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Abstract

Much of the interest about the construction of model compounds suitable for investigating the phenomena associated with the interaction of
two or more metal centers, the so-called cooperative effect, has been concentrated on homobimetallic complexes and less attention has bee
paid to the class of heterobimetallic derivatives. This review will feature experimental detection and the effects of the electronic communication
in heterobinuclear organometallic complexes through unsaturated hydrocarbon bridges. The described systems are classified according to the
nature of the bridging ligand, in three main groups: (i) carbelmonded molecular wires; (ii) fulvalene and fulvalene-like bridges; (iii) fused
delocalized polycyclic bridges. In this contribution, we discuss the flexibility of heterobimetallic complexes, and more in general of asymmetric
bimetallic species, interms of tailoring the cooperative effects, i.e. of controlling and tuning the reactivity of one metal center by actidg onthe a
jacentone. Satisfactory quantitative estimate of the degree of metal to metal communication through the bridging ligand is obtained m illustrativ
examples combining efficient electrochemical and spectroscopic techniques with consolidated theories. A review with almost 350 references.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Heterobimetallic complexes; Electron transfer; Molecular wires; Mixed-valence chemistry; Cooperative effects

Abbreviations: Bpy, bipyridine; CHT, 1,3,5-cycloheptatriene; COD, 1,5-cyclooctadiene; COT, 1,3,5,7-cyclooctatetraene; Cp, cyclopentadienyl;
Cp*, pentamethylcyclopentadienyl; CV, cyclic voltammetry; DMAD, dimethylacetylenedicarboxylate; dppe, 1,2-bis-(diphenylphosphino)etbfane; dp
1,7-bis-(diphenylphosphino)ferrocene; dppm, bis(diphenylphosphino)methane; EHMO, extended Huckel molecular orbitals; ET, electronwrémisfer; F
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1. Introduction physical and/or chemical characteristics of one metal are
modified by the presence of a different metal.
1.1. General overview Since the synthesis of the Creutz—Tayté,17] mixed

valence ions, continuing investigations in a series of

The presence of two metal centers within the same di-ruthenium complexes on the way in which two or more
molecule profoundly affects both the physical properties metals linked by a bridging ligand interact have been di-
and the reactivity of the molecu[@-5]. It results either in rected in the building up of bimetallic complexg3—20]
a significant modification of the individual properties or in However, in the present review complexes where the two
the development of novel characteristics which do not oc- active sites are connected by nitrogen containing biden-
cur in monometallic compounds. In particular, the physical tate ligands or other complexes in which the metals are
properties of one of the two metals (luminescence, fluores- connected through sulfur or other heteroatoms will not be
cence, non-linear optical (NLO) activity, redox properties, considered, since they have been exhaustively described in
etc.) can vary substantialfp—9]. Moreover, in polymetal-  several review$21-23]
lic complexes, in which it is possible to analyze the effects  Considerable attention has been paid during the last two
of chemical, electrochemical, or photochemical modifica- decades to studying those complexes in which two equiv-
tions of one metallic center on the properties of the other, alent metals are bonded through a hydrocarbon bridge, i.e.
the reciprocal interaction between the active centers oftenhomobimetallic complexes, and most of the information on
brings surprising results. Amongst the phenomena which the phenomena of electronic communication comes from in-
have been increasingly studied, there are the chemical andvestigation on this class of compounds. These results have
electrochemical transport of electrons and energy in certainbeen also extensively review§2i—27] They will be taken
classes of compounds. These are often closely correlatednto consideration in the course of this report whenever the
with natural biosynthesis phenomena and the developmenthomobimetallic complexes represent a reference model for
of unique chemical and physical characteristics which al- analogous heterobimetallic compounds. With regard to the
low for the production of novel products, new and more last systems, although considerable efforts have been and
efficient catalytic systems, and modern materials devisedare currently devoted to the development of synthetic meth-
for electronics (“molecular devices’[p,10-14] Many of ods in order to provide new heterobinuclear transition metal
the techniques employed to study the different phenomenacomplexes, less data, describing how the physical and chem-
associated with the communication between the metal cen-ical properties of one metal are modified by the presence of a
ters are applied to mixed-valence (MV) species. Among the different one in the same molecule, are at present available.
physical properties which afford information on these prop- A recent review by Wheatley and Kal¢R8] deals with the
erties, two of these, thAE;/» values relative to the redox  structure and reactivity of early-late heterobimetallic com-
potential of the two metal centers, and the optical interva- plexes.
lence transfer (IT) band in the near-infrared (NI)15] Moreover, in this review, we will not discuss the class of
are widely used to classify the extent of interaction between organometallic polymers in which homo- and heterobimetal-
the metals. Other specific techniques are suitable to studylic subunits are present. For an overview of some of these
the electronic (ESR spectroscopy) and nuclear interactionsystems, we recommend the review by Manners and cowork-
(°’Fe-M6ssbauer spectroscopy) between metal centersgers[29].
whilst NMR spectroscopy and X-ray crystallography give  This last limitation leads to the classification of the com-
useful structural information in solution and solid state. plexes considered here in essentially three classes, on the

The great interest for transition metal complexes arises basis of the hydrocarbon bridging ligand nature:
not only from the aforementioned particularities but also
from the wide range of arrangements which can be create
due to the huge flexibility of the organometallic structures.
Besides the availability of a large number of transition met-
als, it is often sufficient through simple reactions to vary
either the nature of the auxiliary ligands bound to the met-
als or the oxidation state of the metals themselves in order
to induce peculiar chemical and physical properties in the
system.

d () unsaturated carbon chains with odd or even numbers of
C-atoms witho-bonded metals at thermini (molecu-
lar wires);

(i) metal w-coordinated aromatic rings linked directly
(such as fulvalene) or separated by a hydrocarbon
chain;

(iii) metal w-coordinated bi- and tri-cyclic fused systems
(fused aromatic bridges).

