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1. Introduction and Scope of Review
Bimetallic (binuclear metal) complexes contain two metal

centers, either linked directly or, as in the complexes
considered in this review, through a bridging ligand. Ho-
mometallic complexes may have equivalent and nonequiva-
lent metal centers, respectively. An interesting characteristic
of these compounds is the possibility for metal-metal
interactions, also referred to as having a cooperative effect,
depending on the nature of the ligands. A result of this effect
is that the physical and chemical properties of one of the
metal centers can vary substantially because of the vicinity
of the other.1–7

There has been great interest in recent years in the study
of molecules in which two metal centers show a pronounced
electronic interaction across the bridging ligand. Applications
may be found in molecular electronics and as models for
electron-transfer processes in biological processes.7–19 These

complexes can also display enhanced or unique reactivity
in stoichiometric and catalytic reactions.20,21

Bimetallic complexes are often precursors of stable mixed-
valence species because of a strong electronic interaction
across the bridging ligand. In these systems, the stability is
possible as the two metal centers exist in different oxidation
states, generated chemically or electrochemically. The mag-
netic, optical, and redox properties of these type of complexes
depend on the strength of the electronic interactions between
the metal centers.22,23

To promote the cooperative effect between the metal
centers, the bridging ligand should be able to provide an
electronic coupling pathway. As the degree of communica-
tion is primarily controlled by the ligand, the success on
metal-metal interactions in a bimetallic complex is depend-
ent on key ligand properties, such as flexibility and the degree
of delocalization, which depends on the potential for effective
orbital overlap between frontier orbitals associated with the
metal and bridge fragments. For example, conjugated systems
should be able to mediate the electronic interactions through
their π-orbitals. It is also possible to change the metals and
ancillary ligands bound to the bridging ligand or the metal
oxidation state to induce significant chemical and physical
properties to the systems.8,19–21 These changes will permit
further understanding and comparisons of different com-
plexes with identical bridging ligands.
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This review will focus mainly on synthesized homobi-
nuclear transition metal complexes (and heterobinuclear,
where necessary and for comparison only) containing
unsaturated hydrocarbon bridges. Ceccon et al.20 has pro-
duced an excellent overview of homo- and heterobimetallic
systems published before 2004, so our emphasis is on those
systems in which metal-metal interactions have been studied
post 2004. With a few exceptions, these complexes do not
present metal-metal bonds. Polymeric and ligand systems
containing nitrogen, sulfur or other heteroatoms as the main
binding site for the metal center have not been considered.

The complexes reviewed can be classified in two general
groups, depending on the nature of the unsaturated hydro-
carbon bridge: (a) bridging unsaturated carbon chains
containing sp- and/or sp2-bridges, where the metal is
σ-bonded to the C atom, and (b) bridging aromatic rings
linked directly (fulvalene), separated by hydrocarbon chains
or fused aromatic bridges; having π-coordinated metal
centers.

2. Theoretical Aspects
Intramolecular electron-transfer represents one of the major

topics in organometallic research.11,24,25 Much of the interest
in the study of binuclear complexes lies in the aspects that
regulate the intramolecular electronic communication be-
tween the two metal centers. These are the metal-to-metal
distances, the extent of conjugation in the bridging ligands,
and the nature of the ancillary ligands.

2.1. Mixed-Valence Systems
Most of the techniques used to study metal-metal interac-

tions are applied to mixed-valence species, which are among
the simplest model systems for studying electron-transfer and

delocalization.26,27 As mentioned before, these complexes
present two (redox-active) metal centers (M1 and M2), one
in oxidation state n and the other in oxidation state (n + 1),
linked by a bridging ligand L. As a consequence, the sites
are not equivalent and there exists a barrier to their
interconversion.

The equilibrium displayed in Schemes 1 and 2 represents
the formation of mixed-valence systems. Kc is the compro-
portionation constant that represents the relative stability of
these species (section 2.3). Large values of Kc are essential
for the isolability of the mixed-valence compounds.28 Strongly
delocalized systems often present large Kc values; however,
this cannot be used as a direct measurement of the delocal-
ization of mixed-valence complexes,17,24–29 as discussed in
more detail in section 2.3.

The strength of the electronic interactions between M1 and
M2 varies from zero or weak (class I) to moderate (class II)
and to very strong (class III) according to the classification
of mixed-valence species proposed by Robin and Day.29

Class I complexes present optical and electronic properties
for the separate sites M1

n and M2
n+1 or M1

n+1 and M2
n.

Activated electron-transfer either does not occur at all or only
at a very slow rate. Class II systems display new optical
and electronic properties in addition to those of the separate
sites. However, the interaction is weak therefore the systems
are valence trapped or charge localized. In class III species,
the electronic coupling is very strong, the odd electron is
fully delocalized and the systems show unique electronic and
optical properties. Detailed descriptions and criteria for
classes are given in the following section.

2.2. Electron-Transfer Theory
The electronic communication within a system can be

regarded in terms of the electron-transfer theory introduced
by Marcus,30–33 which aims to explain the transfer of
electrons between two metal centers. Figure 1 represents a
binuclear metal complex where the two metals correspond
to the donor and the acceptor sites. They are connected by
a bridging ligand. The donor and acceptor represent the
places between which the electron-transfer occurs.

If a symmetrical bridging ligand and both donor and
acceptor sites only differing in their oxidation states are
considered, there is a difference in the intramolecular
equilibrium and the solvent configuration at the donor and
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Scheme 1. Formation of Mixed-Valence Compounds (Class I
and Class II) M1

n+1-L-M2
n and M1

n-L-M2
n+1 (Kc )

Comproportionation Constant)

Scheme 2. Totally Delocalized Class III System with a Large
Kc

Figure 1. Representation of a bimetallic metal complex: M1 and
M2 are linked through the bridging ligand.
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the acceptor sites. Therefore both sites are not equivalent,
with a barrier for their interconversion. The intramolecular
electron transfer can be described in terms of the motion of
the system on an energy surface from the initial state toward
the activated complex and then to the final state. Thus,
electron-transfer processes can be regarded as a common
chemical reaction. Depending on the interplay between the
nuclear and electronic frequencies, electron-transfer reactions
are categorized as adiabatic or nonadiabatic. A system is
considered to be weakly coupled when a nonadiabatic
electron-transfer occurs and strongly coupled when an
adiabatic transfer happens.34,35

When the electron moves from the donor to the acceptor,
the nuclear configuration of the reactants and their surround-
ing media adjust from their equilibrium values to an
intermediate configuration in which there is no energy
change. This is required by the energy conservation principle,
also considering that electron motion is much faster than
nuclear motion. The nuclear configuration changes comprise
adjustments in the metal-ligand and intraligand bond lengths
and angles. It also requires changes in the orientations of
the surrounding solvent molecules.

The expression of the kinetic rate constant for a generic
electron-transfer process (kET) is given by transition state
theory (eq 1) where kel is the transmission coefficient, νn is
the frequency of passage (nuclear motion) through the
transition state, kB is the Boltzmann constant, λ is the
reorganization energy, ∆G° is the total Gibbs free energy
change for the electron-transfer reaction, and T is tempera-
ture. λ has been defined as the difference in Gibbs energy if
the reactant state remained unchanged at the equilibrium
configuration but electron-transfer occurs.33,34,37 ∆G# is the
free energy of activation. From pure geometrical consider-
ations, the following relations for ∆G# have been obtained.
When ∆G° ) 0, then ∆G# ) λ/4. If ∆G° * 0, then ∆G# )
(λ + ∆G°)2/4λ.20

Marcus theory is widely accepted for electron-transfer
processes in chemistry because it makes several predictions
that have been verified over the last decades.33,36 The most
significant being that the rate of electron-transfer will increase
as the electron-transfer reaction becomes more exothermic
but only to a point. Past that point, the electron-transfer rate
will actually decrease as the reaction becomes more exo-
thermic, in the so-called “Marcus inverted region”. Empirical
proof of this has been found by several authors.37–54

This theory was then extended to inner sphere electron-
transfer transitions by Hush, which can be applied to stable
mixed-valence systems.55–57 These species can be studied by
spectroscopic analyses that, along with cyclic voltammetry
(CV) studies, often allow the determination of the type (class)
of mixed-valence complex. They often present a weak
intervalence charge transfer (ICT) band characteristic of the
optically induced intramolecular electron-transfer, typically
in the near-infrared (NIR) spectral area, which is absent in
the spectra of the reduced and oxidized states.

Simple Hush theory allows the determination of the two
most important electron-transfer parameters from the ICT
band, the reorganization energy λ and the electronic matrix
coupling Hab. The latter one arises from donor and acceptor
coupling.

The interplay between Hab and λ in a mixed-valence
complex determines the class to which the system belongs.
A class I complex has a completely localized charge (Hab )
0) and no intramolecular electron-transfer between the donor
and the acceptor will occur. Experimentally, a complex might
be assigned to be class I when Hab is immeasurably small
and no ICT band is observed. Activated electron-transfer
either does not occur at all or occurs only very slowly with
∆G# ) λ/4. Hab < λ/2 corresponds to a class II system and
∆G# ) (λ - 2Hab)2/4λ, as long as the system remains valence
trapped. When Hab g λ/2, the complex is completely
delocalized and corresponds to a class III species, having a
∆G# ) 0.

In symmetric homobimetallic class II mixed-valence
species (∆G# ) (λ - 2Hab)2/4λ), the expression of the kinetic
rate constant can be expressed in terms of Hab, leading to eq
2. The prefactor A is dependent on the electronic coupling.
In relatively weakly coupled systems (nonadiabatic electron-
transfer), the motion of the electron is slower than that of
the nuclei and A is a function of Hab and λ. However, in
strongly coupled systems (adiabatic electron-transfer), the
limiting factor is the motion of the nuclei.34,58,59

Class II species are characterized by a value of Hab

sufficiently large to result in an experimentally observable
ICT band. In these species, νjmax ) λ and is not dependent
upon Hab, but is often strongly dependent upon the solvent
(due to the solvent contribution to the external reorganization
energy, which arises due to the large dipole moment change
associated with the ICT). Hab (cm-1) for class II systems
can, however, be extracted from the ICT band using Hush’s
formalism, with a general and fundamental expression (eq
3). In this expression, µge is the transition dipole moment of
the ICT band, R is the effective separation between donor
and acceptor in the case of nonadiabatic states and e is the
electronic charge.

In the case of symmetric Gaussian-shaped ICT bands, eq
4 can be used. In this expression, ∆νj1/2 is the bandwidth at
half height for a Gaussian-shaped ICT band (cm-1), εmax is
the extinction coefficient at the band maximum (M-1cm-1),
and R is the effective separation between the donor and
acceptor sites in the case of nonadiabatic states in angstrom.60,61

A problem of using eq 4 is in defining the appropriate
value of the nonadiabatic electron-transfer distance R. In
other words, R is the distance between the centers of the
two redox sites in the absence of electronic coupling. This
assumption is often true for weakly coupled species. How-
ever, any delocalization of the charge will lead to reduced
values of R. This is because the bridge orbitals make a
significant contribution to the nonadiabatic states, leading
to smaller values of R than the geometric distance and Hab

will be underestimated.43,46–48

kET ) kelνn exp[- (λ + ∆G°)2

4λkBT ] (1)

kET ) A exp[-λ - 2Hab

4λkBT ] ) kelνn exp[-∆G#

kBT ]
(2)

Hab )
µge

eR
ν̄max (3)

Hab ) (0.0206
R )(ν̄max∆ν̄1/2εmax)

1/2 (4)
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In symmetrical class III systems, the odd electron is
delocalized between the metal centers and the energy of the
optical transition is given by hνjmax ) 2Hab. Therefore Hab

can be calculated directly from this transition.34

For symmetrical species (∆G° ) 0), Hush theory predicts
that the bandwidth at half height is given by eq 6, which at
room temperature, reduces to eq 5.34

Comparison between the calculated and observed ∆νj1/2

may be useful to classify a complex, as class III systems
typically exhibit ICT bands with widths narrower than the
Hush limits given in eqs 5 and 6, while the bands of class II
species are typically broader than the theoretical limit. Class
III systems also display higher peak intensities (ε) and only
weak solvent dependence.62 In fact, eqs 5 and 6 do not apply
to class III systems.

Mixed-valence complexes possessing transition metal
centers corresponding to class II may lie nearer to the
borderline II/III and present very fast thermal electron-
transfer. These systems can be defined by introducing the
mixing coefficient R, approximated to Hab/νjmax. This coef-
ficient is related to the degree of mixing between the two
limiting localized initial and final electronic states. However,
this approximation becomes more invalid as the borderline
is approached. Equation 7 shows a method by which a system
can be classified, using the delocalization parameter Γ.34 It
is a useful tool, along with Hab, to determine whether a
complex is weakly, moderate or strongly coupled. Weakly
coupled class II systems display values of 0 < Γ < 0.1;
moderately coupled class II, 0.1 < Γ < 0.5; borderline class
II/class III, Γ ≈ 0.5; and class III, Γ . 0.5. It is important
to notice that Γ is based on the width of the ICT band. We
assume that this method is more conclusive for the complexes
presented in this review.

Meyer et al.63 have extensively reviewed these class II/
class III systems, focusing in the transition from localized
to delocalized mixed-valence complexes. These species
present intermediate properties between class II and class
III. They have been described as “almost delocalized” mixed-
valence complexes. The features that characterize these class
II/class III systems are: electronic localization, solvent
averaging (electron-transfer is too fast and the solvent cannot
keep up with the motion of the transferring electron) and a
residual barrier to electron-transfer arising from intramo-
lecular structural changes.

Kubiac et al.64 have studied the solvent effects in com-
plexes that correspond to the borderline class II/class III
systems by IR spectral analysis. They concluded that, in the
nearly delocalized limit, solvent thermodynamic parameters
do not significantly influence rates of electron transfer
(solvent reorganization energy, solvent polarity, and static
dielectric constants). However, solvent relaxation can limit
the rate of the electron-transfer in the type of systems studied.

