fit between the experimental and
simulated spectrum (Fig. 18). This essentially means that there are
two distinct pairs of IR active Ru(CO)CI(PiPr3), tags that differ in
their intrinsic electron densities. This in turn means that just one
out of the three different pathways of electron delocalization is
effective on the short vibrational timescale (note that any combi-
nation of two effective pathways would render all four of these
subunits electronically equivalent).

Quantum chemical calculations on the simplified model with
PH; instead of PiPr3 ligands reproduce the general CO-band shift
upon stepwise oxidation from 8 to 82* and finally to 84* qualita-
tively well [89]. The contour plot of the HOMO of 82* which is
essentially the HOMO-1 of its neutral precursor 8, suggests that
the geminal pathway is the most favorable one for conjugation
in dioxidized 82*. This is mainly because dioxidation depopulates

b1A-GS

d1A-GS

1980 1960 1940 1920 1900 1880 cm’

Fig. 18. Comparison of the experimental (green olive line) and the simulated (blue
dotted line) v(CO) band of 82* as obtained by spectral deconvolution into the two
individual bands shown in red.

the HOMO orbital which is bonding across the central C=C dou-
ble bond interconnecting the two di(styryl)methylene diruthenium
groups. The calculated lengthening of that bond by nearly 0.09 A
from 1.371A in 8 to 1.458A in 82* (PH; model complex) bears
clear witness to this notion, as does the structural comparison
of the reduced neutral and mono- or dioxidized forms of related
donor substituted tetraphenylethenes [91,94,95]. While this par-
ticular result still awaits further experimental substantiation from
the investigation of the three positional isomers of diruthenium
di(styryl)diphenylethene complexes, we note that recent quan-
tum chemical studies on acyclic cross-conjugated systems make
a strong case of large electric conductance of their oxidized forms
via the geminal pathway [96].

4.2. The formation of the dimer-of-(mixed-valent dimers)
configuration in tetranuclear {(p4-TCNX)[Ru(NH3)5]4}5*,
TCNX=TCNE or TCNQ

DFT calculations of the complex ions {(ps-TCNX)
[Ru(NH3)5]4}™, n=8, 7 and 6; TCNX = tetracyanoethene (TCNE) or
7,7,8,8-tetracyano-p-quinodimethane (TCNQ), were performed in
order to point out the geometric and electronic factors influencing
the properties of these systems [97].

For both {(j4-TCNX)[Ru(NH3)s5]4}8* complexes the geometry
optimizations by the GO3/B3LYP methodology confirm [98] low-
est lying triplet states, the calculated triplet-singlet separation
being 0.178eV for {(u4-TCNE)[Ru(NH3)s]4}%* and 0.072eV for
{(m4-TCNQ)[Ru(NH3)s5]4}3*. Fig. 19 illustrates the twist between
the Ru-N=C-C-C=N-Ru moieties in the lowest lying triplet state
of {(g-TCNX)[Ru(NH3)s]4}3* complexes.

In all cases the Ru-N=C-C-C=N-Ru moieties with the malono-
dinitrilato bridges were calculated as being close to planar, and the
penta-ammineruthenium complex fragments were found to adopt
a staggered conformation with respect to that plane (Fig. 19). The
bonds within the Ru-N=C-C-C=N-Ru entities correspond to the
expected values for conjugated malonodinitrilato anions bridging

h1A-GS

Fig. 17. DFT-calculated electron density differences between the excited and ground states of 8V 2* corresponding to the intense transitions. Red and blue areas correspond

to increasing and diminishing electron densities, respectively.
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Fig. 19. GO3/B3LYP optimized structures of the molecular ions {(pa-
TCNX)[Ru(NH3)5]4}3* (left) and {(psa-TCNX)[Ru(NH3)s]4}%* (right) in the 3A
ground state.

two delocalized mixed-valent metal centers [98-100]. The result-
ing situation involving weak interaction between two strongly
coupled malonodinitrilato-bridged Ru?>Ru?> entities (Class III)
agrees with the experimental results. The near orthogonality of
the individual Ru-N=C-C-C=N-Ru subunits found for the ground
states of the molecular ions explains the observed magnetic
exchange coupling between two S=1/2 sites and the reversible
two-electron oxidation [101]. This formulation involves unconven-
tional mixed-valent tetranuclear compounds, i.e. weakly coupled
pairs of strongly coupled dinuclear moieties.

EPR measurements on the one electron reduced complex {(j4-
TCNE)[Ru(NH3)s]4}7* in methanol gave a rather small g anisotropy
at g1=2.023, g»=2.013 and g3=1.989. ADF/BP calculations for
{(4-TCNE)[Ru(NH3)5]4}7* yielded a larger anisotropy due to the
overestimation of the metal contribution. The inclusion of solvent
influence modeled by the CPCM (G03) or COSMO (ADF) approaches
leads to a much smaller angle between the Ru-N=C-C-C=N-Ru
planes (to around 10°) in comparison to the calculation for unsol-
vated species. Accordingly, the Ru contributions to the SOMO for
{(4-TCNE)[Ru(NH3)5]4}7* in solution diminish and the calculated
values g1 =2.030, g, =2.017, g3 = 1.986 and g;s, =2.011 satisfactorily
describe the experimental results.

5. Conclusions

The presence of redox-active metal ions and redox-active lig-
ands within the same complex generates considerable ambiguity
about the identity of the individual redox sites and the corre-
sponding composition of redox orbitals. Redox-active ligands may
strongly contribute to or even dominate redox processes even if
the intrinsic redox potentials of corresponding metal entities and
the isolated ligand seem sufficiently apart. The present account
summarizes our recent work on mononuclear and symmetrically
or unsymmetrically bridged di- and tetranuclear ruthenium com-
plexes of vinyl and TCNX ligands and provides new views on the
electron density redistribution in radical ions using the symme-
try broken approach. DFT calculations enables us to identify the
primary redox site as well as the charge and spin distribution
between the individual components, and point out energetically
close valence tautomers. The proper description of the redox
processes thus requires an integrated approach that combines cal-
culations with various spectroscopic techniques, each operating at
its own intrinsic timescale [84], thus capitalizing on the various
charge- or spin-sensitive labels offered by the particular system
under study. The generally close correspondence between experi-
mental and quantum chemical results demonstrates that modern
quantum chemistry has grown into a powerful tool to address
issues like ligand non-innocence and electron or spin delocaliza-
tion in more extended arrays comprising more than just one such

metal/ligand unit in their various oxidation states. IR, UV-vis-NIR
profiles of closed- and open-shell systems as well as EPR parame-
ters for the latter ones can now be calculated with good confidence.
This eventually renders these calculations predictive such that they
serve as a guideline for the interpretation of experimental data and
for resolving remaining ambiguities.
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