The heterobimetallic complexes are intrinsicadigym-
1.2. Scopes and limitations metric systems and since ttasymmetry plays a significant
role in the electronic communication we will also mention
In this review we will focus on heterobinuclear the few examples of homobimetallic complexes in which
organometallic complexes containing unsaturated hydrocar-asymmetry is due to the presence of substituents in the
bon bridges, in particular on those systems in which the bridge, the nature of the ancillary ligands, and the coordi-
extent of electronic communication and consequently the nation mode.
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The phenomena associated with the electronic commu-indicative of the metal-metal interactions is no longer that
nication between the metal centers can emerge in the fun-between the two subsequent reversible redox waves, but it is
damental state of the molecules manifesting enhanced orthe difference between the redox potential of the reversible
unique reactivity in stoichiometric and catalytic reactions. second wave and the redox potential of the reversible wave of
Besides bimetallic complexes are often precursors of mixedthe corresponding monometallic species, except eventually
valence species generated by chemical or electrochemicathe substituent effect due to the presence of the other metal.
activation, whose redox, optical and magnetic properties de- Recently, Geiger and coworkef33] have introduced a
pend on the extent of the electronic interaction between the “charge distribution parameter® p which allows to use IR
metals. spectral shifts to calculate the actual ground-state charge

A rationale for this experimental evidence arises mainly distributions between two IR-active centers (typically car-
from the classical Marcus—Hush theory and its subsequentbonyl groups) in mixed valence systems:

derivations. Avox + Avred

Ap = 2[v'(0x) — v/ (red)]

1)
1.3. Theoretical aspects
where Avox = V'(0X) — Vipead0X), Avred = Vipeadled) —

In bimetallic complexes cooperative effects and the pos- 1/ (red), andv’ (ox) andv’ (red) are the frequencies of the fully
sibility of tuning the properties of one metal centet ldy oxidized and reduced redox centers, respectivelyas well
acting on the oxidation state of the second coordinated metalas AE increases with the increasing strength of metal-metal
M2 depend on the strength of the electronic interaction be- interaction. In particular in a series of homobimetallic com-
tween the two metals, which is modulated by the ability of plexes of Cr and Mii34], a very good linear correlation was
the conjugated bridging ligand to mediate the transfer of one found and a value oAp = 0.50 indicated that equal charge
electron through itself30]. resides on the two metal centers.

According to the classification proposed by Robin and  |ntramolecular metal-to-metal communication can be the-
Day [31], the strength of electronic interaction between oretically investigated using the electron transfer (ET) theory
the oxidized and reduced sites ranges from essentially zerdintroduced by Marcu§35-38] In this section, we summa-
(Class 1) to moderate (Class I1), to very strong electronic rize its main concepts since it is central to an appreciation
coupling (Class Ill). Apart the Coulombic repulsion, in gen-  of the topic of electronic communications in the discussed
eral the experimentally detected separation between the recompounds. The model system for a binuclear complex is
dox potentials of M and M, is ascribed to the electronic  sketched irFig. 1 The two metals represent thlenor and
communication[15]. In the intermediate potential domain  theacceptor, i.e. the two sites between which ET occurs, and
the complex exists in a mixed-valence state and can undergahey are connected by the spacer (or bridging ligand); the
optically induced electron transfer. In homobimetallic sys- molecule is surrounded by a solvation sphere whose equilib-
tems, which contain two equivalent redox centers; (M rium polarization is in general different before and after ET.

My), the AE separation between the two reversible (in the  Marcus’ intuition was that the fluctuations in the various
chemical and electrochemical sense) redox events is indicanyclear coordinates, such as in the orientation of the indi-

tive of an interaction between the two sitésE values close  vidual solvent molecules and in any other coordinate whose
to zero are characteristic of non-interacting metal sites, i.e. most probable distribution for the products differ from that
of Class | complexes. SmallE separations correspond t0  of the reactants, i.e. vibrational coordinates, can lead the
a weak interaction between the metals and to a smkller system to a transition state where electron transfer is en-
for the equilibrium ofScheme 1the valences are described ergy neutral and occurs rapidly (“in the dar§38]. In this
by a mixed-valence state involving trapped-valence systemscase, both Franck—Condon and energy conservation princi-
(Class II). ples are satisfied. The potential energy surfaces of the initial
Finally, largerAE values correspond to a stabilization of  state (reactant plus solvent) and of the final state (product
the mixed-valence complexes involving the totally delocal- plus solvent) are functions dfl relevant coordinates. Ne-
ized Class Ill systems, and to a very large comproportiona- glecting electronic coupling, they intersect onNa< 1) di-
tion constanK for the equilibrium ofScheme 2 mensional surface which constitutes the transition state of
According to Mountford and coworkef82], in the case  the reactior{38]. The electronic coupling causes a splitting
of heterobimetallic complexes (M# My), the AE which is of the two surfaces in the vicinity of their intersection: a

+ + + + - -
MIWMZ + MIWMz _— MIWW"MZ + MIMW‘MZ
Scheme 1. M, — SPACER —M,
N ’
+ + +1/2  +1/2
MM+ MpwM; == 2Mp"*M, TS ANCILLARY LIGANDS

Scheme 2. Fig. 1. Schematic representation of a binuclear metal complex.
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lower and an upper surface are generated. ET is a frequentq. (3)is used to calculate the solid curves represented in

event on the lower surface (adiabatic conditions). When the Fig. 2from the dashed diabatic states, both for a symmetric

coupling is very weak (non-adiabatic conditions), ET be- (Fig. 2a—¢ and an asymmetric systerhif. 2b—d.

comes a relatively rare event and the probability of suc- Symmetric Class Il compounds have their diabatic min-

cessful electron jump is small and can be calculated usingima at the same energy, i.e. at 0 and 1 in a suitably scaled co-

guantum-mechanical approaf39—-43] ordinate system, and a vertical separation equal to Marcus’s
Marcus introduced rigorously a global reaction coordi- reorganization energy (seeFig. 2g. The electronic mix-

nateq in this many dimensionalN) coordinate space of the ing H causes the ground state adiabatic surface to be a dou-

reacting system. The potential energies in the many dimen-ble minimum well with a maximum at an energy value of

sional coordinate space are functions of both the vibrational /4 — H. WhenH is large enough to observe it this model

coordinates and of the hundreds of relevant solvent coordi- predicts there will be an intervalence charge transfer (IT)

nates. In the limit of linear response approximation, in which band with an optical transition energy at the band maxi-

any hypothetical change in charge of the reactant producesmum, imax = A. The quantitybmax is also calledEqp and is

a proportional change in the dielectric polarization of the invariant withH for Class || compoundf8].

solvent, the free energies of the reagent and of the product The positions of the two minima approach each other

are simple quadratic functions of the global reaction coordi- towards 0.5 a$l increases. The thermal ET barrier is given

nate. Such an approach permits a depiction of the reactionby

in terms of the well-known parabolic free energy plpt4]. 2

It is worth to remind that in Marcus theory the curve of the AG# — (é — H) + H_ (4)

reactant and of the product is assumed to be the same and 4 A

its validity is re;tricted to Weak]y coupled systems. . and disappears @ = /2, when the compound becomes a
The expression of the kinetic constant for a generic ET ¢jas5 |11 delocalized system for this and higher valueliof
process is taken from transition state theory: In the case of strong coupled Class Il systems, for which
it is no longer appropriate to use the perturbation theory,

0)2
KET = Kelvn exp[_w} 2) the magnitude ofl has become so great thaf, = 0. The
4rksT odd electron is now delocalized between metal centers and
. o . . Eop = 2H (seeFig. 29.
wherexe is the transmission coefficienty is the frequency Class Il and Class Ill behavior for an asymmetric system
of passage (nuclear motion) through the transition state, g represented iffig. 2b and d
is the Boltzmann constant afids the temperature. In addi- For Class Il systems, Hush derived the following relation-

tion, these important quantities must be explicitly defined: (i) ships of intervalence band properties.