Although the Hush theory is the preferred method for
analyzing mixed-valence complexes, it is only applicable to
weakly interacting systems. Difficulties occur when applying

this theory to more strongly interacting species.65,66 Indeed,
in delocalized systems (class III), the ICT band can no longer
be considered as the transfer from one metal center to the
other because the electron is shared equally between the two.
Therefore, the transfer of an electron from one delocalized
orbital to another represents the transition.67 Hush equations
to calculate Hab may be valid if R is properly assigned.68

The classical Hush treatment has been successfully applied
to understand the electron-transfer in symmetrical purely
inorganic mixed-valence systems. However, this model has
been rarely used to study unsymmetrical systems.69

Piepho, Krauz, and Schatz developed a vibronic coupling
model (PKS model) to calculate absorption profiles ap-
plicable to class II and class III systems.70 Creutz, Newton,
and Sutin introduced a new optical method (CNS model) to
determine Hab by analyzing the often higher energy, and
easier to recognize, metal to ligand charge transfer band
(MLCT) in UV-vis spectroscopy. This model has been
applied to binuclear mixed-valence ruthenium complexes
displaying valence trapped to nearly delocalized behavior.71,72

Experimental studies of the ICT bands in mixed-valence
complexes have provided important insights into the funda-
mental intra- and intermolecular factors that govern electronic
delocalization and the activation barrier to electron-transfer.
These arise from environmental contributions such as ion-
pairing, solvation, temperature of the medium and intramo-
lecular contributions due to structural factors. The latter are
dependent on the identity and coordination environments of
the metal centers. Also, significant stereochemical effect on
the ICT band have been attributed to environmental contri-
butions such as inherent structural distortions in the bridging
ligand, specific solvation effects and stereochemically di-
rected anion and solvent interactions. In general, complexes
incorporating nonrigid bridging ligands present an additional
complexity as the inherent structural distortion induces an
effective redox asymmetry contribution. In the case of
diastereoisomers presenting rigid bridging ligands, the most
important factors contributing to the ICT band are anion and
solvent interactions as well as the temperature of the
medium.7,57,63,73–81 For a detailed description of intra- and
intermolecular contributions to the ICT band, the reader is
invited to refer to the reviews by D’Alessandro and
Keene.75,81

2.3. Electrochemistry
The easiest way to look at the electronic interactions

between two active sites of a molecule is by using an
electrochemistry technique called cyclic voltammetry (CV).
In a complex containing two metal centers and in the case
of a strong interaction, two electrochemistry events should
be observed. The potential difference (∆E) between the two
reversible waves (E1 and E2) is representative of the
thermodynamic stability of the corresponding mixed-valence
state relative to the other redox states (∆E ) E2 - E1).13,15,17

∆E is generally proportional to the thermodynamic stability
of the mixed-valence complex (under the conditions of
solvent and electrolyte used). Therefore, it is useful for
evaluating the possibility for isolating the mixed-valence
species.

In symmetrical homobimetallic complexes, where M1 )
M2, ∆E is an indicator of the interactions between the two
metal centers (assuming that both waves are reversible) but
is a not a direct measurement of the electronic coupling Hab,
and it cannot be used to conclusively determine to which

∆ν̄1/2(cm-1) ) (2310ν̄max)
1/2 (5)

∆ν̄1/2 ) (16RT ln 2λ)1/2 (6)

Γ ) [1 -
∆ν̄1/2

(2310∆ν̄max)
1/2] (7)
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class a system belongs. If the values of ∆E are close to zero,
the metals are noninteracting either because of the great
distance between them or because the ligand does not provide
an electronic coupling pathway. Usually these systems belong
to class I. A small ∆E separation represents a weak
interaction between the metals with a small value for the
comproportionation constant, Kc ) e∆EF/(RT) for the equilib-
rium represented in Scheme 1 (F ) Faraday constant )
96485.33 C/mol). This situation is commonly assigned to a
mixed-valence state involving trapped-valence systems (class
II). A larger value of ∆E corresponds to a totally delocalized
system with a very large Kc (Scheme 2), and there is a
stabilization of the mixed-valence species, normally assigned
to class III.20 The redox centers are so strongly coupled that
the lone-electron is delocalized and only a single average
valence state can be assigned to the two centers (M1

(n+1)/2 )
M2

(n+1)/2). However, some class III compounds may present
very small ∆E values. For example, the organic compound
(E,E)-1,4-[bis-{bis(4-methoxyphenyl)-amino}styryl]benz-
ene displays a rather large coupling of Hab ) 1400 cm-1

and a small ∆E value of 140 mV.68 The complex anti-
[Mn(CO)3]2(µ:η5:η5-Pn) presents very large coupling of 6400
cm-1 and a ∆E values of 410 mV (Pn ) pentalene-diide).82

On the other hand, anti-[Cp*Co]2(µ:η5:η5-Pn) displays a
coupling of 4770 cm-1 and a large ∆E value of 710 mV
(Cp* ) pentamethylcyclopentadienyl).83 This is contrary to
what is expected as systems with large values of ∆E normally
present large Hab values.

Gladysz et al.84 have pointed out the dependence of Kc on
the distance between both metal centers. As the chain length
increases, the value for Kc decreases. For example, the family
of complexes Cp*(NO)(PPh3)Re(CtC)nRe(PPh3)(NO)Cp*
has Kc values on the order of 109 for n ) 2, 106 for n ) 3,
and 103 for n ) 5, 6, and 8.

Therefore it is important to consider that even if a more
effective conjugation along the intermetallic bridge facilitates
the transfer of electronic information between metal centers,
meaning a greater value of ∆E, the separation of the two
redox waves can be influenced by other factors such as
electrostatic interactions, solvation, ion pairing with the
electrolyte and structural distortions from oxidation or
reduction processes.85–89 It is important to remember that ∆E
is related to the thermodynamic stability of the mixed-valence
species where other energetic terms, apart from the one
related to the electronic interactions, are also considered.13

Also, ∆E should not be used on its own to classify mixed-
valence species.

For heterobimetallic complexes (M1 * M2), a nonzero ∆E
is expected even without delocalization because of the
different redox properties of metal centers present in the
molecule. To study the degree of the delocalization, one has
to focus on the difference between the redox potential of
the reversible wave of one metal center of the bimetallic
complex and the redox potential of the reversible wave of
its corresponding monometallic species.90 In general for
bimetallic species, if the first redox potential is significantly
lower than that of the corresponding monometallic complex,
this may indicate strong coupling and delocalization.

2.4. EPR and 57Fe-Mössbauer Spectroscopy
Techniques such as electron paramagnetic resonance (EPR

or electron spin resonance, ESR) and 57Fe-Mössbauer spec-
troscopy (only suitable for Fe complexes among transition
metals) are appropriate to study electronic and nuclear

interactions. The latter technique, which can help place a
time scale on the electron exchange, has not been considered
further in this review as it is only applicable to iron
complexes. For an explanation and applications of 57Fe-
Mössbauer spectroscopy, the reader is invited to refer to
Mössbauer Spectroscopy by Dickson and Berry.91 The ideal
situation for EPR studies occurs when the paramagnetic
species have nondegenerate ground-states and hyperfine
coupling can be observed. For example, bis(η-C6H6)vanad-
ium possesses a 2A1g ground-state and 51V in 99.75%
abundance with nuclear spin I ) 7/2.63,64 Hence, electronic
interactions can be studied in this system. When degenerate
ground-states are analyzed, the situation is more difficult as
low temperatures are often required to obtain EPR spectra.
However, in some cases, hyperfine coupling can still be
resolved, as in bis-(µ2:η5:η5-Fv)dicobalt monocation (59Co,
I ) 7/2) where a 15-line spectrum is observed (Fv )
fulvalendiyl).92,93 This indicates that the system is detrapped
on the EPR time scale, that is, in this case, the system is
either delocalized (class III) or is localized (class II) with
an intermolecular electron-transfer rate that is large compared
to the magnitude of the electron-59Co coupling constant (A).

2.5. NMR Spectroscopy and X-ray
Crystallography

Nuclear magnetic resonance (NMR) spectroscopy and
X-ray crystallography provide useful structural information
in solution and the solid state. A system presenting two metal
centers in the same oxidation state is expected to generally
show equivalent M-C bond distances, whereas a complex
with both metal centers in different oxidation states is
predicted to display two distinctive M-C bond lengths. This
variation is caused by the different environments around each
of the metal centers. For example, the cation [µ2:η5:η5-
Fv{Fe(C5H4I)}2]+[I3]- features two equivalent Fe centers
with average Fe-C bond distances of 2.07 Å. However, ([µ2:
η5:η5-Fv{Fe(C5H4Cl)}2])2

+[I8]2- possesses two different Fe
centers with average bond lengths of 2.08 and 2.03 Å.94 Still,
it might be difficult to distinguish between apparent equiva-
lence arising from delocalization and those from static or
dynamic disorder. On the other hand, an asymmetric crystal
environment may lead to a localization of the cation structure
that is not necessarily found in solution.

NMR spectroscopy is a useful technique when the system
studied is diamagnetic. However, most of mixed-valence
bimetallic organometallic complexes are paramagnetic. They
display typically broad peaks from which is difficult to
extract information. However, a NMR signal for VV for
example, can be detectable when the unpaired electrons are
on atoms in close proximity. The interactions between these
atoms and the unpaired electrons results in a broadening of
the spectral lines because of electron-nuclear dipolar
coupling. Solid-state NMR spectroscopy of these types of
systems has been previously used to study local environment
in a few inorganic systems.95–100 The magnitude of the
electron-nuclear dipolar coupling establishes whether a
NMR signal is observed. This is determined by the magni-
tude of the electronic magnetic coupling and the distance to
the paramagnetic center. This technique has been recently
utilized by Lobo et al.101 to identify mixed-valence vanadium-
substituted titanosilicate complexes containing VIV and VV

centers.
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2.6. Theoretical Calculations
Theoretical calculations are also being increasingly used

to understand the electron-transfer at the molecular level and
to compare experimental with theoretical data. They are
able to provide a fairly accurate description of the ground-
and excited-states. Several studies have been developed
recently to gain a better understanding of mixed-valence
complexes and their properties.102–106 However, DFT tends
to overdelocalize the unpaired electron. For example, DFT
could predict a class III species but experimental data suggest
a class II system.35

2.7. IR Spectroscopy
Infrared (IR) spectroscopy is also a useful technique in

distinguishing between localized and delocalized mixed-
valence systems and, in some cases, to establish the rates of
intramolecular electron-transfer in class II systems. Two
slightly different applications of IR spectroscopy can be
established. First, the IR activity of a mode of the bridging
ligand in the mixed-valence state, which is IR-inactive in
the fully oxidized and reduced states, indicates a breaking
of the symmetry in the mixed-valence species down to the
time scale of a single vibration (e.g., on the time scale of
∼6 × 1013 s-1 for a CtC stretching), that is, indicating that
the cation belongs to classes I or II. On the other hand, in
class III systems, modes of this type are expected to be IR-
inactive. For example, the mixed-valence complex [(bpy)2(Cl)-
Os(pz)Os(Cl)(bpy)2]3+ (borderline class II/class III, where
bpy ) bipyridine and pz ) pyrazine) displays an IR-active
mode for the pz group, whereas for [(bpy)2(Cl)Os(pz)Os-
(Cl)(bpy)2]2+ and [(bpy)2(Cl)Os(pz)Os(Cl)(bpy)2]4+, these
modes are IR-inactive.59 The spectrum of IR-localized species
present bands characteristic of both oxidation states of the
redox units, whereas IR-delocalized systems show only new
bands corresponding to the averaged mixed-valence unit. For
example, ferrocene-based and ferrocenium-based complexes
exhibit bands (C-H bending) at 815 and 851 cm-1,
respectively. The IR spectrum for the localized system [µ2:
η5:η5-Fv{Fe(C5H4I)}2]+ has bands at 822 and 849 cm-1,
while that of the delocalized complex {[2.2]ferrocenophane-
1,13-diyne}+ presents a single band at 830 cm-1 (ferro-
cenophane ) CpFe(C5H4)(CtC)2(C5H4)FeCp and Cp )
cyclopentadienyl).92,94 Thus, the rates of intramolecular
electron-transfer are respectively small and large compared
to the differences in frequency (∼1 × 1012 s-1). In some
cases, the temperature dependence of IR bands that act as
redox state markers (typically the stretches of CO groups)
have been used to determine the rates of electron-transfer at

multiple temperatures and, hence, to provide estimates for
the barrier to electron-transfer (∆G*).107

2.8. Classification and General Properties
Scheme 3 summarizes the general characteristic properties

for the classification of mixed-valence systems. In general,
∆E values and the ICT band in the NIR region are widely
used techniques to classify the interaction level between the
metal centers. However, is important to keep in mind that
electrochemical results only give an insight on the delocal-
ization and should not be used as a criteria to determine
which class a system belongs to. Also, band-shape analyses
of the ICT band are frequently complicated by multiple
overlapping transitions.75 The ICT band is observed in
σ-bridged systems that are sufficiently flexible to allow the
metal centers into close proximity, and is believed to arise
from through-space coupling. In the case of π-bridged
species, the NIR bands are more widely observed, even if
the metals are well separated, suggesting a through-bond
mechanism.22

3. Systems with Unsaturated Carbon Chain
Bridges

Bimetallic and polymetallic systems that contain unsatur-
ated hydrocarbon ligands with σ-bonded bridging metal
centers are attracting considerable interest. They are com-
monly called “carbon σ-bonded molecular wires” and possess
one-dimensional semirigid structures, which facilitates the
electronic communication between the two redox active
moieties.13 As a result, potential applications for these
systems have been suggested as molecular devices, electronic
current rectifiers, and switches.7,15,108,109