the reorganization energy, defined as the change in Gibbs Symmetric systems:

energy if the reactant state remained unchanged at the equi-

librium configuration but ET occurs and (i§G°, the differ- Eop = 4, Ay (ecm™) = (2310man/? (5)
ence in Gibbs energy between the equilibrium configuration
of the product and reactant states. These important relations
for AG”, the Gibbs activation energy for forward ET, come - _ -
out from purely geometrical considerations: 45" = 2 /4, Eop =1+ Eo, Az (€M™ = [23100max — Eo)l**
in reactions of zera\G?; (i) AG* = (A 4+ AG®°)2/4x in all (6)
cases whemAG®° # 0. For moderately exergonic reactions
AG# will decrease andgt will consequently increase, as

Asymmetric systems:

The band width of a Gaussian shaped IT band, symmetrical

AG®° becomes more negative. WhemG® = A, AG* = 0 aboutvmay, is given in the high temperature limit by the
and ket reaches its maximum value @fv,. As AG° be- more generic expressiqag]:

comes even more negativeG* will increa;e again and thgs Ab1/2 = (16RTIN 20man /2 @)
ket will surprisingly decrease as the reaction becomes highly

exergonic in what is called the Marcusserted region. At room temperature this formula reducestq. (5)

Hush applied the Marcus conceptual framework to the Many Class |l intervalence compounds with transition
problem of intervalence transitiof$5—-47] The energy sur-  metal centers lie near the borderline II/lll and therefore
face for thermal ET is obtained from a two-state classical have exceptionally fast thermal ET. A definition of these
model in which the electronic interaction between diabatic complexes can be given introducing a mixing coefficient
surfaces, those who would be occupied for a Class | com- approximated asi/vmax. This approximation becomes in-

pound, is the off-diagonal matrix elemertin a 2x 2 sec- creasingly poor as the borderline is approached. A criterion
ular determinant. The solution gives the adiabatic energy to distinguish between Class Il and Class Ill compounds can
surfaces: be either the adiabatic minima separation or the disappear-

ance ofAG*. We assume that the latter is the best definition
E+ = 0.5{(Ho + H1) + [(Ho — H1)? + 4H?|Y/?} (3) of Class Il/Class IIl borderlin¢48].
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Fig. 2. Energy plots of Hush two state model: (a and b) Class Il intervalence compound drawn=for/4; (c and d) Class Ill intervalence compound
drawn for H = 31 /4. Parabolic diabatic energy surfaces are shown as dotted lines; the adiabatic surfaces calculated.  8yaye shown as solid
lines. Both the isoergonic (a and &,G° = 0, and the exergonic cases (b and d)\G° = 5, are shown.

A recent review on these Class Il/Class Il complexes, nearly delocalized behavior can be found in the work of
focussing on the transition from localized to delocalized Evans et al[55].
systems in MV chemistry, is that by Meyer and coworkers  The rapidly evolving advances in theoretical, experimen-
[50]. tal and computational techniques allowed enormous recent
The Hush model is the preferred method of analysis of progress in quantitative understanding of ET processes at
mixed valence complexes because of its readily understand-the molecular level. The availability of ab initio and of the
able derivation, its overlap with Marcus theory and the facil- promising density functional theory (DFT) methods is of
ity of its application. However it is applicable only to weakly great value for a chemically accurate description of both
coupled Class Il complexes. Two fundamental reviews rich ground and excited state systefd$], including those of
in examples about the application of Hush theory to MV our interest. From recent examples of application of these
complexes of transition metal centers are those by Creutzmethods[33,57,58]it is clear that computational results
[1] and by Crutchley3] on binuclear ruthenium species. might provide in the near future better rationalization of in-
Other theoretical approaches were developed which havetramolecular ET in mixed valence complexes.
validity for all classes of MV complexes. For example
Piepho, Krauz and Schatz have developed a vibronic cou-
pling model (PKS model) that is applicable to both Class Il 2. Carbon o-bonded molecular wires
and Class Il mixed-valence complexgd,52] Ondrechen
developed a realistic three-site model for delocalized Class One of the most fascinating classes of bimetallic com-
Il bridged mixed valence complex¢s3]. plexes spanned by an organic spacer is represented by those
Creutz et al. revisited the Hush model and demonstratedrod-like molecules where two metal centers arbonded
that it can be used to calculate also metal-ligand cou-to an unsaturated hydrocarbon chain, the so called car-
pling elements for any donor—acceptor system, provided bonc-bonded molecular wires. Their one-dimensional and
overlap may be neglected and the charge transfer transi-semi-rigid structures facilitate the tuning of the electronic
tion dipole moment lies along the donor—acceptor bonding communication between the two redox active termini and
axis [54]. An example of application of both Hush and makes them intriguing materials for their potential applica-
Creutz—Newton—Sutin models to binuclear mixed valence tions as molecular devices, switches and current rectifiers
ruthenium complexes, exhibiting from valence trapped to [5,13].
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1 Ve " . ¥ o Among the studies on bimetallic molecular wires which
O == +— OO0 have been carried out essentially in the last 20 years, those re-
4 . il garding synthetic aspects represent the great majority, while
hv / 1 1 those focusing on the electronic communication aspects are
. , far less numerous, in particular for those complexes char-
@ ===, acterized by an asymmetry of the two metal centers. Purely
. B synthetic studies have been reviewed by Lapinte and will
%\'e not be repeated hef&3]. On the other hand, specific com-
g + " o +3 plete studies on electronic communication have been con-
O O +— W& O ducted mainly on homobimetallic species and they will be
jﬁ ﬂt here mentioned for a comparison with the results obtained
in structurally related heterobimetallic complexes.
Fig. 3. Molecular wires: photonic and electrochemical activation. Adopting the designation by Paul and Lapifit8] we can

classify the molecular wires with@bonded carbon bridge
according to the structure of the organic spacer: all-carbon
Alkyl spacers are far less suited for intramolecular sp bridge, carbon based?spridge or other carbon based
electronic communication than alkene, polyene, alkyne sp/sg bridge.
or polyyne units, which constitute interesting carriers for
long-range ET. Polyalkynyl bridges are strongly favored for 2.1. All-carbon sp bridged molecular wires
their relative rigidity which allows a stricter control of the
molecular geometry. Among polyalkynyl bridged binuclear complexes one can
Synthetic problems precluded a rapid development of distinguish between compounds with an even number of
organometallic molecular wires and the bridge maximal carbon atoms and those with an odd number of carbon atoms.
length of molecules able to transfer electrons from one The HG,H series is known only for even and this is due
end to the other is much smaller than the lengths of their to the different nature of the ground states for compounds
purely organic homologuefs9,60] ET can be activated  with an even and an odd number of carbon atoms; a stable
electrochemically or by photo-induction, as it is sketched closed shell singlet in the former case and an unstable open
in Fig. 3. Moreover, very few of the molecular wire com-  shell triplet in the latter casg5].
pounds that have been prepared have been experimentally Bridged binuclear compounds with g, ®ridge? are by
tested and evaluated for their electron conduction capabil- far more common than,G 1 bridged ones, especially deriva-
ity. Electron conduction capacity is difficult to prove. It tives of butadieng56]. Depending on the d electronic config-
can be observefll3] directly by measuring the bulk con-  uration of the metals, the4Zhain displays either a polyynic
ductivity of the material or by looking at the electronic (reduced) form or a cumulenic (oxidized) structure. The
interaction between the two metals using electrochemistry communication between the two metals can be expressed by
(CV, cyclic voltammetry), or, when odd-electron states are three valence structures related to thedBains which are
stable, NIR spectroscopy. In presence of photo-switchable formally related by two-electron oxidations (sBeheme R
redox groups (photonic molecular wires) ET can be studied |t has been calculated both at semi-empirical and DFT
by time-resolved UV-Vis spectrometry and fluorimetry. Fi- |evel of theory that the geometrical structure is essentially
nally, since heterobinuclear molecular wires are polarized determined by the nodal pattern of the highest molecular or-
molecules, some qualitative information on electronic de- bitals of d,—p, character of the bridge. With good approx-
localization within the wire comes from measuring NLO imation the valence formulations can be forecasted on the
propertiest In principle, electron conduction capacity can basis of the B configurations of the endgroup<-golyynic
be obtained by directly measuring the conductivity of the structure I, 8-cumulenic structure Il and’epolyynic struc-
single molecule, an innovative investigation that has beenture I1l. A detailed theoretical description can be found in
seldom performed experimentally on real molecules. This [13].
method requires molecules that are well defined in size and  Very few compounds have been synthesized with an odd
shape and with a sufficient length (at least 10nm), to sat- number of carbons in the bridge with a length greater than
isfy the technological problem of properly interfacing the one and only non-symmetrical examples are known, i.e. het-
molecule ends with macroscopic conductors. erobimetallic complexes or homobimetallic species with dif-
ferent ancillary ligands. This is due mainly to synthetic dif-
ficulties, the chain assembling being much easier by cou-
pling of C=C building blocks which lead only to even

1 Although non-linear optics (NLO) studies are very interesting and . .
§ piics (NLO) y g number bridges. For those odd-carbon complexes two dif-

provide insight into the intramolecular electronic communication, we
do not discuss this phenomenon in detail in this review. An extensive
treatment of organometallic dipoles with NLO properties can be found in
specific literaturd61-64] 2 Here and in the followingn denotes an even number.
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2¢ 2¢
[M(EC-C=),uM]*" == [M(=C=C=),nM]*"?" ——=  [M(-C=C-),,M]"
I I 111
Scheme 3.

ferent valence structures are possible: a cumulenic struc
ture M=C=(C=C),, = M’ and polyynyl/carbyne structure
M—(C=C),,—C=M’ with a metal—-carbon single bond on one
end and a metal—carbon triple bond on the ofb6&.

In this section, we present an overview of the major stud-
ies on all-carbon sp bridged molecular wires following a
chronological and structural order.

In the 1980s, several workers describedr-ethynide-
bridged complexes of transition metals, like gold@$,69],
palladium(ll), platinum(I1)[70], rhenium(l)[71] and tung-
sten[72]. For example, the molecular and electronic struc-
ture of (OC)sReC=CRegCO)5 was studied71] to inves-
tigate the interactions occurring between the two rhenium
atoms and the bridging acetylide ligand. Complexes with

C, ligands bonded to two metals are quite rare, but they rep-

resent the shortest example of sp wifg3-76] A series of
novel heterobimetallic bis(acetylide) ferrocene complexes
featuring a bis[1,2-bis(diphenylphosphino)-methane]Ru
center and seven various aromatic acetylene ligands hav
been more recently synthesized and characterike¥7].3

'
Rﬁ—:—R

Fe P P

W,

1

R = Ph, 4-Ph-CgHy, 4-Me-CgHy, 4-NO,CgHy,
3-Me,4-NO,-CgH3, 2-NO,-C¢Hy, ferrocenyl

> P >

P

2

P =PPh;
Py = dppl

3
P =PPh;

is initiated by the metal-metal interaction. This reaction
is induced by the oxidation of the ferrocenyl moiety and
is promoted by electron donating substituents on the aryl
ligand. The ferrocenyl part is first oxidized giving a radical
cation; then an electron transfer occurs from the Pt part
through the &C bond and the electron density on platinum
decreases, accelerating the reductive elimination.
Increasing the length of the,Gpacer we find examples

of Cz and G bridged complexes. The first example of het-

eerobimetallic complexes containing the and was pre-

sented by Wong et al. in 19980]. The employed metals
were Fe, Mo and W; the ancillary ligands of these half-
sandwich complexes were Cp (Cp: cyclopentadienyl), CO
and PPh (4). However, information on the electronic inter-
action between the metals was obtained only for the analo-
gous homobimetallic Fe compound, studying the effect on
IR (infrared) spectra of the substitution of one CO by PPh

A significant variation ofuco of the CO on the second iron
fragment was observed, suggesting that the butadiynediyl
ligand is effective in conveying electronic information be-

The electrochemical behavior of these systems is greatly tWeen the two metal centers in the same molecule.

affected by the degree of metal-metal interaction. The

electronic spectra contain an inter-valence charge transfer

(IVCT) band in the NIR region, indicating that the mixed
valence species belong to Robin and Day Class Il.

Other ferrocenylacetylide ruthenium complex2a0d3)
were studied by Sato et dI78]. CV data suggest a large
electronic delocalization between the Fe atom and the Ru(ll)

- I

Fe—C=C— C=C—M

S I\~
Cco oCe§°
4

M = Mo, W, Fe; L = CO, PPhy

atom in the corresponding one-electron oxidized species. A Much of the pioneering work of synthesis and character-

detailed study based on X-ray diffraction, NIR and Mdss-

ization of polyynyl molecular wires is due to Gladysz and

bauer spectroscopy, allowed to assign the radical cation ofcoworkers. In 1993, they described a mixed valence complex

2to Class Il

Recently, Sato et aJ79] studied the oxidatively induced
reductive elimination incis-aryl platinum(ll) complexes
(Scheme % a rare example in which a chemical reaction

3 In this and few other complexes, the hydrocarbon bridge-tsonded
to one metal, but is in general linked to a Cp moiety on the opposite side,
as in fulvalene-like bridged complexes. We will describe these ‘hybrid’

of formula CpgRe(NO)(PPh)(C=C-C=C)(PhsP)(ON)
ReCp in which both metals are stereocentdBi,82]

The radical cation was isolated, and IR and ESR measure-
ments established that the odd electron is fully delocalized
between the two rhenium atoms.