The simplest bridge is a linear chain containing solely
carbon atoms. To display intramolecular electronic com-
munications, the systems must contain conjugated bridges
able to promote delocalization. Hence, simple alkyl spacers
are less suited for this matter. If a bimetallic complex
presents mixed saturated and unsaturated bridges, the
metals could be insulated due to the saturated (alkyl)
spacer. [(C6F5){Ar2P(CH2)8PAr2}2Pt]2(CtC)4 is an example
where both Pt atoms are connected through two
Ar2P(CH2)8PAr2 (alkyl) and one (CtC)4 chain (see Figure
9). The electronic interactions occur through the unsaturated
chain. The alkyl spacers, which protect the Pt-(CtC)4-Pt
fragment, act as an insulator.110 Conjugated alkenes and
alkynes are more interesting carriers for long-range metal-
metal interactions.20

Scheme 3. Summary of the Properties for Each Class of Mixed-Valence Species
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Purely organic molecular wires have been synthesized and
have the advantage of being sufficiently soluble and stable
to allow simple purification methods. They possess various
unsaturated organic units and feature a conjugated π-electron
network spread over the whole molecule. Impressive sizes
up to 128 Å have been isolated.13 Organometallic molecular
wires have encountered synthetic problems such as decreased
stability, which has often impeded their isolation and
precluded their rapid development. The maximal lengths of
the bridging ligand in these molecules are much smaller than
the lengths of their purely organic homologues.84,85

Figure 2 represents the electron-transfer in molecular wires,
whose mechanism can be activated by electrochemical or
photoinduction.111 However, very few of the potential
synthesized molecular wires have been experimentally tested
and evaluated for their electron conductivity. First and before
considering a compound as a molecular wire, it is necessary
to determine if the complex possesses the ability to convey
electrons. For this, the electron conductivity can be directly
measured through the bulk conductivity of the material or
by studying the electronic interactions between the two
metals utilizing electrochemistry (CV). When odd electron
states are stable, UV-vis/NIR spectroscopy can produce
decisive information on the strength of the coupling of the
metal centers. Alternatively, in the presence of photoswit-
chable redox groups (photonic molecular wires), the study
of electron-transfer can be achieved by time-resolved UV-vis
spectrometry and fluorimetry. Finally, the direct measurement
of the electron conductivity capability of a single molecule
is also a useful technique to investigate this property. This
method requires systems possessing a sufficient bridging
length of at least 10 nm, mainly because of the type of
instrument used.13

According to the molecular nature and structure of the
bridging ligand, it is possible to classify molecular wires into
three main groups: all-carbon sp-bridged, carbon-based sp2-
bridged and carbon-based sp/sp2-bridged systems; these
systems will be described in detail in the following sections.

3.1. All-Carbon sp-Bridged Systems
The most common examples of bimetallic complexes with

linear unsaturated carbon chains such as LM-(CtC)n-ML
are those with n ) 1.112–115 Higher homologues with n )
2-10 have also been synthesized.116 Complexes with
polyynediyl bridges LM-(CtC)n-ML comprise the most
fundamental class of carbon-based wires.117–120 To date,
polyynediyl bridged complexes with n ) 1-8, 10, 12, 14,
16, 20, 24, and 28 have been synthesized and isolated.109,121

Among these dinuclear species, it is possible to distinguish

between systems with an even or odd number of carbon
atoms, with even numbers being by far the most commonly
found.20 The simple series HCnH is only known for even
values of n because of the different nature of the ground-
states. An even value of n presents a stable closed shell
singlet, whereas an odd value displays an unstable open shell
triplet.122

Several C4-bridged complexes show similar structures to
those of butadiyne. Depending on the dx electronic config-
uration, the C4 chain presents either a cumulenic (oxidized)
or polyynic (reduced) form. The interactions between the
two metal centers can be expressed by three valence
structures related to the C4 bridge, which are related by two-
electron oxidations as shown in Figure 3.123

DFT calculations performed on the family of complexes
[{Cp(CO)2M}2(µ-Cn)] (M ) Cr, Mn, Fe; n ) 4-8) suggest
that the geometrical structure is essentially determined by
the nodal pattern of the highest molecular orbital of dπ-pπ
character of the bridge. On the basis of these results, the
authors have developed a simple molecular orbital model,
which allows the estimation of the valence formulation in
these specific type of dinuclear complexes on the basis of
the dx configuration of the metal and the separation of the
different orbitals (σ, δ and π). If the δ-orbitals are not too
high in energy, d5 and d7 display a polyynic structure (I and
III, respectively), whereas d6 is a cumulenic structure (II).
When the δ-orbitals lie much higher in energy than the
π-orbitals, only polyynic structures have been calculated.116

Only a few examples of systems having an odd number
of C atoms in the bridge (length greater than one) are known,
and they are mainly nonsymmetrical complexes (heterobi-
metallic or homometallic with different ancillary ligands).20

The main reason is their difficult formation, because the
coupling of CtC building blocks is much easier and only
leads to bridges with an even number of carbons. In general,
for complexes with odd carbon bridges, two different valence

Figure 2. Electrochemical and photoinduced activation of a molecular wire.13,20

Figure 3. (a) Polyynic and cumulenic C4 chains and (b) general
three valence structures related by two-electron oxidations for Cn

bridges with an even value of n.
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structures are possible: a symmetrical cumulenic structure
MdCd(CdC)ndM and a nonsymmetrical polyynyl/carbine
structure M-(CtC)n-CtM.124 Complex [Cp(PPh3)2Ru-
(C5H)(PPh3)2Cp][BPh4] is one of the few examples of
homobimetallic systems (presenting the same ancillary
ligands) that has an odd number of C atoms. However, in
the solid state, it displays an unexpected nonsymmetrical
structure of the form MdCdCdCH-CtC-M.125 Also,
electrochemical measurements have shown that cumulenes
with an odd number of carbons are electronically decoupled
and therefore of no interest as potential conductors.126

A structural and chronological overview of all-carbon sp-
bridged systems is presented from 2004 to 2009. The
synthesis and study of the electronic properties of systems
containing ethynyl bridges continues to be developed because
of their interest as metal-supported fragments and possible
use in nanoscale devices.13,15 An increase in the electronic
communicating properties could be achieved with electron
rich phosphine-substituted ligands. Many homo- and het-
erometallic complexes of the type CpR(PP)M-(CtC)2-
M(PP)CpR, with M ) Fe, Ru, or Os and PP ) (PPh3)2, dppm,
or dppe (dppm ) diphenylphosphinomethane and dppe )
1,2-diphenylphosphinoethane) and CpR ) Cp if R ) H, or
Cp* if R ) Me, have been synthesized and exhibit a variety
of redox processes.100 Electrochemical studies indicate that
the presence of strong electron donating ligands results in a
decrease in the oxidation potentials. These studies have also
suggested that an efficient electronic communication between
the two metal centers occurs through the carbon chain.

Figure 4 shows different examples of bimetallic complexes
linked by ethynyl bridges (C2 and C4) and a C4H bridge
containing different ancillary ligands.

Table 1 displays electrochemical data for different C2 and
C4 complexes. The large ∆E values found suggest electronic
interactions between the metal centers for all these species.
The diruthenium complex 1a presents three reversible and

one irreversible one-electron processes.127 The low values
of the first two events (E1 and E2) are consistent with the
ease of the chemical oxidation of 1a to 1a+ and to 1a2+.
The oxidation potentials for 1a and 1b vary only slightly,
even though 1b has a more electron-donating group (Cp*).127

Complex 1b presents more anodic potentials relative to 1a.
However, the comparison is not evident as 1b is an
asymmetric system relative to 1a. As the oxidation proceeds,
structural data and DFT calculations show a gradual change
from a ethynediyl (M-CtC-M) structure (1a) to a cumu-
lenic (MdCdCdM) structure (1a2+). Hence, the oxidation
causes the shortening of the M-C bonds and the lengthening
of the “C-C” bonds. The authors claim that these studies,
complemented by spectroscopic data, indicate a delocaliza-
tion of charge over both Ru centers and the carbon chain.

The di-Ru complex 1c is more difficult to oxidize than 1a
because of its longer carbon chain.128 This is not surprising
since the chain length is the only difference compared to
complex 1a. The decrease in metal-metal interactions is
possibly due to the decreased coupling of the metal centers.
Analogous complexes of 1c, with the combinations of
phosphine groups such as dppe and PPh3, and with Cp and
Cp* rings, confirmed the expectation of lower redox poten-
tials values when strong electron-donating ligands are
present. Cp(dppe)Ru-(CtC)2-Ru(PPh3)2Cp displays redox
potentials at -0.22 and +0.42 V with a ∆E value of 640
mV, whereas Cp*(dppe)Ru-(CtC)2-Ru(PPh3)2Cp exhibits
redox potentials at -0.33 and +0.34 V with a ∆E value of
670 mV.128

The dimanganese complex 22+ displays three reversible one-
electron processes.129 The large ∆E values emphasize the
existence of strong interactions between the Mn centers. The
authors have attributed process E1 to the couple MnIIMnII/
MnIIMnI (2/2-), E2 to the couple MnIIIMnII/MnIIMnII (2+/2),
and E3 to the couple MnIIIMnIII/MnIIIMnII (22+/2+). The most
cathodic process (E1) has a very negative potential. Thus,
this anion is difficult to synthesize by chemical processes.
A detailed study based on DFT calculations, X-ray diffraction
and CV emphasize, according to the authors, that in complex
2, the Mn centers show strong electronic coupling and that
the mixed-valence species 2+ belongs to the class III
classification. However, as it was previously mentioned, DFT
calculations can yield an erroneous result because it tends
to overdelocalize the unpaired electron. Similar to that found
for 1a, as the oxidation state increases, there is a gradual
change from ethynediyl to a cumulenic structure (M-C
lengths ) 1.872 Å for 2, 1.792 Å for 2+ and 1.733 Å for
22+), and 2+ has two equivalent Mn centers.

The di-Ru complex 3 (Figure 4) has been synthesized
using the fragment C4H, which is bound to one ruthenium
center as a σ-alkynyl species and to the other as a vinylidene.
Its structural conformation has been determined by 1H and
13C NMR studies. Also, the protonation of the butadiynediyl
complex 4 exclusively regenerates complex 3 and not its

Table 1. Electrochemical Data for Several C2 and C4 Complexesa

complex E1 (V) E2 (V) E3 (V) E4 (V) ∆E (mV) ref

1a -0.61 +0.21 +1.06 +1.74b 820/850/680 127
1b -0.60 +0.22 +1.07 820/850 127
1c -0.24 +0.35 +1.08 +1.44b 590/730/360 128
22+ -2.36 -1.38 -0.39 988/988 129

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Irreversible.

Figure 4. Homobimetallic complexes presenting different C2, C4,
and C4H carbon chains as linkers.
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tautomeric isomer [Cl(CO)2(L)2RudCdCHCtC-RuL2Cp]-
PF6.130 Studies on their electronic properties have not been
reported.

Berke et al.131 have studied other bimetallic manganese
complexes with a C4 spacer (5a-c).The mixed-valence
complexes 5a+, 5b+, and 5c+ are synthesized by a coupling
process using a C4-Mn building block. These new com-
pounds can be either fully oxidized to form 5a2+, 5b2+, and
5c2+ or reduced to form 5a, 5b, and 5c (Figure 5).

Table 2 displays the electrochemical data for 5a-c. These
studies suggest metal-metal interactions, with ∆E values
of 550 mV for 5a, 570 mV for 5b, and 560 mV for 5c. If
experimental error is taken into account, it can be said that
5a-c display the same ∆E values. Single crystal X-ray
diffraction reveals two equivalent Mn centers for complex
5a+ (Mn-C ) 1.768 Å), suggesting a strong communication
between the metal centers.

Complexes containing carbon chains with an odd number
of carbons have electronic structures that require at least one
M-C(bridge) forming a multiple bond. Since 2004, most
of the examples of these types of complexes with a Cn (where
n ) odd number) bridge are heterobimetallic,132 such as
L-MotC-(CtC)-Ru-L (6a), L-MotC-(CtC)2-
Ru-L (6b), and L-MotC-(CtC)3-Ru-L (6c) (Figure
6).133

In complexes 6a-c, the redox potentials (E1 and E2)
become more positive as the organic chain lengthens (Table
3). This reflects an increasing electron-transfer from the metal
centers to the carbon chain. The authors have suggested that
this is a result of the higher localization of the HOMO orbital
on the carbon chain.133 However, evidence for this suggestion
has not been given.

The monometallic Ru complex Cp*(dppe)Ru-(CtCCt
CSiMe3) has a E1 value of +0.43 V.133 Thus, the first redox
process (E1) on 6a-c can be attributed to the Ru fragment.
The monometallic Ru analogue and 6c display a similar
redox potential (E1). This suggests an electronic isolation of
the metal centers and no communication through the chain
on 6c.

Ferrocenyl polyynes of the type Fc-(CtC)n-Fc, where
Fc ) CpFe(C5H4), have been prepared since the early 1970s
and have been extensively reviewed by Low and Roberts.11

Cowan et al.134,135 have reported electrochemical studies for
ferrocene polyyne complexes with n ) 1 and 2. These
systems present two processes with ∆E values of 130 and
100 mV, respectively. Their mixed-valence analogues are
classified as class II systems. According to the authors,
Fc-(CtC)6-Fc shows a two-electron oxidation process and
hence the absence of electronic coupling by this method.136

Figure 7 represents the species of the type Fc-(CtC)3-Fc
synthesized by Ren et al.137

Complex 7 is converted to 9 by reaction of CBr4 and in
the presence of PPh3. It can then react with nBuLi to form
9. These three complexes have been studied by X-ray
diffraction, displaying Fe · · ·Fe distances of 9.72 Å for 7,
10.55 Å for 9, and 12.02 Å for 9. Electrochemical studies
of 7-9 exhibit quasi-reversible two-electron waves with ∆E
values of 35, 30, and 60 mV, respectively. These values have
been estimated using the Taube-Richardson model138 be-
cause it is impossible to directly determine ∆E because of
the quasi-reversible two-electron nature of the oxidation.
Complex 9 presents the strongest electrochemical interaction
despite having the longest Fe · · ·Fe distance. The central C
atom in complexes 7 and 9 results in less electrochemical
interaction perhaps because of the less effective mediation
of electronic coupling, resulting from the electronegative
substituents bound to it (O for 7 and CBr2 for 9).