Almost contemporarily, Lapinte reported a study on

the achiral radical cation of the relateds Gspecies
Cp*Fe(dppe (C=C-C=C)(dppeFeCpg and provided fur-

examples, that cannot be classified according to the proposed scheme, ifher evidence for the ready accessibility to multiple redox

this section.

states inp-butadiynediyl compound§B83]. A delocalized
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thl‘) DDQ or AgBF,
% Pt—PPh, —— > — X
Fe CH,Cl, Fe
X X =H, Me, Cl, OMe,

COOEt, COCH;

Scheme 4.

ground state was assigned also on the basis of IR anddation affects both the metal centers and the carbon atoms of
Moéssbauer data. the G bridge, since the process corresponds to the removal
The work on the RegRe assembly was later com- of electrons housed in MOs delocalized over all atoms of
pleted[84]. Threeconsanguineous (species derived from a  the Ru—G—Ru chain. An interesting investigation on these
common ancestor and differing only in electron count) com- model complexes with different ancillary ligands was car-
plexes were isolated. RgRe and*ReC;Re" were crys- ried out. Bruce et a[91] have described also the synthesis,
tallographically characterized. ESR spectra of the radical structures and spectroelectrochemistry 6p*(PP)RY 2(j.-
cation indicate spin delocalization over the two rheniums; C=CC=C) (PP= dppm, dppe) (Cfx pentamethylcyclopen-
IR spectra give only oneno band, positioned between tadienyl; dppe: 1,2-bis-(diphenylphosphino)ethane; dppm:
those of the neutral and of the dicationic complexes. Impor- bis(diphenylphosphino)methane) and of the corresponding
tant evidence for electronic communication came from NIR mono and dications. A Class Il description seems appro-
spectra of the radical cation: by its analysis an assignment topriate also for these mixed valence di-ruthenium molecular
Class lll was established by the authors. This investigation wires.
on the family of compounds characterized by an acetylenic ~ Asymmetric di-iron complexes of formulan?-CsRs)
wire capped at each end by a redox active rhenium frag- (dppe)Fe—-G—Fe(CO»Cp* (R = CHs, phenyl) were synthe-
ment was further elaborated until the longest molecule to sized and characterized by Lapinte and cowork@gs93],
date containing a £ bridge between two metal atoms was who included a comparison with the corresponding mononu-
reported85—87] clear species. In the bimetallic complexes the IR frequencies
Another example of ¢ bridged rhenium(l) wires was of the carbonyl groups indicate the existence of electronic
given by Yam et al[88], who initiated a program to inves- communication between the metal centers through the C
tigate the possibility of incorporating rhenium(l) diimine spacer. The’Fe-Méssbauer spectrum established that the
luminophores into the bis-acetylide backbone. They pre- electron density on the two iron atoms is quite different.
sented the synthesis, photophysics and electrochemistryin fact, the spectrum of the pentamethylcyclopentadienyl
of Re(’Buzbpy)(CO)3(C=C-C=C)Re(’'Buzbpy)(CO)3. To species displays two well separated doublets, both with
date the authors have not examined the electronic communi-almost the same quadrupolar splitting. The isomeric shifts
cation between the two metal nuclei, but rather the electro- of the two doublets are quite differeni & 0.257/0.192
chemical and spectroscopic studies have been mainly cenand 0.029/-0.033mms?! at 80/293K, respectively) and
tered on the bridging ligand properties, and on the MLCT this is in agreement with a strong polarization of the ho-
dw(Re) — w*(‘Bugbpy) (bpy: bipyridine) transitions in the  mobinuclear compound. The isomeric shiftss41.257 and
bimetallic and in the monometallic acetylide Re(l) complex. 0.029 are assigned to the iron centers of Bg(dppe) and
Heterobinuclear buta-1,3-diynyl compounds of formula Cp*Fe(CO» building blocks on the basis of the isomeric
Cp(CO)3W(C=C-C=C)M(CO),Cp, where M can be W, shifts of the analogous monometallic species; the isomeric
Mo or Fe, were synthesized by Bruce et[8B], but no spe- shift of the binuclear complex is temperature dependent and
cific studies on electronic communication were carried out. the separation between the two doublets is almost constant.
More recently the same authors have given new contribu- Cyclic voltammograms give further support to strong metal-
tions to the oxidation chemistry of metal bondegl&ains, to-metal interaction. ESR, Mdssbauer spectroscopy and
with a spectroelectrochemical and computational study on Hush analysis of the IT band observed in the NIR region
the complex{Cp(PPR)(PRs)Ru}2(n-C=CC=C) (R = Ph, were carried out to study the radical cation species, which
Me, Cp) which can be obtained in an unprecedented series ofwas assigned to Class Il. Lapinte highlighted the efficiency
five oxidation statef90]. On the basis of experimental data of the G backbone, which provides rigidity to the molecu-
the mixed valence radical cations are assigned to Class llllar structure. Thanks to a large degree of covalency of the
with the unpaired electron delocalized over the Ry—Ru metal—carbon bonds, which favors mixing of the orbitals of
six-atom fragment (estimateld values are about 0.7eV). the carbon linkage with those of the transition metals, the
Theoretical calculations, carried out on the model complexes C,4 bridge induces possible new properties that the mononu-
[{Cp(PHs)2RU}2(-Ca)]™ (n = 0—4), indicate that the oxi-  clear components do not possess. Then, such molecules can
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be considered interesting models of polarized molecular IR spectra of the oxidized fully chlorinate@ithat a cumu-

wires. lenic resonance form with the charge localized on rhenium
dominates over the polyynic one and the shifting of max-
Me ima to longer wavelengths in UV-Vis spectra, as the number
H ,L > of cyclopentadienyl chlorine increases, suggests an appre-
¢=C=Rh—C=C—C=C—Rp—C=N ciable rhenium-to-manganese charge transfer character (see
Ph L L Fig. 4).
Me On the contrary, in the three-carbon chain comgd@xno
5 special metal-metal interaction has been detected by NMR
u L L " and IR_, and crystallographic data establish dominant the
Ne—c =R/\h—CEC—CEC—R<h:C=Ci polyynic form[100].
PH L L Ph
6
Re
Symmetrical and unsymmetrical Rh(l) complexes con- ON"" | "™PPhs
C

taining a G bridge were reported by Werner and coworkers
[94,95] The effect of a different coordination sphere at the w
metal centers on both sites of thg €hain was investigated [
by absorption spectroscopy. For example, the comparison of ¢
the two complexe$ and6 gives a hint as to the strength of ll

W
the mutual electronic interaction between the metal centers (l)
through the @ chain. The red shift of the absorption max- o —cl—CH
ima (439 and 638 nm) db compared to the corresponding 3 (|:H 3
3

maxima of6 (429 and 621 nm) is due to the better donor
ability of the isocyanide compared with the vinylidene lig- 10
and, indicating that there is a push-pull interaction between
the Rh(CNR)L and the RFEC=CHPh) units. Werner et al.
[96] isolated also two binuclear iridium(lIl) compounds wit
a (4 bridge.

In 1993, Gladysz presented a study onsadfain span-
ning two different transition metals, rhenium and manganese
[97]. From speculations on the cationic carbyne species by
UV-Vis spectroscopy, charge transfer from rhenium to the

Hetero- bi- and tri-metallic half-sandwich carbon com-
h plexes, where the spacer is formed by one or two alkyne

units, the metals Re, Rh and Pd and the ancillary ligands
CO, PPh and PEg, were also synthesized and studied by
Gladysz and coworkeffd01]. They arell and12.

adjacent metal center was evidenced. These studies on elec- Re
tronic communication in wirelike cumulenic odd number oN"" " [ ""'--upph3
(three and five) carbon bridged bimetallic complexes of Re, ﬁ ¢
Fe, W and Mn were continuef8,99] The investigated @~ . -Re @ >,
molecular structures arg 8, and9. ON"" | pphg |

(ﬁ ) (Et);P—Pd— PEt;

| i
(Et);P—Pd— PEt3 (C >2
| ON | . PPhy

€ Re R ",
“PPh; - ‘\PPhg an cl -

NO | : NO : Nl R¢
C C C
Il Il Il
| | |

co
AN Y Y G 11 n=1,2) 12
(OC).th/C OMe (OC)4W/C\OM6 CO\I\l/In/ \OMe
LMGX The oxidation of compleXdll (n = 1) generates a rad-
) o ical cation that could be rhenium centered, palladium
SxWlx

centered or delocalized: this represents the first radical
7 8 9 (x=0,1,5) cation derived from an heterobimetallic complex. By CV
of complex 11, the localized nature of the radical cation
By reaction with excess Bfgas, complexeg and9 give was evidenced, since rhenium is much more readily oxi-
the corresponding cationic carbyne complexes, while the dized than palladium (sel€ig. 5 and Table 7). Comparing
methoxy group is removed. It is interesting to notice in the oxidation in complexed1 with » = 1 and 2, it was clear
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Fig. 4. Representative UV-Vis spectra o @nd G complexes (CHCl,, ambient temperature). Reproduced with permission f[@&j. Copyright by

the American Chemical Society.

Table 1

Cyclic voltammetry data

Compound Epa (V) Epc (V) E° (V) AE (mV) Epa (V)
[Re*]CH3 0.32 0.25 0.29 70

[Re*]C=CCHs 0.40

[Re*]C=CC=CCH; 0.52

[Re*]C=C[Pd]CI 0.12 0.05 0.08 70 1.25
[Re*]C=CC=CI[PdICI (11, n = 1) 0.35 0.28 0.32 70 1.29
[Re*]C=CC=C[Pd]C=C C=C[Re'] (12) 0.36 0.28 0.32 80 1.29
[Re*]C=CC=C[Re*] 0.15 0.06 0.11 90 0.68
PhG=C[Pd]C=CPh 1.48

Re* = Cp*(NO)PPhRe and P = Pd(PE$). Reproduced with permission frofd01]. Copyright by the American Chemical Society.

that the process becomes thermodynamically less favorableis to note that the substitution of a [Rewith a [Pd]CI
as the sp carbon segments are lengthened. Moreover, ogroup hampers the electron delocalization between the

the basis of theE® values of [R€]JC=C-C=C[R€*] and
[Re*]C=C-C=CJ[Pd]CI (0.11 and 0.32V, respectively), it

L J i Fl o ) i ' i 'l ]
14 12 1.0 08 06 04 02 00 -02 EM™)

Fig. 5. Cyclic voltammograms of complexé4 (n = 1) and12 recorded
in CHyCl, at 100mV st (E°(ferrocene)= 0.56 V). Reproduced with
permission from[101]. Copyright by the American Chemical Society.

metal termini through the £bridge. In our opinion this
effect can be ascribed to the molecular asymmetry due
to the different electronic nature of [Pd]CI in regard to
[Re*] group which increases the barrier for the electron
transfer and consequently inhibits the interaction between
adjacent metals. A comparison might be performed also
with the trimetallic specied?2 in which the presence of
palladium presumably inhibits the electron delocalization
between the two rhenium atoms whilst in the homobimetal-
lic [Re*](C=C)4[Re*] a metal-metal electronic interaction
is encountere{B7].

The authors draw the same conclusions analyzing ESR
spectra, which show that the odd electron is localized on
one rhenium.

Another class of heteropolymetallic complexes studied by
Gladysz is characterized by a new form of coordinated car-
bon in which a three carbon atom chain links two metals
which are bonded to a third metal in a cluster fasHitoR].

An example of rhenium/osmium complex of this typel&
The terminal trimetallic cluster is a versatile architecture
which allows many modes of chain attachment: other exam-
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ples of asymmetric tetrametallic complexes can be found in Table 2

[103 104](14)_ Electrochemical data
Compound AEp (V)  E° (V) iclia  AE° (V)
16 0.07 -050 1 0.73
ReCp(NO)(PPh)CsSiMe;  0.25 035 3
FeCg(NO)(PPh)C4SiMe;  0.09 000 1
Re
RL ,,,,, ON"" ( o PPh; Reproduced with permission frorfl06]. Copyright by the American
ON | PPhy C Chemical Society.
i )
n-1
¢ represents the first complete systematic study of hetero-
| P Y
' substituted polyynediyl complexes.
PZEN ICII polyy y p
conos— P oM v
(CO)3 \ l 0s(CO), (CO)3OS\—HIOS(C0)3
0s(CO)s 0KCO)4
13 14 Re-C=C—C=C—Fe
ON bpp, p—P
The oxidation of these complexes have no counterparts 16