Several series of complexes with Pt-(CtC)n-Pt units
(10-13, PtC2nPt) have been described by Gladysz et
al.110,139–141 Complexes of the type PtC2nPt (n ) 2-4, 6, 8,
10, 12, and 14) present thermal stabilities that can often
exceed 200 °C, whereas organic polyynes with comparable
chain lengths rapidly decompose at room temperature.142

Figure 8 shows the structure of several types of PtC2nPt
systems.

UV-vis spectroscopy studies demonstrate more intense
and red-shifted bands as the carbon length increases, which
is indicative of electronic interactions.140–143 Time-dependent
DFT calculations suggest that the absorptions correspond to
π-π* transitions that originate in the carbon chain and they
are red-shifted with carbon length.141 The CV studies show
one quasi-reversible process for each complex, believed to
involve one-electron in each case. The oxidation becomes
thermodynamically more difficult and less reversible at
longer chain lengths, as shown by the increasingly positive
Ea (oxidation redox potential) and the decreasing ic/ia values,
respectively (ic and ia denote cathodic and anodic currents,

Figure 5. Bimetallic Mn complexes with a C4 spacer.

Table 2. Electrochemical Data for 5a-ca

complex E1 (V) E2 (V) ∆E (mV)

5ab -0.84 -0.29 550
5bb -0.86 -0.29 570
5cb -0.85 -0.29 560

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from
ref 131.

Figure 6. Complexes presenting bridges with odd number of
carbon atoms.

Table 3. Electrochemical Data for 6a-ca

complex E1 (V) E2 (V)

6ab +0.20 +0.73
6bb +0.31 +0.75
6cb +0.47 +0.84

a All redox couples are relative to [Cp2Fe]+/Cp2Fe. b Data from ref
133.

Figure 7. Synthesis of Fc-(CtC)3-Fc where Fc )
CpFe(C5H4).137
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respectively, for the different types of complexes). Table 4
displays electrochemical data for several PtC2nPt systems.

A new family of bridged systems [(C6F5){Ar2P(CH2)-
mPAr2}2Pt]2(CtC)n (14, PtC2nPt-m/Ar) has been synthesized,
which presents two different conformations depending on
the length of the sp and sp3 chains (Figure 9).116,117

In the family of complexes 14, the crystal structures of
14d-g and j show that the sp3 chains wrap around the sp
chain in a chiral double-helical conformation (A), yielding
insulated molecular wires. They have potential uses as
household insulated wires. At lower sp3/sp carbon ratios,
formally achiral conformations (B) are observed, such as
14a-c, h, and i.144 In general, the family of complexes 14
present thermodynamically less favorable oxidation potentials
than their nonbridged analogues (11) but higher reversibility.
Table 5 summarizes electrochemical data for the family of
complexes 11 (nonbridged PtC2nPt) and 14 (PtC2nPt-m/Ar).
They are also believed to undergo one-electron processes.

In the series of systems 14, those with conformation A
present higher reversibility than their corresponding B
analogues with the same number of Pt-(CtC)n-Pt units.
This has been attributed to their metal centers being more
sterically shielded in the double-helical structure, stabilizing
the radical cation. Unexpectedly, 14d presents a lower
reversibility compared to the analogue systems 14b or 14c.
The authors have attributed this to the larger Ar group in
14d, which labilizes the resulting cation.144

3.2. Carbon-Based sp2-Bridged Systems
While polyynediyl bridges are one of the most studied

carbon-based molecular wires, few studies have been carried
out with bimetallic polyenediyl bridges. Many conjugated
organic materials such as polyacetylenes have only sp2-
hybridized carbon atoms and exhibit high electrical conduc-
tivity upon doping.109,121 Consequently, polyenediyl bridges
are also expected to present interesting properties. In fact,
generally stronger coupling is found in mixed-valence
complexes presenting polyenediyl bridges than those with
polyynediyl bridges.87,145–147 For alkenes, the HOMO and
LUMO orbitals of the bridge are higher and lower in energy,
respectively, compared to those for alkynes, therefore better
placed energetically for overlapping with orbitals of the metal
center. For example, Fc-(CHdCH)2-Fc displays a ∆E
value of 130 mV and λmax of 1820 nm (εmax ) 1570 M-1

cm-1),148 whereas Fc-(CtC)2-Fc presents a ∆E value of
100 mV135 and λmax of 1180 nm (εmax ) 570 M-1 cm-1).135,149

The NIR data corresponds to the mixed-valence ions.
Sponsler et al.150 have synthesized a series of conjugated

diruthenium complexes by olefin metathesis for metal
incorporation (OMMI). This method consists on effectively
stopping the catalytic cycle after the first cycloreversion.151

Consequently, the catalyst acts as a stoichiometric reagent
and is incorporated into the product. Figure 10 illustrates
both the general OMMI reaction and three di-Ru complexes
(15-17, where Cy ) cyclohexyl) synthesized using this
method. Complexes with shorter bridges such as 1,3-
butadiene, although theoretically stable, have not been
successfully synthesized: attempts yielded only mono-Ru
systems.152

Calculations have further indicated that the PCy3 ligands
are in close proximity, providing a steric shield around the
bridge. Complexes 15 and 17 display similar oxidation
potentials at +0.31 and +0.66 V and at +0.40 and +0.69
V, respectively (redox potentials are relative to [Cp2Fe]+/
Cp2Fe), meaning that conjugation and the size of the bridge
has a small effect in the CV studies. However, the conjugated
system 15 possesses a higher ∆E, consequently a higher
metal-metal interaction. On the other hand, the authors have
claimed that conjugation has a marked effect on reductions
in these complexes, based on DFT calculations performed
in Cl2(PPh3)2RudCH-CHdCH-CHdRu(PPh3)2Cl2 (PH3

analogue of 15). These studies show that the LUMOs are

Figure 8. Structure of PtC2nPt systems exhibiting different lengths
(n) and substituents (R, R′).

Table 4. Electrochemical Data for Several PtC2nPt Complexesa

complex Ea (V) ic/ia ref

10a PtC6Pt +0.86 142
10b PtC8Pt +0.97 142
10c PtC10Pt +1.09 142
10d PtC12Pt +1.20 142
10e PtC16Pt +1.26 142
10f PtC20Pt +1.40 142
12 PtC8Pt +1.12 0.94 140
13a PtC8Pt +1.30 0.68 231
13b PtC8Pt +1.41 0.15 139
13c PtC8Pt +1.31 0.72 139

a All samples recorded in CH2Cl2 solutions. All redox couples are
relative to AgCl/Ag.

Figure 9. Two different conformations (A and B) for the family
of complexes 14 (Ar ) Ph, p-tol, p-C6H4-tBu).

Table 5. Electrochemical Data for the Family of Complexes 11
and 14 (Nonbridged PtC2nPt and PtC2nPt-m/Ar Systems,
Respectively)a

complex Ea (V) ic/ia conformation

11ab PtC4Pt +0.94 0.98
14ab PtC4Pt-8/Ph +1.05 0.94 B
11bb PtC6Pt +1.16 0.71
14bb,c PtC6Pt-10/Ph +1.25 0.82 B
14cb,c PtC6Pt-12/Ph +1.23 0.84 B
14db,c PtC6Pt-14/p-tol +1.24 0.45 A
11cc PtC8Pt +1.26 0.78
14ec PtC8Pt-14/Ph +1.31 0.78 A
14fc PtC8Pt-14/p-tol +1.26 0.71 A
14gc PtC8Pt-14/p-C6H4-tBu +1.25 0.76 A
14hc PtC8Pt-10/Ph +1.32 0.10 B
14ic PtC8Pt-11/Ph +1.33 0.36 B
11dc PtC12Pt +1.47
14jc PtC12Pt-18/Ph +1.47 0.35 A

a All samples recorded in CH2Cl2 solutions. All redox couples are
relative to AgCl/Ag. b Data from ref 144. c Data from ref 110. c Data
from ref 231.
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associated with the π-bridged system, while the HOMO is
not associated with the π-system. Complexes 15 and 17
display reduction potentials at -2.04 and -1.39 V and at
-2.0 V (irreversible), respectively (redox potentials are
relative to [Cp2Fe]+/Cp2Fe).

Complex 16 presents a decreased stability of the oxidized
and reduced forms in CV studies and no redox potentials
have been obtained. A strong conjugation is observed in 15
and 16, with strongly red-shifted and much more intense
absorptions in the UV-vis spectra relative to their mono-
metallic analogues and to 17.150 This has also been ob-
served in the Creutz-Taube ion RuII-RuII [(NH3)5Ru-
(pz)Ru(NH3)5]4+,153 which is shifted by 75 nm relative to
the mononuclear RuII system (Table 6). The authors do not
give any assignments for the bands observed. However, the
shifts in the binuclear species 15 and 16 are caused by the
presence of the second metal center, meaning that both metals
are interacting, in some degree, through the bridge.

Xia et al.154 have synthesized an interesting di-iridium
complex (18). Figure 11 depicts its structure, which can be
considered as either two Ir centers connected by a ten sp2-
carbon chain or as two planar six-membered rings containing
Ir centers linked by a -(CH)2- bridge. The electrochemical
data suggests electronic interactions between the redox
centers, with a ∆E value of 750 mV and the thermodynamic
stability of the transient intermediates 18+ and 182+. These
observations have been attributed to the conjugation and
coplanarity of the bridging ligand.

To date, the longest linear sp2 carbon chain (CH)n

bimetallic complexes that have been produced are Ru-

(CH)10-Ru (19)155 and Ru-(CH)14-Ru (20).121 The latter
presents a distance between the two metal centers of 19.88
Å (Figure 12). Previous reported complexes are limited to
those with linear bridges (CH)n (n ) 2, 4-6 and 8).109,121,155

Table 7 summarizes the CV studies performed on di-Ru
species. The electrochemical data confirm that 19 and 20
exhibit metal-metal interactions through their bridging
ligand, with ∆E values of 100 and 200 mV, respectively.
Similar complexes with smaller bridges, such as
Ru-(CH)6-Ru156 and Ru-(CH)8-Ru,157 have ∆E values
of 380 and 240 mV, respectively. As expected, the interac-
tions decrease as the bridge lengthens. However, complex
20 displays a stronger metal-metal interaction relative to
19. The reason behind this observation is unclear. Although
∆E is related to the thermodynamic stability of the mixed-
valence systems, it also depends on other factors such as
entropy, solvation, and through-space electrostatic interac-
tions.13,155

Recent studies have classified certain type of bridging
ligands as “non-innocent”. This is because of their contribu-
tion to the electronic interaction of the metal centers, which
is seen on their redox processes. Figure 13 shows the
structure of complexes 21 and 22, and Table 8 displays the
electrochemical, IR and UV-vis/NIR data for these com-
plexes that present non-innocent ligands.

For example, in the complex 21b, the redox processes are
dominated by the unsaturated organic ligand. As a conse-
quence of the centered-ligand oxidations, this system does
not display an ICT band in its mono-oxidized form. This
was also observed for the 1,4-isomer 21a. The para-
substituted complex 21a is more easily oxidized than the

Figure 10. (a) General reaction method of OMMI; (b) di-Ru complexes synthesized by OMMI.

Table 6. UV-vis Data for Mono- and di-Ru Complexesa

compound λmax (nm) εmax (M-1 cm-1) ref

(PCy)3RuCl2d(CH-CH)2dCH2 343 9600 150
15 438 17000 150
16 450 23000 150
17 very weak absorption 150
[(NH3)5Ru(pz)]2+ 472 13300 153
[(NH3)5Ru(pz)Ru(NH3)5]4+ 547 30000 153

a All samples recorded in CH2Cl2.

Figure 11. Structure of 18.

Figure 12. Structure of linear complexes 19 and 20.

Table 7. Electrochemical Studies of di-Ru Systemsa

complex E1 (V) E2 (V) ∆E (mV)

19b -0.01 +0.09 100
20c +0.30 +0.50 200
Ru-(CH)6-Rud -0.07 +0.31 380
Ru-(CH)8-Rue -0.06 +0.18 240

a All complexes present quasi-reversible redox events and all redox
potentials are relative to AgCl/Ag. b Data from ref 155. c Data from ref
121. d Data from ref 156. e Data from ref 157.
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meta-isomer 21b. This is the result of the more effective
conjugation through the bridge in the para-isomer. The
oxidation of 21a to 21a+ induces a small shift of the CO
absorption band in the IR studies. In contrast, the oxidation
of 21b to 21b+ generates a two-band pattern. These observa-
tions suggest charge delocalization for 21a+ but partial charge
localization on one styrylruthenium fragment for 21b+. This
means that the latter presents inequivalent metal centers on
the time scale of the IR experiment. The UV-vis/NIR data
display transitions that closely resemble to those of partially
oxidized or reduced pure organic ligand fragments, which
is the result of the non-innocent nature of the bridging
ligand.158 Calculations have suggested that the occupied
frontier orbitals correspond to antibonding interactions
between the higher lying, nearly degenerate π-levels of the
bridge and lower lying metal dπ orbitals. Therefore, changes
on the metal moiety could lead to a more balanced electron
distribution (decreasing the gap between the metal and the
ligand orbitals) that will allow the study of the complexes
by vibrational and electronic spectroscopy if the oxidized
forms are stable. If the ruthenium moiety in complexes 21a
and b is changed to {(PiPr3)2(CO)ClRu}, the gap is decreased
and the oxidized forms 22a+ and b+ present a greater metal
character. Also, the partially and fully oxidized forms are
stabilized by the ligand to a certain extent that they can be
studied by electrochemistry and electronic spectroscopy.