in [Os3(CO)o(L)2] compounds and the potentials are
much less favorable thermodynamically than those of other Comparing the CV data (sédg. 6andTable 2 with those
analogous rhenium derivatives. The less facile oxidation of the related monometallic species the radical cation has
versus other rhenium complexes or the more facile oxida- dominant iron character; the first oxidation occurs at the iron
tion versus other tri-osmium complexes can be explained center, the second oxidation occurs at rhenium. These con-
in terms of a great contribution by zwitterionic resonance clusions are further supported by the comparison of the CV
forms *Re=(C=C),=(Osk~. In contrast to symmetrical curves with those of the structurally related homobimetal-
rhenium complexes the longer chain adducts are more easiic complexes: the replacement of one of the iron endgroup
ily oxidized. This can be rationalized by a slight decrease with a rhenium endgroup decreases the electron density at
in zwitterionic character with chain length, rendering the iron, making its oxidation more difficult. Interesting infor-
rhenium more electron rich, which is consistent with IR mation comes from the NIR spectrum of the radical cation:
data. an IVCT band is observed, and on the basis of the Hush
An unusual heterobinuclear complex formed by tungsten model the complex is assigned to Class Il.
connected to a tri-ruthenium cluster by a diynyl bridge was  As previously mentioned great contributions to the re-
described by Bruce et g1105]. The X-ray structure of the  search on electronic communication in binuclear molecular
complex15 suggests that there is a tungsten—carbene inter-wires have come also from Lapinte. He presented a complete
action with Ru(3), but no further studies on electronic com- paper on synthesis and characterization of the diiron half-

munication were presented. sandwich complex of formula Cpe(dppe(C=C-C=C)

(dppeFeCp and its consanguineous derivatijé7]. The
W(CO)(Cp) radical cation is a stable centrosymmetric mixed valence
p cation: a NIR intense band allowed its assignment to Class

,C// lll. From the NIR data the coupling elemeHtwas calcu-
C//C lated to be 0.47eV. It is interesting to compare this value

/ iRu\C{O)\x
(OC)gRu/ E/ u(CO)s
H
15

A conjugal (featuring two unlike metal fragments) fam-
ily of butadiynediyl bridged complexes of Re/Fe has been
described by Gladysz and Lapinte06] (16). In their pa-
per data are carefully compared to those of the analogous
consanguineous di-iron and di-rhenium complexes. Both the 1.0 0.5 0.0 -0.5 -1.0

iron and the rhenium endgroups prove particularly effec- _ _ o
tive in ET biliti Th lex W tructurally char Fig. 6. Cyclic voltammograms of complek6 (solid line) and related
Ve In capabpiiities. € compiex was structurally char- monometallic complexes (Fe, dashed line, and Re, dotted line) in 0.1 M

acterized by X-ray analysis and the corresponding mono pgy,N PR/CH,Cl, (Pt electrodeV versus SCE; scan rate 0.100Vs
and dication were characterized in detail by CV, IR, NMR, 20°C). Reproduced with permission frofh06]. Copyright by the Amer-
NIR, ESR and®’Fe Méssbauer spectroscopies: this paper ican Chemical Society.

V vs SCE
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to that reported if92] for the asymmetric mixed valence attractive regarding its stability and synthetic potential. It
complex with the same backbone € (0.021 eV), which can be incorporated in bridges composed of several different
is discussed above. While the symmetric complex is as- spacers, providing more stability, rigidity of the wire core
signed to Class lll, the asymmetric species is undoubtedly and allowing geometric modifications and multi-branching
a valence trapped Class Il species, showing that the overlapto be achieved.
between the electronic wavefunctions of the donor and ac- Polyethylene bridged complexes are another investi-
ceptor groups decreases abruptly with the energy differencegated class of hydrocarbon bridged complexes, but most of
between the donor and acceptor centers. them contain identical metals bonded to the —(GHbyidge

The dication was characterized by CV, IR, ESR, NMR, [111-114]
Moéssbauer and electronic spectroscopy and no evidence A particularly interesting set of studies by Sponsler and
of cumulenic structure was encountered. It was also at- coworkers[115] was carried out on the di-iron complexes,
tempted to extend the,Cbridge to longer and linear car- Cp(CO)LFe(CH=CHCH=CH)Fe(CO)LCp (L= CO, PMe,
bon chains, in order to investigate the effects of distance PPh). These authors synthesized butadienediyl-bridged
on the electronic communicatiofHeCp (dppe }2(in—Cg)] di-iron complexes and oxidized them to their radical
was synthesized and characteriZ&08]. From CV mea- cation and dication species. X-ray crystal structures of
surements on the neutral complex, a greater coupling is ob-the dication, cyclic voltammetry and electronic absorp-
served than in di-rhenium analogous compounds by Gladysz.tion spectroscopy provided evidence for a strong cou-
The mixed valence radical cation was characterized by CV, pling between the metal nuclei through the @Gridge.
IR, UV-Vis, NIR and on the basis of Hush model it was Other interesting works by Sponsler deal with(@mpm)
assigned to Class lll, evidencing a noticeable electronic F(CH=CHCH=CH)Fe(dppm)Cp [116,117] and on the
communication between the metal termini. Recently Lap- bisalkylidene di-ruthenium complex [(@@)Cl2Rulp (-
inte synthesized also a new mixed valence complex of for- CHCH=CHCH) [118].
mula [Cp*(dppe)Fe—&C—-X-C=C-Fe(dppe)CH[PFs] (X Methylene bridged complexes in which the —&Hbridge
= 2,5-GH>S) [109]. This work is particularly interesting links two metals of disparate electronic properties are rel-
since the properties of the species are compared to thosaatively rare; examples of their reactions and structural fea-
of the related all carbon bridged complex &X—-Cs—) by tures can be found if119-122]
characterization through cyclic voltammetry, IR and NIR, Some polyalkenyl bridges are connected to cyclopenta-
5’Fe-Mossbauer, UV-Vis and ESR spectroscopies. The in- dienyl moieties in sandwich or half-sandwich complexes;
troduction of thiophene into the,&hain constitutes an at- thus they will be described in th8ection 3dedicated to
tractive mean to expand the size and to increase the rigidityfulvalenes.
of molecular wires. In fact, the Class Il electronic commu- A mixed chromium-ironp-bis(aminocarbene) complex
nication at the molecular level is apparently not affected by (17) was synthesized and characterized by X-ray diffrac-
inclusion of the thiophene unit with the advantage that the tion by Dvorak and coworked 23]. No examination of the
synthesis is greatly facilitated with respect to theabalo- electronic communication between the metal termini was
gous speciefL08]. reported.

A recent study on homobimetallic complexes of tungsten  Another example of a novel heterobinuclear compli (
and chromium with conjugatedsCCs, C10 and G4 bridges was presented by Fischer et HI24].
was carried out by Fischer and coworkgrs0]. From a com-

parison of the IR and NMR spectra of thg,C10 and G4 Fe(CO)4 Me_ = Me
bridged symmetric species with the Gne, only weaki- M. %
interactions between the metal fragments through the bridge O 2 (CO)Cr-—- #F*’;
could be identified. ) o! €O
R
2.2. Carbon based sp? bridged molecular wires (CO)sCr/ NMe,
R = nBu, Me, Ph, 4-NO,-C¢H4, COOMe
Among sp bridges we can distinguish polyalkenes, 17 18

polyphenylenes and mixed alkene/phenylene spacers.