Complexes 22a and b display more cathodic potentials and
greater ∆E values than their PPh3 analogues 22a-PPh3 and 22b-
PPh3. The IR data for 22a and b display a shift for the CO
band upon the two oxidations with an overall value of
approximately 70 cm-1. This is larger if compared to the overall
shift found for 21a and b (45 cm-1). This shows the higher
contribution from the Ru centers to the redox orbitals of 22a
and b. However, these shifts could also be caused by the

absence of the pyridine fragment which can serve to buffer the
loss of electron density at the metal. The electronic spectra show
new absorptions for the oxidized forms 22a+ and 22b+ which
correspond to π-π* transitions and closely resemble the
absorption obtained for the purely organic congeners. This
means that the oxidation involves the bridging ligand.158–160

Figure 14 represents a bis(ferrocenyl) complex (23) that
Liu et al.161 have synthesized and characterized by X-ray
diffraction. The system has a potential application in photo-
switching devices because it displays photochromic proper-
ties.162 However, metal-metal interactions, photochromism
properties, and their effect on each other have not yet been
reported for 23.

Figure 15 displays two diruthenium complexes, [(tpy)Ru-
(PCP-PCP)Ru(tpy)]Cl2 (24a) and [(tpy)Ru(NCN-NCN)-
Ru(tpy)]2[PF6]2 (24b) (tpy ) 2,2′:6′,2′′ -terpyridine). These
have been synthesized and studied by van Koten et al.163

Compounds 24a and b are stable in air, moisture, and high
temperatures, which may encourage the further development
of these types of complexes.163

Table 9 shows selected electrochemical and UV-vis/NIR
spectral data for the systems 24a and b. Mixed-valence
system 24a+ displays a broad absorption in the NIR region.
This band has been deconvoluted into three Gaussian-shaped
sub-bands. The observed ∆νj1/2(obs) values for each transition
are considerably lower than the calculated ∆νj1/2(calcd), pre-
dicted by Hush theory for class II systems. The authors have

Table 8. Electrochemical, IR, and UV-vis Data for di-Ru Complexesa

CV data IR data UV-vis data

complex E1 (V) E2 (V) ∆E (mV) νCtC (cm-1) λmax (εb) (nm)

21ac +0.02e +0.36e 1926, 1727 257 (42), 300 (30), 350 (35), 410 (11)
21a+ c 1939, 1729 341 (20), 585 (25), 1235 (30)
21a2+ c 1972, 1740 335 (22), 685 (20)
21bc +0.24e +0.56e 1926, 1711 275 (40), 290 (39), 410 (6.4)
21b+ c 1963, 1941, 1714 410 (6.2), 586 (0.8), 1230 (1.3)
21b2+ c 1972, 1718 405 (6.8), 542 (1), 1900 (1.4)
22ad -0.08 +0.18 260 1910, 1573, 1561 353 (10.3), 405 (2.6), 503 (1.3)
22a+ d 1942, 1932, 1915, 1519, 1503, 1481 346, (5.8), 585 (4.2), 1255 (4.1)
22a2+ d 1991 266 (9), 430 (3.2), 624 (5.3)
22bd +0.19 +0.46 270 1910, 1577, 1554 308 (16.6), 377 (4.7), 513 (0.8)
22b+ d 1971, 1915, 1524 308 (15.3), 386 (3.5), 531 (1.8)
22b2+ d 1983 1265 (1.8), 2330 (0.5)
22a-PPh3

d +0.18
22b-PPh3

d +0.31 +0.49 180

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Units of 103 M-1 cm-1. c Data from ref 158. d Data from ref 159. e Cathodic peak.

Figure 13. Structure of complexes 21 and 22 (a and b for both).

Figure 14. Two ferrocene units linked by a sp2-bridge.

Figure 15. Di-Ru complexes 24a and b.
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classified 24a+ as a borderline class II/class III system
because of the fairly low intensity of the bands, with their
maxima being virtually independent of the solvent. The
characteristic properties of phosphine groups (poor σ-donor
and π-acceptor) attenuate the delocalization of the unpaired
electron in the mixed-valence complex 24a+.

Mixed-valence system 24b+ presents an intense asym-
metric band originating from two closely spaced electronic
transitions (λmax ) 1875 nm with a shoulder at 1650 nm).
The main absorption band at λmax ) 1875 nm is fairly narrow,
highly intense and display negligible solvatochromism.
Therefore, the authors have suggested that 24b+ is an
intrinsically delocalized class III complex. Also, they have
assigned the NIR bands to charge-transfer resonances bands
rather than ICT transitions.

Figure 16 shows a series of conjugated di-allyls complexes
of diruthenium presenting different bridging ligands (25a-d),
synthesized by Liu et al.164 Table 10 summarizes UV-vis
and CV data for these complexes. They present long-
wavelength transitions of strong intensity, corresponding to
MLCT bands. The energy absorption decreases in the order
25b > 25d > 25a > 25c. They also display additional very
strong (ε > 44000 M-1 cm-1) high-energy bands at around
240 nm which probably correspond to intraligand transitions.
Electrochemical studies suggest that 25a displays a moderate
electronic interaction between the metal centers, implying it
might correspond to a class II mixed-valence complex.
Complex 25c presents a longer bridging ligand, which is
responsible for the weaker metal-metal interaction relative
to 25a. Complexes 25b and d display irreversible processes
and the absence or nearly negligible interaction of the metal
centers through the ligand.

Figure 17 displays a series of dicobalt complexes of
tetramethyleneethane (TME) that have been recently syn-
thesized.165 The ligand is capable to adjust its binding
capability according to the oxidation state of the metal center

and the ancillary ligands. X-ray diffraction studies demon-
strate that the family of complexes 26 presents CoI centers
and a η3:η3-configuration, whereas 27 has CoII centers and
a η4:η4-configuration. All these systems present metal-metal
interactions through the delocalized bridging ligand.

For the family of complexes 26, the electronic com-
munication within the metal centers can be studied relative
to the electron-donating properties of the L group. CV studies
display two quasi-reversible processes when L ) PMe3, PEt3,
and PnBu3. However, when R ) PPh3 or P(OPh)3, one quasi-
reversible and an irreversible oxidation are observed. The
degree of metal-metal interactions for these systems follows
the trend PEt3 > PnBu3 > CO > PMe3 > PPh3 ≈ P(OPh)3.
Complex 27 also displays a quasi-reversible and an irrevers-
ible oxidation processes. Table 11 illustrates the CV data
for the family of complexes of TME (26a-f and 27).

3.3. Carbon-Based sp/sp2-Bridged Systems
This section contains examples of systems containing

mixed bridging ligands with either ethynyl and ethenyl
carbon chains or ethynyl and an aromatic ring carbon chains.

A series of diruthenium and di-iron complexes with sp/
sp2 carbon chains as linkers have been synthesized (28-
31).62,166 Several studies on the family of complexes 28

Table 10. Electrochemical and UV-vis Spectral Data for Complexes 25a-da

CV data UV-vis data

complex E1 (V) E2 (V) ∆E (mV) λmax (nm) εmax (M-1 cm-1) λmax (nm) εmax (M-1 cm-1)

25ab +0.26 +0.43 170 239 44300 396 21700
25bb +0.33 240 61700 380 36500
25cb +0.31 +0.42 110 240 52000 406 45300
25db +0.30 240 58100 389 45500

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from ref 164.

Table 9. Electrochemical and UV-vis/NIR Spectral Data for Complexes 24a+ and b+ a

CV data UV-vis/NIR data

complex E1 (V) E2 (V) ∆E (mV) λmax (nm) εmax (M-1 cm-1) νjmax (cm-1) ∆νj1/2(obs) (cm-1) ∆νj1/2(calcd) (cm-1) Γ

24a+ b -0.04 +0.13 170 1290 555 7751 2424 4231 0.43
1609 1984 6215 1879 3789 0.50
2066 3982 4840 1267 3343 0.62

24b+ b -0.25 -0.07 180 1875 33000 5333 1616 3509 0.70

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. Compound 24a+ displays three bands in the UV-vis/NIR spectrum. b Data from ref 163.

Figure 16. Di-Ru complexes 25a-d. All the bridge phenyl
fragments present a 1,4-binding. Figure 17. Di-Co complexes of TME 26a-f and 27.

Table 11. Electrochemical Data for Complexes 26a-f and 27a

complex E1 (V) E2 (V) ∆E (mV)

26ab +0.25c +0.50c 250
26bb -0.07c +0.15c 220
26cb -0.27c +0.03c 300
26db -0.21c +0.07c 280
26eb -0.03c +0.39d

26fb -0.05c +0.36d

27b -0.93c -0.47d

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from
ref 232. c Quasi-reversible. d Irreversible oxidation.
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(Figure 18) have been executed to demonstrate the effect of
increasing the number of ethenyl fragments on the electronic
communication between the metal centers.

In the family of complexes 28, the π-acceptor ability of
the bridging ligand is enhanced as the number of ethenyl
segments is increased, reducing the π-electron density of the
Ru centers. Table 12 represents electrochemical and UV-vis/
NIR data for the family of complexes 28. The CV data
demonstrate that the communication of the metals reduces
dramatically with increasing number of ethenyl fragments
with ∆E values of 610 mV for 28a, 260 mV for 28b, 165
mV for 28c, and less than 70 mV for 28d. It is similarly
more difficult to achieve the first oxidation events and
UV-vis spectroscopy studies show a large shift of the MLCT
bands to higher energies (380-630 nm, dπ(Ru) f π*(ancil-
lary ligand)). The π-electron-accepting ability in the bridging
ligand is enhanced when the ethenyl bridge increases, which
would reduce the π-electron density of the RuII centers and
lower the energy of the dπ(Ru) orbital. Therefore raising the
energy gap between dπ(Ru) and π* orbitals (ancillary ligand),
which induces a blue shift of the MLCT band. Mixed-valence
systems of the family 28+ present strong ICT bands in the
UV-vis/NIR spectrum, which the authors have attributed
to the electronic transitions from the RuII to RuIII centers.
These redox and absorption spectral features, such as a large
Kc, high intensity of the ICT band, narrow half-width (∆νj1/2)
and solvent independency of the ICT band, suggest that
complex 28a+ corresponds to a class III system. However,
in this case, the ICT band corresponds to the transition from
one delocalized state to another and not from RuII to RuIII

centers. Complex 28b+ exhibit broader and weaker ICT

bands compared to 28a+ and a lower Kc value, implying it
is a borderline class II/class III system. A much weaker and
broader ICT band and a lower Kc value for 28c+ compared
to the other two, corresponds to a class II species.

Analyses on the family of complexes 29-31 (Figure 19)
have been performed to show the effect on the electronic
delocalization when adding substituents to the ethenyl
fragment.166,167 Table 13 summarizes the electrochemical and
UV-vis/NIR data for the family of complexes 29-31.

The series of complexes 29-31 present two reversible one-
electron redox waves and very large Kc values (108-109),
except for 31 (104). Indeed, its bridge is longer and possesses
more ethenyl fragments. As mentioned earlier, Kc is expected
to diminish exponentially as a function of the distance
between the metal centers. The series of complexes 29-31
are suggested to correspond to class III systems not only by
their electrochemical behavior (large Kc constants) but also
by their intense absorptions in the UV-vis/NIR attributed
to ICT bands. Their ∆νj1/2(obs) values are also narrower than
the critical bandwidth ∆νj1/2(calcd). The study by Akita et al.166

showed that the substituents R have a considerable effect
on the delocalization on the systems of the type 30, and
follows the order C6H5 (Ph) > CtC-H, CtC-SiMe3 > H.
The Ph group leads to an enhanced delocalization of the odd
electron over the π-system compared to the other substitu-
ents. When CF3 groups are introduced to the Ph group (30c),
their electron-withdrawing properties shift the redox poten-
tials to more positive values. However, this system still
presents very high Kc values, meaning that the radical species
are not destabilized with respect to disproportionation by the
CF3 groups.

Figure 18. Di-Ru complexes bridged by sp/sp2-carbon chains in the family of complexes 28a-d and the formation of their mixed-valence
analogues 28+a-c.

Table 12. Electrochemical and UV-vis/NIR Data for Complexes of the Type 28a

CV data MV UV-vis/NIR datac

complex 28b E1 (V) E2 (V) ∆E (mV) Kc 28+ λmax (nm) εmax (M-1 cm-1) νjmax (cm-1) Γ

a -0.28 +0.33 610 2.50 × 1010 a 1005 38810 9950 0.5
b -0.21 +0.06 270 2.48 × 104 b 1069 14310 9354 0.4
c -0.18 -0.02 200 6.15 × 102 c 1171 6850 8540 0.1
d -0.09 <70

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from ref 62. c Correspond to the ICT bands, and data for the MLCT bands is not
given.

Figure 19. Series of di-Fe complexes 29-31.
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Akita et al.168 have recently published another study
regarding complexes of the type [Fe]-CtC-p-C6H2X2-
CtC-[Fe] (32a-f), where X ) NMe2, OMe, CH3, H, F,
CF3 and [Fe] ) FeCp*(dppe) (Figure 20). Similar to their
previous studies, they have determined the effect of the
substituents on the phenyl rings relative to the metal-metal
interactions, finding that electron-donating substituents en-
hance the electronic delocalization through the bridge as seen
by the electrochemical studies. Electron-donating substituents
should increase the electron density at the metal centers in
the neutral species, making the oxidation easier. The mono-
cation species could be stabilized by the electron-donating
groups, which should cause an anodic shift of the second
oxidation process. This results in an increase of ∆E values.
UV-vis/NIR studies show that ∆νj1/2(obs) values are signifi-
cantly smaller than the ∆νj1/2(calc) values, suggesting that all
these systems belong to class III. Table 14 displays electro-
chemical and UV-vis/NIR data for the family of complexes
32a-f.

Figure 21 shows a series of diruthenium complexes with
C7, C9, and C2C6H4C2 sp/sp2-bridges that have been synthe-
sized by Rigaut et al. (33a-d) and Low et al. (34a and b).169

The authors have claimed that EPR, UV-vis/NIR, DFT, and
CV studies on C7 systems (33a-c) establish that in the
reduced state (neutral species), the single electron is delo-
calized over the carbon chain with very small metal
contribution. However in the oxidized form (dication), the
odd electron is fully delocalized over the chain and the metal
centers, over a distance of almost 12 Å, corresponding to
class III systems.

Table 15 summarizes the electrochemical and UV-vis
studies for the family of complexes 33. The C9 system 33d
presents red-shifted absorption bands in the UV-vis spec-

trum relative to the analogue 33a. They are consistent with
a longer conjugation pathway. Electrochemical studies show
a smaller ∆E value than 33a-c. The UV-vis and CV data
agree with a weaker interaction of the metals on 33d because
of its longer bridging ligand relative to that of 33a-c.

Another example of complexes presenting non-innocent
ligands are 1,3-{trans-Cl-(dppe)2RuCtC}2C6H4 (34a) and
1,3-{Cp*(dppe)RuCtC}2C6H4 (34b) (Figure 21). Table 16
displays IR, electrochemical, and UV-vis data for complexes
34a and b and their monometallic analogues. IR data on the
mono-oxidized systems 34a+ and b+ show two bands, which
approximate to a superposition of the ν(CtC) bands for the
monometallic complexes trans-RuCl(CtCPh)(dppe)2 and its
monocation and Ru(CtCPh)(dppe)Cp* and its monocation,
respectively, which are also non-innocent systems. The
electrochemical data suggest the thermodynamic stability of
34a+ and b+ by means of the ∆E and Kc values obtained.

Table 14. Electrochemical and UV-vis/NIR Data for Complexes 32a-fa

CV data UV-vis/NIR data

complex E1 (V) E2 (V) ∆E (mV) νjmax (cm-1) Hab
d (eV) ∆νj1/2(obs) (cm-1) ∆νj1/2(calcd) (cm-1)

32ab -0.90 -0.57 330 4554 (21.8c) 0.282 1022 3243
32bb -0.84 -0.53 310 4570 (21.6c) 0.283 1310 3249
32cb -0.80 -0.52 280 4100 (17.5c) 0.254 1750 3077
32db -0.76 -0.50 260 5100 (8.7c) 0.316 1350 3432
32eb -0.71 -0.42 290 4150 (15.5c) 0.257 1250 3096
32fb -0.67 -0.38 290 4080 (13.8c) 0.253 1620 3070

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from ref 168. c ε, in 103 M-1 cm-1. d Calculated with expression Hab ) νjmax/2.

Table 13. Electrochemical and UV-vis/NIR Data for Complexes 29-31a

CV data UV-vis/NIR data for monocation

E1 (V) E2 (V) ∆E (mV) Kc νjmax (cm-1) εmax (M-1 cm-1) ∆νj1/2(obs) (cm-1) ∆νj1/2(calcd) (cm-1)

29b -0.99 -0.51 480 1.2 × 108 6305 16000 2488 3961
30ab -1.02 -0.53 490 2.1 × 108

30bb -1.09 -0.56 530 1.4 × 109 6427 22000 1905 3853
30cb -0.97 -0.42 550 3.0 × 109 6266 19000 1769 3805
30db -0.91 -0.41 500 2.7 × 108 5695 2270 2675 3627
30eb -0.93 -0.41 520 6.8 × 108 5910 13200 2249 3695
31b -0.87 -0.60 270 4.7 × 104 5181 5650 2664 3459

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from ref 166.

Figure 20. Series of di-Fe complexes 32.

Figure 21. Structure for di-Ru complexes with C7 and C9 sp/sp2-
bridge carbon chains (33a-d and 34a-b).

Table 15. Electrochemical and UV-vis Data for Complexes
33a-da

CV data UV-vis data

complex E1 (V) E2 (V) ∆E (mV) λmax (εmax
b) (nm)

33ac +0.31 +0.99 680 455 (4.0); 710 (12.8)
33bc +0.32 +0.97 650 494 (4.7); 746 (98.0)
33cc +0.23 +1.06 830 502 (7.6); 764 (10.9)
33dc +0.42 +0.96 540 526 (14.6); 744 (46)

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Units of 103

M-1 cm-1. c Data from ref 169.
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The UV-vis/NIR data for the monocations display weak
absorptions that can be deconvoluted into two Gaussian-
shaped bands. DFT studies have suggested that they cor-
respond to a charge-transfer band arising from the transition
from a metal acetylide donor to a metal phenylacetylide
acceptor and to a transition between dπ(Ru) orbitals and
π(CtC) orbitals. Therefore, the stabilization of the monocation
arises from the delocalization of the unpaired electrons between
one metal center, the acetylide fragment, and the aromatic ring.
This is contrary to what is usually expected in mixed-valence
systems, where the stabilization is given by the delocalization
of the charge between the two metal centers. In conclusion,
the electronic properties of complexes 34a and b are signifi-
cantly influenced by the oxidized ligand.170

Electronic communications through the bridge containing
ethenyl and ethynyl fragments in other di-Ru species 35a-f
and 36a-f have also been investigated.171,172 Table 17
presents CV studies for 35a-e and 36a, b, and d, which
demonstrate that the electronic communication decreases
when the number of ethenyl fragments increases in the
bridge. Chen et al.171 have studied complexes that presented
ethenyl bridges of the type 1,4-phenylene and 2,5-thienylene
(C4H2S) rings (35a-e). Figure 22 illustrates the structures
of complexes 35a-e.

Rigaut et al.15,172 and Field et al.173 have studied systems
that presented one Ph group as the ethenyl fragment and

different metal fragments (36a-f, Figure 23). Some of these
systems also present electronic interactions, as determined
by electrochemical studies. No electrochemical data has been
reported for 36c, e, and f.

Table 18 displays CV and UV-vis/NIR data for com-
plexes 37 and 38. This complexes display several ethenyl
and ethynyl fragments connecting two Ru(dppe)2Cl moieties
(Figure 24).174 Electrochemical studies show two one-electron
reversible oxidation steps followed by a third irreversible
oxidation (+0.84 V) for 37. Complex 38 only displays one
reversible oxidation wave which corresponds to a 1.9-electron
process. The authors have suggested that these waves should
be considered as two coinciding one-electron waves because
of noncoupling of the two individual redox processes at each
metal center. Another irreversible oxidation is also observed
at 0.80 V. UV-vis/NIR data show absorption bands for 37+.
The authors have claimed that the long-wavelength band
cannot be assigned to an ICT band since the observed
intensities are too high for such a weakly coupled system as
assumed from electrochemistry. However, the calculated and
observed bandwidths are in better agreement for a class II
system. Is important to remember that electrochemical studies
cannot be used on their own to classify a complex. No bands
were observed for 38+. This supports the results obtained

Figure 22. Structure of di-Ru complexes 35a-e.

Table 16. IR (νCtC), Electrochemical, and UV-vis Data for Mono- and di-Ru Complexesa

CV data UV-vis data

complex IR data (cm-1) E1 (V) E2 (V) ∆E (mV) νj (εc) (cm-1)

34ab 2063 +0.43 +0.62 190 31350 (43.5)
34a+ b 2049 (Kc ) 1600) 17300 (2.8), 12120 (7.8), 9100

1905 (1.2), 5800 (0.3), 3750 (0.9)
34a2+ b 1909 17000 (3.4), 11900 (9.4), 8800 (1.8)
34bb 2063 +0.18 +0.34 160 31500 (13)
34b+ b 2060 (Kc ) 500) 17800 (0.5), 14000 (1), 7750 (0.1),

1934 4800 (0.1)
34b2+ b 1938 17400 (1.3), 13500 (2.3), 7500 (0.3), 4300 (0.1)
trans-RuCl(CtCPh)(dppe)2

b 2075 +0.47 +1.31d 38450 (50), 31350 (23)
[trans-RuCl(CtCPh)(dppe)2]+ b 1910 16900 (1), 12040 (10), 9080 (0.5)
Ru(CtCPh)(dppe)Cp* b 2072 +0.25 +1.09d 29500 (95)
[Ru(C≡CPh)(dppe)Cp*]+ b 1929 21100 (4.3), 11200 (5.1), 8100 (0.6)

a All redox potentials are relative to [Cp*2Fe]+/Cp*2Fe. b Data from ref 170. c Units in 103 M-1 cm-1. d Irreversible (anodic peak).

Table 17. Electrochemical Data for the Family of Complexes
35a-e, 36a, b, and da

complex E1 (V) E2 (V) ∆E (mV)

35ab -0.18 +0.07 250
35bb -0.06 +0.07 130
35cb -0.07 +0.00 70
35db +0.03 +0.25 220
35eb +0.15 +0.24 90
36ac -0.20 +0.11 310 (Kc ) 1.5 × 105)
36bc -0.24 +0.06 300 (Kc ) 1.5 × 105)
36dd -0.51 -0.22 280 (Kc ) 5.4 × 104)

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from
ref 171. c Data from ref 172. d Data from ref 173.

Figure 23. Structure of di-Ru complexes 36a-f.
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from the CV studies. There is no apparent connection
between both ruthenium centers and they are both oxidized
independently at the same potential.

Figure 25 illustrates complexes 39a-f that have been
synthesized and studied by several authors.175–182 Studies on
metal-metal interactions for complex 39f have not been
reported.

The electrochemical studies of these electron-rich systems
reveal two one-electron redox processes for 39a and b with
∆E values of 290 and 220 mV, respectively. This is
indicative of electronic communications between metal
centers through the bridge. Complex 39c displays only one
reversible process. The introduction of the biphenyldiyl
fragment c severely reduces the communication of the metals
and the mixed-valence species 39c+ is not stable. Complexes
39d and e show two chemically reversible oxidation waves
separated by 280 and 360 mV (Kc ) 1.3 × 106), respectively.

The authors have claimed that IR, UV-vis/NIR, and DFT
studies indicate that the cation 39a+, d+, and e+ correspond
to a class III system (Table 19).Complex 39b+ has also been
assigned to class III, according to electrochemical studies.
This could be arguable considering that electrochemical
studies only give an insight of the interactions between the
two metal centers but does not allow classification of the
system according to Robin and Day classification. Also, DFT
studies are not a reliable tool to properly assign a system to
a specific class. The Cp* analogues have been previously
synthesized by Lapinte and Paul.13,176,180 Their mixed-valence
species present higher thermodynamic stability of the cor-
responding monocation intermediate with respect to dispro-
portionation than the family of complexes 39a-c. This is
probably the result of the enhanced electron-donating effect
of the Cp* relative to Cp, which stabilize the positive charge
on the metal groups.

Sita et al.183 have recently reported a study on diferrocene
frameworks (40 and 41), having end-to-end distances of ∼4
nm (Figure 26). Table 20 summarizes the CV studies for
the family of complexes 40 and 41. The complex 40a exhibits
a single redox feature, presumably because of the unresolved
redox process of both ferrocene centers, indicating a very
poor or nonexistent interaction of the metal centers through
the bridge. Also, the electron-withdrawing character of the
substituents shifts, not very significantly, the redox couple
to higher redox potentials compared to the unsubstituted-
40a analogue (R1 ) R2 ) H, +0.84 V). When a positive
charge is placed on the system (41a), two processes are now
observed at +1.04 and +1.23 V with a ∆E value of 190
mV. Complex 40b shows two resolved redox waves because
of its asymmetry at +0.86 and +0.99 V (∆E ) 130 mV).
However, when a positive charge is introduced to the system
(41b), the separation of the two redox processes is 310 mV
(+0.95 and +1.26 V). Therefore, the electronic communica-
tion of the substituted-ferrocene fragments is influenced by
the pyridinium cation and also by the electron-withdrawing
nature of the substituents.

However, it might be important to note that both 41a and
b are, in fact, fundamentally unsymmetrical because of the
different bonding of the pyridine fragment with respect of
the ferrocene fragments, such as 40a and b. So in both cases,
∆E reflects the inherent inequivalence of the two Fe centers
as well as any interactions. Indeed, the inequivalence is
expected to be more significant in 41a and b because the
ferrocene on the left-hand side is in direct (ortho) conjugation
with a good π-acceptor group (the pyridinium cation),

Figure 25. Di-Fe complexes 39a-f.

Table 18. Electrochemical and UV-vis/NIR Data for the Complexes 37 and 38a

CV data UV-vis/NIR data for MV species

complex E1 (V) E2 (V) ∆E (mV) Kc νjmax (cm-1) (ε)c ∆νj1/2(obs) (cm-1) ∆νj1/2(calcd) (cm-1)

37b +0.04 -0.03 70 10.8 5882 (230) 3860 3686
38b +0.01

a All redox potentials are relative to [CptFe]+/Cp2Fe. b Data from ref 174. c In M-1 cm-1.

Figure 24. Structure of di-Ru complexes 37 and 38.

Table 19. IR (νCtC) and UV-vis/NIR Data for the Family of
Complexes 39a

UV-vis/NIR (cm-1)

complex IR (cm-1) ∆νj1/2(obs) ∆νj1/2(calcd)

39ab 2031
39a+ b 1981 1000d 3630
39a2+ b 1929
39dc 2053
39d+ c 1969, 1925 1430e 3770
39d2+ c 1972, 1952
39e+ d 1660f 3170

a IR data measured in CH2Cl2. b Data from ref 175. c Data from ref
182. d Data from ref 177. e In CH3CN. f In CH2Cl2.
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whereas the ferrocene on the right-hand side is only meta-
conjugated with the pyridinium cation.

4. Systems with Aromatic Rings as Bridges

4.1. Fulvalene and Fulvalene-like Bridged
Systems

Fulvalene consists of two Cp units attached by a double
bond and is highly unstable with respect to dimerization and
polymerization. Figure 27 represents the different type of
fulvalene ligands. It can be doubly reduced to form the
fulvalene dianion, also known as bicyclopentadienyl (I) or
fulvalendiyl (Fv). The fulvalene bridge can also contain
substituted cyclopentadienes (substituted fulvalene), leading
to asymmetric ligands, such as Cp-indenyl (II). They have
been extensively used as ligands to form bimetallic com-
plexes and possess a notable efficiency in promoting interac-
tions between the metal centers.22 Fulvalene-like bridges
correspond to species that present two aromatic rings linked
directly such as two phenyl rings (III). These types of
systems, including both homo- and heterobimetallic com-
plexes, have been extensively reviewed by different authors
until 2004.20,22,184–186

Bimetallic Fv complexes exhibit very particular properties
relative to their monometallic analogues as the π-system of
the Fv fragment enhances the electronic interactions of the
metal centers through the ligand. This occurs regardless of
the geometry of the metal centers (cisoid or transoid) with
respect to the Fv ligand and of the existence of metal-metal
bonds. Complexes with Fv ligands are generally resistant to
fragmentation and maintain the two metal centers in close
proximity.187 Figure 27 also represents the cisoid and transoid
geometries observed in bimetallic Fv complexes.

Many of the compounds that have been reported and
studied using fulvalene, substituted fulvalene and fulvalene-
like bridges as ligands are heterobimetallic. [η6-(2-Ferroce-
nyl)indene]-Cr(CO)3, [η6-(3-ferrocenyl)indene]-Cr(CO)3,
[η5-(1-ferrocenyl)indenyl]-RhL2 (L ) COD), and [η5-(2-
ferrocenyl)indenyl]-RhL2 (L ) CO) have been classified as
class II systems,5 while [η5-(2-ferrocenyl)indenyl]-RhL2 (L
) COD, nbd) have been ascribed to borderline class II/class
III systems (where COD ) 1,5-cyclooctadiene and nbd )
norbornadiene).25 The quasi-symmetric and almost planar η5-
(2-ferrocenyl)indenyl bridging ligand and the Rh coordinated
olefins COD and nbd, both contribute to ensure a more
efficient electron-transfer from Rh to Fe centers.

[Cp*Ti(µ-Cl)]2[η5:η5-Fv]188 and [P(CH2NPh)3Zr]2[η5:η5-
Fv]189 are homobimetallic complexes using Fv. Both species
have been characterized by NMR spectroscopy and X-ray
diffraction. Further studies have not been reported. [η5-(2-
ferrocenyl)indenyl]FeCp, previously synthesized in 1999,190

have been recently further studied by Santi and Ceccon.191

Electrochemical data (∆E ) 370 mV and Kc ) 2.3 × 106)
and UV-vis/NIR data (νjmax ) 6010 cm-1, ∆νj1/2(calcd) ) 3560
cm-1, ∆νj1/2(obs) ) 3020, and Γ ) 0.4) have suggested that
this complex correspond to a class II system.

Figure 27. (a) Fv ligands and (b) cisoid and transoid geometry with or without a metal-metal bond.

Figure 26. Structure of complexes 40 and 41 (a and b for both).

Table 20. Electrochemical Data for the Family of Complexes 40
and 41a

complex E1 (V) E2 (V) ∆E (mV)

40ab +0.94 0
40bb +0.86 +0.99 130
41ab +1.04 +1.23 190
41bb +0.95 +1.26 310

a All redox potentials are relative to [Cp*2Fe]+/Cp*2Fe. b Data from
ref 183.

4856 Chemical Reviews, 2010, Vol. 110, No. 8 Aguirre-Etcheverry and O’Hare



Geiger et al.192 have performed electrochemical studies on
(Fv)dirhodium systems, where they manipulated the condi-
tions to favor either one- or two-electron oxidation processes.
As mentioned in the theoretical aspects (section 2), if two
one-electron processes are observed, the ∆E value corre-
sponds to the difference E2 - E1. For most complexes, ∆E
has a positive value, therefore the mixed-valence complex
is thermodynamically stable. In limited cases, ∆E presents
a negative value, where the normal ordering of E1 and E2 is
“inversed”. A single two-electron wave can then be observed
and the mixed-valence system exists only in low equilibrium
concentrations. A number of factors are known to affect ∆E
values, such as the solvent and electrolyte.192 Geiger et al.193

have synthesized FvRh2(CO)4 (42a) and FvRh2(CO)2(µ-
dppm) (43a, where dppm ) bis-diphenylphosphinomethane))
in 1996. These systems exhibit single two-electron oxidations
using [NBu4]+[PF6]- as an electrolyte. In both complexes,
the mixed-valence species are not detected. If CV is
performed in less ion-pairing media (weakly coordinating
anions), such as [B(C6H5)4]-, positive values of ∆E are
observed (125 mV for 42a-c and 90 mV for 43a-c) and
the mixed-valence species could be synthesized in the time
scale of the CV studies. They have been characterized by in
situ IR spectroscopy. The analyses of the shifts of the νCO

bands in the neutral and cationic species indicate the
existence of an electronic coupling between the metal centers,
which also supports the formation of metal-metal bonds in
both mixed-valence systems.

Figure 28 represents the expected structure of the mixed-
valence complexes 42b and 43b. Table 21 displays IR
carbonyl stretchings for 42a-c, 42b′, and 43a-c. Complex
42b′ is most likely formed by the loss of CO of 42b.192 To
summarize, both electrochemical and IR studies support the
existence of metal-metal interactions in both di-Rh complexes.

To stabilize the fulvalene fragment, substituents can be
added to sterically protect it from dimerization. For example,
2,2′,3,3′-tetra-tert-butylfulvalene has been used to synthesize
some complexes 44-47.194 These highly stable systems have
been studied by NMR, IR, and X-ray diffraction. Irradiation
of 44-46 yields the isomers 48 and 49, from 45 and 46,
respectively. Complex 44 is inert under the investigated
conditions. Complex 45 can be quantitatively retrieved when
heating 48 at 75 °C for 5 h, whereas 49 is completely stable
under these conditions. Figure 29 shows complexes 44-47
and the synthesis of 48 and 49 from 45 and 46, respectively.
Studies on metal-metal interactions have not been carried
out.

The fulvalene-like bridged ligand Cp-CR2-indene has been
used to synthesize a family of complexes containing two Ru
centers (Figure 30, 50a-g).195 They have been characterized
by NMR spectroscopy and X-ray diffraction but metal-metal
interactions studies have not yet been achieved. This example
has been included, even though the bridge is not conjugated,
to give an insight of recently synthesized fulvalene-like
bridged complexes.

Figure 30 shows the mixed-valence complex [Cp*Ru(µ-
η6:η2-ptpy)RuCp*Cl2]2[Hg2Cl6] (51, Hptpy ) 2-(4-tolyl)-
pyridine), which contains a Cp*RuII and a [Cp*Cl2RuIV-
(ptpy)]+ fragment. It has been characterized by NMR
spectroscopy and X-ray diffraction.196 The RuII moiety has
a sandwich structure, whereas the RuIV possesses a four-
legged piano-stool. The fulvalene-like bridged ligand is not
coplanar. The Cp*(Ct)-RuIV distance is longer than the
Cp*(Ct)-RuII (1.912 and 1.717 Å, respectively), which could
mean that the system is valence trapped in the time scale of
the experiment (Ct ) centroid). However, it is important to
consider the different environment of both Ru centers and
the high asymmetry of the molecule.

4.2. Fused Delocalized Polycyclic Bridged
Systems

Metal-metal interactions can be significant when metal
centers are connected through a common π-system, such as
conjugated, fused-ring polycyclic hydrocarbon bridges. They
form a rigid molecular backbone structure, which allows and
controls electronic delocalization. Homobimetallic complexes
are more commonly synthesized. Incorporating different
metal centers into the system is difficult, as the ligands used
in most reactions are in their dianionic forms.

In this section, complexes with fused polycyclic bridges,
such as indenyl anion (Ind, 52), pentalene-diide (Pn, 53),
permethylpentalene-diide (Pn*, 54), naphthalene-diide (55),
s-indacene-diide (56), as-indacene-diide (57), and permeth-
ylfluorene (Flu*H, 58) are presented, emphasizing their
delocalization and intramolecular metal-to-metal communi-
cation properties. Figure 31 illustrates the fused delocalized
polycyclic ligands. They are most commonly reacted as

Figure 28. Summary of oxidation processes for 42a and 43a
proposed by Geiger et al.192

Table 21. IR Frequencies for Complexes 42a-c, 42b′ and
43a-ca

complex IR (cm-1) νCO

42ab 1978 2038
42bb 2070 2105
42bb 1881 2073
42cb 2123 2153
43ab 1942
43bb 1992 2024
43cb 2054 2082

a IR data measured in CH2Cl2. b Data from ref 192.

Figure 29. Structures of complexes 44-47 and photogeneration
of 48 and 49.
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anionic salts, although Flu*H has only been used in its neutral
form to yield bimetallic complexes.

4.2.1. Indene, Pentalene, Permethylpentalene, and
Naphthalene

Indenyl (Ind) bridged systems have received a great deal
of attention due to the diverse and flexible hapticities the
Ind fragment can adopt. Examples are anti-µ-η3:η6-Ind,197

syn-µ-η5:η5-Ind198 and µ3-η5:η2:η2-Ind199 coordination modes
(Figure 32). Ind is an aromatic ten π-electron system. Only
a few examples of bridged bis(Ind) dinuclear metal com-
plexes have been reported,200–204 mainly because of the poor
reactivity of the Ind ligands.205

Figure 33a displays the structure of the slipped µ-Ind
triple-decker complexes of dicobalt (59) and diruthenium
(60a-c).206,207 The di-Ru systems present interesting redox
behaviors. Each of the complexes (60a-c) undergoes an
irreversible oxidation and a quasi-reversible reduction. Ku-
dinov et al.206,207 have suggested that each event is a two-
electron process and that oxidation and reduction occur at
the η5:η5- and η5:η6-centers, respectively. However, the two
metal centers are in different chemical environments in each
complex, which could affect electrochemical behavior of the
Ru centers. It has been determined that the two-electron
reduction occurred at the metal center coordinated to the six-
membered ring as it has a more positive charge. Conse-
quently, the Ru atom coordinated to the five-membered ring
experienced a two-electron oxidation. The oxidized metal
(RuIV) could be stabilized by the coordination of a solvent
molecule (Solv), as it has been observed for mononuclear
Ind complexes.208 This is supported by comparing the
electrochemical behavior of ruthenocene (oxidation at +0.80
V relative to SCE)209 and [CpRu(C6H6)]+ (reduction at -2.02
V relative to SCE) (Figure 33 (b)).210 The di-Co compound
59 presents a complicated redox behavior with one irrevers-
ible oxidation (-0.09 V), assigned to a decomposition
product and a quasi-reversible process at a higher potential
(+0.22 V). The latter process is more likely to be because
of the solvated MeCN complex [Cb*Co(µ-η5:η4-Ind)Co-
(MeCN)Cb*]+ (where Cb* ) 1,2,3,4-tetramethylcyclobuta-
diene).206 These studies suggest that in all these complexes,
the metals do not display a significant electronic communica-
tion through the Ind bridge.

Wang et al.205 have studied the synthesis and structures
of silyl bridged bis(Ind) diruthenium complexes. The general
reaction path to incorporate Ru3(CO)12 into an indene bridge
is to heat the indene ligand and Ru3(CO)12 in a refluxing
high boiling point alkane, such as heptane. When the same

Figure 30. Structures of complexes 50a-g and 51.

Figure 31. Fused polycyclic bridges utilized as ligands 52-58.

Figure 32. Examples of diverse coordination modes that the Ind
fragment can adopt.

Figure 33. (a) Di-Co (59) and di-Ru (60a-c) Ind complexes and (b) redox behavior of complexes 60a-c.206,207 All redox potentials are
relative to SCE.
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procedure with the silyl-bridged bis(indene) ligand was used,
only the desilylation product [η5-IndRu(CO)(µ-CO)]2 is
formed (61). However, the replacement of the alkane solvent
by xylene yields the expected silylated di-Ru complex (62a
and b) as main products. Complex 62a can be converted to
63 upon heating (∼140 °C) where a thermal rearrangement
occurs. Figure 34 shows the synthesis of complexes 61-63.

If the same reaction is pursued using a nonbridged
substituted indene as a ligand, a complex analogous to 61 is
formed.211 All these complexes have been characterized and
studied by NMR and IR spectroscopy, and their structures
have been confirmed by X-ray diffraction. However, studies
on their electronic properties have not been reported.

The pentalene dianion (Pn, C8H6
2-) is a ten π-electron

aromatic system that can be regarded as two Cp rings sharing
an edge; salts of the dianion are stable in inert atmosphere.
The neutral unsubstituted form C8H6 is thermally unstable
and dimerizes at low temperatures (-196 °C). 1,5-Dihydro-
pentalene (PnH2) is found to be thermally unstable at room
temperature, but may be stored under an inert atmosphere
at -20 °C, with traces amount of hydroquinone, without
degradation.212 Summerscales and Cloke213 have extensively
reviewed the organometallic chemistry of Pn and its proper-
ties. The degree of electronic delocalization in the mixed-
valence forms of these systems is one of the largest known
for fused polycyclic-bridged organometallic complexes.214

anti-[(CO)3Mn]2(µ-η5:η5-Pn) displays a ∆E value of 410 mV
meaning that both Mn(CO)3 fragments are not behaving like
two separate units. Its mono-anion, formally a MnI/Mn0

mixed-valence complex, has been ascribed as at least a
borderline class II/class III or a class III system due to the
hyperfine coupling of the two equivalent Mn55 (I ) 5/2)
centers in the EPR (X-band) spectrum. Also, in the UV-vis/
NIR, the bandwidth at half height observed (∆νj1/2(obs) ) 2810
cm-1) is narrower than the bandwidth at half height
calculated (∆νj1/2(calcd) ) 5440 cm-1) and the energy of this
transition is independent of the polarity of the solvent.82 The
family of complexes [(Cp*M)2Pn]n+ (M ) Fe, Co, Ni; n )
0, 1, 2) displays delocalized strong electron coupling between
metal sites. This results in large ∆E values (850 mV for Fe,
710 mV for Co, 650 mV for Ni, and 290 mV for Ru) and
varying degrees of intramolecular coupling between metal
centers containing unpaired spins. Their mixed-valence
analogues (n ) +1) have ICT absorption bands that are
independent of the polarity of the solvent and that are not
observed for the neutral (n ) 0) or the dicationic species (n
) +2). These absorption bands exhibit widths at half height

(∆νj1/2(obs)) that are significantly narrower than the calculated
one (∆νj1/2(calcd)).83

Polynuclear Pn complexes are characterized by their low
solubility, which makes their synthesis and characterization
very difficult. However, as observed for Cp and Cp*, the
addition of methyl groups to the carbon framework can
enhance the solubility of the systems. Figure 35a illustrates
the structure of the 1-alkylpentalenyl dimanganese complexes
anti-[(CO)3Mn]2(µ-η5:η5-Pn1-R) (64a-c). These systems
display greater solubility relative to their unsubstituted
analogues.214

CV studies show two quasi-reversible reductions for
64a-c at very similar redox potentials. They are also very
similar to the ones found for the unsubstituted species (Table
22).214 This demonstrates that the alkyl group does not have
a great effect on the metal-metal interactions.

Cloke et al.215 have used a doubly substituted Pn ligand
to synthesize the interesting complex [1,4-Si(iPr3)-Pn]2Mn2

(65, Figure 35b). Magnetic data, X-ray diffraction, and DFT
calculations suggest that the system presents two weakly
interacting metal centers (suggested by the calculated
fractional Mn-Mn bond order of 0.60), one in a HS and
the other in LS configuration, in different coordination
environments. The HS Mn center shows a low coordination
number (η1:η1), whereas the LS displays typical metallocene
coordination (η5:η5). The di-Cr analogue, which has also been
synthesized and studied by Cloke et al.,216 exhibits an η5:

Figure 34. Silyl bridged bis(Ind) di-Ru complexes 61, 62a and b, and 63.

Figure 35. Substituted di-Mn systems: (a) 1-alkylpentalenyl 64a-c
and (b) 1,4-silylpentalenyl 65.

Table 22. Electrochemical Data for 64a-c and Unsubstituted
anti-[(CO)3Mn]2(µ-η5:η5-Pn)a

complex E1 (V) E2 (V)

64ab -1.93 -2.35
64bb -1.90 -2.37
64cb -1.90 -2.36
anti-[(CO)3Mn]2(µ,η5:η5-Pn)b -1.91 -2.32

a All redox potentials are relative to [Cp2Fe]+/Cp2Fe. b Data from
ref 214.
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η5-coordination for both metal centers. Furthermore, struc-
tural data reveals a metal-metal bond (CrdCr), indicating
a strong electronic interaction between them.

Recently, O’Hare et al.217,218 have developed the synthesis
of the permethylated analogue of Pn, referred to as Pn*. The
organometallic complexes that have been synthesized with
this ligand show enhanced solubility and stability properties
compare to their nonalkylated analogues. Fused double
metallocenes of the type Pn*2M2 (where M ) V 66, Cr 67,
Mn 68, Co 69, and Ni 70) present η5:η5 coordination and
metal-metal bonds. However, when M ) Ni, the coordina-
tion is effectively η3:η3 and a metal-metal bond is not
present. Clearly, the system is able to adapt to each metal
center to stabilize the compound, displaying different
coordination modes.212,219,220 Half-sandwich complexes syn-
Pn*M2(CO)n (M ) Co, n ) 4, 71; M ) Fe, n ) 5, 72) have
been prepared and studied.221 Structural data and DFT
calculations reveal the absence of metal-metal bonds.
Different studies in these types of complexes are ongoing
to determine the extent of the interactions between the metal
centers. Figure 36 shows the family of Pn* complexes
66-72.

Arene ligands presenting metals bound in a η6-configura-
tion are another important class of organometallic complexes.
Sweigart et al.222 have synthesized and studied syn-facial bi-
metallic η4:η6-naphthalene complexes. (η4:η6-1,4-Me2naph-
thalene)Mn2(CO)5 (73) can be reversibly converted into the
zwitterionic (η4:η6-1,4-Me2naphthalene)Mn2(CO)6 (74), with
a CO atmosphere and ferrocenium. If the same reaction is
performed in the presence of P(OEt)3, (η4:η6-1,4-Me2naph-
thalene)Mn2(CO)5P(OEt)3 (75) is obtained. Figure 37 depicts
the di-Mn η4:η6-naphthalene complexes 73-75. X-ray dif-
fraction reveals the proximity of both metal centers in 74
and 75, both systems having a 45° bend of the naphthalene
ring and cleavage of the Mn-Mn bond. IR spectroscopy
indicates a large charge separation in system 74, having two
different sets of bands for both η4- and η6-bonded Mn(CO)3

fragments at 1980 and 1880 cm-1 and 2050 and 1980 cm-1,
respectively.

4.2.2. s-Indacene, as-Indacene, and Permethylfluorene

The indacene dianion is a fourteen π-electron aromatic
ligand. It can be in two isomeric forms: s- or as-. Many
homo- and heterobimetallic complexes with these two ligands
have been synthesized and studied with respect to their
metal-metal interactions.20 Chavez et al.2 have prepared and
studied the properties of syn- and anti-isomers (76) (Figure

38) of (2,6-diethyl-4,8-dimethyl-s-indacene)[Rh(COD)]2 and
compared their properties with its monometallic analogue
(2,6-diethyl-4,8-dimethyl-s-indacene)[Rh(COD)].

CV and catalytic studies for the hydrogenative silylation
of styrene suggest that both isomers exhibit metal-metal
interactions. Higher catalytic activity can be attributed to
strong electronic interactions.2 However, syn-76 displays
steric hindrance because of the proximity of the two Rh
centers. The ligand loses its aromaticity due to a slight
displacement from planarity, which was confirmed by X-ray
diffraction. Consequently, the electronic communication is
affected. Table 23 summarizes the electrochemical and
catalytic data for 76 and (2,6-diethyl-4,8-dimethyl-s-indacene)-
[Rh(COD)]. syn-76 exhibits an irreversible one-electron
electrochemical process and a low activity as a catalyst
relative to anti-76, which displays a quasi-reversible one-
electron electrochemical process and a higher activity. The
monometallic analogue also presents a one-electron process
at more positive potentials and a longer reaction time
compared to the bimetallic systems.

Figure 39 displays the syn- and anti-isomers of (as-
indacene)[FeCp]2 (77) and (as-dimethylindacene)[Rh(COD)]2

(78). Metal-metal interactions have been studied by CV and
UV-vis/NIR spectroscopy.24,223

Table 24 summarizes their electrochemical and UV-vis/
NIR data. syn-77 and anti-77 display reversible two one-
electron waves with comparable ∆E values (640 and 631

Figure 36. Family of fused double metallocene complexes 66-70 and half-sandwich metal carbonyl complexes 71 and 72.

Figure 37. Di-Mn η4:η6-naphthalene complexes 73-75.
Figure 38. syn- and anti-Isomers of (2,6-diethyl-4,8-dimethyl-s-
indacene)[Rh(COD)]2 (76).

Table 23. Electrochemical and Catalytic Data for Mono- and
Bimetallic s-Indacene-Rh Complexes

complex Ea (V) Ea - Ec (mV) timea (min)

(2,6-diethyl-4,8-dimethyl-s-
indacene)[Rh(COD)]b

+1.42 140 450

syn-76b +0.37 90 180
anti-76b +0.46 170 35

a Time ) time in minutes when all the styrene has reacted. b Data
from ref 2.

Figure 39. syn- and anti-Isomers of as-indacene di-Fe and di-Rh
complexes 77 and 78.
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mV respectively) indicating that the thermodynamic stability
of the mixed-valence complexes are similar (Kc ≈ 1011).
Oxidation of anti-78 occurs at a more positive potential
(+0.26 V) compared to syn-78 (+0.09 V). These two systems
present lower thermodynamic stability than their Fe ana-
logues, with Kc values of 106 and 105 for anti-78 and syn-
78. They also show lower ∆E values of 390 and 328 mV,
respectively.

The mixed-valence cations of all these species display
characteristic ICT bands by UV-vis/NIR spectroscopy. syn-
77+ and anti-77+ correspond to localized class II systems
with Γ values of 0.04 and 0.09, respectively (weakly coupled
class II 0 < Γ < 0.1). syn-78+ and anti-78+ exhibit Γ values
of 0.56 and 0.62 respectively, corresponding to a borderline
class II/class III system (Γ ≈ 0.5) and a delocalized class
III complex (Γ > 0.5), respectively. Overall, despite the
proximity of the two metal centers in syn-isomers, the
electronic communication occurs mostly through the ligand
rather than through space.

Organometallic complexes containing fluorene (FluH) and
fluorenyl (Flu) ligands have been extensively studied because
of the interesting qualities of the Flu fragment.224,225 The
deprotonated fluorenyl can be considered as a Cp fragment
fused to two benzene groups, and can form monometallic
complexes with a variety of coordination modes, such as
η1, η3, and η5.226,227 FluH can also be viewed as a CH2-
bridged biphenyl unit with two potential binding sites on
the arene rings (η5 and η6 configurations). Considering these
properties and the striking differences observed when alky-
lated analogues of Cp and Pn are used, the nonamethylated
fluorene analogue (Flu*H) have been synthesized.228 Neutral
Flu*H and octamethylfluorene (Flu”H) ligands have been
used to obtain the complexes [(CpFe)2Flu*H]2+[PF6

-]2 (79a)
and [(CpFe)2Flu”H]2+[PF6

-]2 (79b).229 These two compounds
have been characterized by NMR spectroscopy and X-ray
diffraction (only 79b), demonstrating that each Fe possesses
a η6-binding mode to each arene fragment. Figure 40 depicts
the structure of complexes 79a and b.

Table 25 shows the electrochemical data for 79a, b,
[(CpFe)2FluH]2+[PF6

-]2, and [(Cp*Fe)2FluH]2+[PF6
-]2. The

cyclic voltammogram exhibits a cascade of four redox waves
for 79a and b. The first two (E1 and E2) correspond to

stepwise one-electron reversible reductions of the Fe centers
(FeIIFeIIf FeIIFeIf FeIFeI). The third process is irreversible
because of the rearrangement of the ligand after reduction.
The fourth appears to be a two-electron irreversible wave.
Both systems display very similar electrochemical behavior
meaning that the extra methyl group of Flu*H compared to
Flu′′H does not greatly affect the properties of the system.
These compounds are reduced at more negative potential than
their nonmethylated analogues [(CpFe)2FluH]2+[PF6

-]2 and
[(Cp*Fe)2FluH]2+[PF6

-]2, as a result of the increased electron
donation from the methyl groups on the Flu*H and Flu′′H
ligands. This means that the mixed-valence complexes are
more stabilized as methylated species 79a+ and b+, and the
existence of metal-metal interactions in all the complexes.
This is as expected; the increased inductive effects of the
methyl groups act to enhance the electron exchange interac-
tion.230 This can be supported by the ∆E values: 180 mV
(in DMF) for [(CpFe)2FluH]2+[PF6

-]2, 300 mV (in DMF)
for [(Cp*Fe)2FluH]2+[PF6

-]2, 350 mV (in MeCN) for 79a,
and 390 mV (in MeCN) for 79b.

5. Summary
Metal-metal interactions have been studied in a large

number of different carbon bridged homobinuclear com-
plexes. The bridging ligands considered are sp2- and/or sp-
hydrocarbon chains, bridging aromatic rings linked directly
as fulvalene and fulvalene-like; and fused aromatic spacers
as indenyl, permethylpentalene-diide, and permethylfluorene
between others. The efficiency of the intramolecular elec-
tronic communication between the metal centers depends on
the nature of the metals, their oxidation state, the strength
of the coupling between the acceptor and the donor sites,
the ancillary ligands and the structure of the bridging ligand.

Generally, the electronic communication decreases with
increasing the distance between the donor and the acceptor
sites. Also, electronic coupling and other donor-acceptor
interactions are stronger through alkene than alkyne bridges.
Bridging aromatic rings and fused aromatic linkers are also
suitable spacers to promote metal-metal interactions. How-
ever, if their planarity is broken due to steric effects, the
loss of aromaticity decreases the electronic communication
between the metal centers.

Metal-metal interactions have been mainly evaluated on
the basis of IR, EPR, optical, and electrochemical measure-

Table 24. Electrochemical and UV-vis/NIR Data for the Family of Complexes 77 and 78a

CV data UV-vis/NIR data for MV species

complex E1 (V) E2 (V) ∆E (mV) Kc νjmax (cm-1) Hab (cm-1) ∆νj1/2(obs) (cm-1) ∆νj1/2(calcd) (cm-1) Γ

syn-77b +0.12 +0.76 640 9.3 × 1010 7170 (395c) 460 3590 3740 0.04
anti-77b +0.10 +0.73 630 7.0 × 1010 5025 (765c) 430 2860 3130 0.09
syn-78b +0.09 +0.42 330 4.4 × 105 8660 (2070c) 4330d 1830 4110 0.56
anti-78b +0.26 +0.65 390 5.1 × 106 6485 (5175c) 3240d 1350 3560 0.62

a All redox potentials are relative to SCE. b Data from ref 24. c ε, in M-1 cm-1. d Calculated with expression Hab ) νjmax/2.

Figure 40. Bimetallic Fe complexes of Flu*H (79a) and Flu′′H
(79b).

Table 25. Electrochemical Data for Bimetallic Fe Complexes of
FluH, Flu*H, and Flu′′Ha

complex E1 (V) E2 (V) ∆E (mV)

[(CpFe)2FluH]2+[PF6
-]2

b,d -1.14 -1.32 180
[(Cp*Fe)2FluH]2+[PF6

-]2
b,d -1.39 -1.69 300

79ac,d -1.26 -1.61 350
79bc,d -1.26 -1.65 390

a Only the first two redox events shown. All couples are relative to
[Cp2Fe]+/Cp2Fe. b Measured in DMF. c Measured in MeCN. d Data from
ref 228.
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ments of the mixed-valence species. According to these data,
the numerous complexes presented on this review have been
categorized following the Robin and Day classification.
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