The para-substituted polyphenylene units are conjugated The spectroscopic data as well as the X-ray structural
linkers of fixed geometry composed ofsmarbon atoms, but  analysis of complei8 indicate strong electronic communi-
they show some disadvantages with respect to polyalkynyl cation between the metal centers in this cyclobutenylidene
and polyalkenyl bridges. These include higher activation bar- heterobinuclear complex.
riers for intramolecular ET with increasing length owing to Homo-bi- and poly-nuclear platinum complexes with a
the loss of aromaticity, and a decreasenebrbital overlap biphenyl bridge were designed and synthesized in the at-
in successive para substituted units owing to rotation of the tempt to obtain nanoscale organoplatinum macrocycles with
units in the bridge, implying a reduced electronic interaction unique mechanical, chemical and optical properfi5].

[13]. Despite these disadvantages the 1,4-phenylene unit isThe characterization was performed by IR, NMR and mass
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spectroscopy, but no specific investigation on electronic vestigated by Wing-Wah Yafi30]. From IR measurements

communication was carried out. it is evident that the palladium and platinum metal complex
fragments are stronger electron acceptors than the rhenium
2.3. Other carbon based sp/sp? bridged molecular wires moiety. In fact, palladium and platinum derivatives exhibit

higher IR stretching frequencies for the isocyanide groups

Mixed sp/sp unsaturated bridges are mainly those where than the rhenium complexes. Electronic absorption spec-
a polyynic chain is interrupted by a ethylenic sequence troscopy proves that the employed ligands are appropriate
or by an aromatic ring which increases the system rigi- for photoinduced electron transfer from the metal alkylidyne
dity. fragment to the isocyanide-coordinated metal. Another ex-

Ruthenium and ferrocenyl homobimetallic, RuPdRu and ample of trimetallic species is the Pt(ll) compl2] [131].
FePdFe heterotrimetallic complexes connected by unsat-It was synthesized and characterized (X-ray structure, opti-
urated carbon-rich -€CCgH4C=C- bridges have been cal, electrochemical and thermal properties) by Raithby and
synthesized by Dixneuf and coworkdi6]. Electrochem- coworkers in an attempt to explore new classes of spacer
istry studies have shown that the electrochemical behaviorunits in novel organometallic polyyne systems. The pres-
of bimetallic complexes is strongly dependent on the nature ence of a pendant ferrocenyl donor unit in the side ap-
of the connection between the two terminal organometal- pears to be efficient in reducing the energy difference of
lic fragments and the 1,4-diethynylbenzene bridge. In fact HOMO-LUMO separation.
ruthenium isco-bonded to the spacer, but the ferrocenyl

group is connected in fulvalenyl fashion. Moreover, the L
presence of the palladium moiety in trimetallic species le--v‘vé\c }C=C _> N—C_ ML,
seems to inhibit communication between the two termi- o | \ / \ 7/ "
nal inorganic groups, a phenomenon already observed in L

L,Re—CG=C-Pd-(PBy),—C=C-Rel, [101] and discussed

in Section 2.1
Lo Sterzo and coworkers studied palladium-catalyzed

L, = TMEDA, n =0, ML, = fac-ReCl(CO)3, cis-PdCl,, trans-Ptl,
L, =dppe, n =1, ML, = fac-ReCI(CO)3, cis-Pdly,, trans-Ptl,

carbon—carbon and metal-carbon coupling and prepared a 22
molybdenum-iron heterobimetallic bis(acetylide) derivative

of 2,5-diethynylthiophene and poly(metallacetylide) tethers s
[127,128](19 and 20). & H

3 ,/ RS )
> = s\ — Sn(CHy, PHEGPLPL~C ' (= c—PIPEL)Ph
ML,

ML, = W(CO);CHj, Re(CO)s

19 B
-/:1/> The presence of studies on electronic communication in
heterobinuclear molecular wires in the very recent literature
,M{’*CE(:i == lFe is proof of the growing interest in the field. In this regard
O% co oC €O recent work by Choi and coworkef432] on new ferro-
cenyl heterometallic complexes of 2,7-diethynylfluoren9-
20 one should be noted. The bridge in this case is analo-

Raithby’s group synthesized a binuclear ruthenium/osmiun®ous to that of comple21, but the metals employed are
complex with a fluorenyl derivative in the bridging ligand iron/platinum (FeCp, Pt(PEg)Ph), iron/mercury (FeGp
(21). The homo di-ruthenium and di-osmium and the heter- HgMe), iron/gold (FeCp, Au(PPh)). The oxidation of the

obimetallic species were characterized by IR and electronic ferrocenyl moiety is facilitated by the presence of the heavy
absorption spectroscop¥29]. metal center and by the conjugation in the chain through

the ethynyl and fluorenone linkage units. In a trimetallic
Ph, P Pth @ @ thP pph2 species formed by two ferrocenyl end groups and a platinum
Cl/ . s\Cl central unit p4), the communication through the fluorenyl
PhZP Pth thP Pph2 system is interrupted.

g These complexes were fully characterized by spectro-
scopic, electrochemical and structural methods and the au-
thors drew the conclusion that delocalizationmoélectrons

Electronic communication between metal centers acrosscontinues through the metal center to different extent and
the ligands 4-isocyanobenzylidyng2( n = 0) and 4-(4- the conjugation is greater for the Pt(ll) complexes than the
isocyanoethynylbenzene)benzylidyr#?,(n = 1) was in- Au(l) and Hg(ll) species.

21
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Finally, there are some studies on mixed spigains, in selective update of Vollhardt group’s studies was published
which the lack of conjugation in principle switches off the and we refer to it for a deep insight on the topiG8].
electronic communication. For example, the heterobinuclear N the present work, we will cite some significant exam-
complex of formula THCO)>,Mo=C—CH,—~C=M (CO),Tp/ ples of asymmetric (homo- and especially heterobimetallic)
(Tp' = hydridotris(3,5-dimethylpyrazolyl)borate), where M Organometallic complexes of this ligand. Nevertheless, some
indicates molybdenum or tungsten, was synthesized by Tem-Selected examples of symmetric homobimetallic complexes
pleton[133,134] who employed it as a ‘generator’ of deriva- will be illustrated for a description of the main fulvalene
tive binuclear chemistry but unfortunately no systematic Peculiarities.

studies on the electronic communication were attempted. ~ Bimetallic fulvalene complexes exhibit unique properties
with respect to those of the corresponding monometallic

analogues. The main reason is that the conjugategstem
3. Fulvalene and fulvalene-like bridges of the fulvalene system allows an efficient through-ligand
intramolecular electron transfer between the metal centers

In this section, we will illustrate a wide class of hetero- regarc“ess of whether or not there is a metal-metal bond,
bimetallic complexes spanned by bridging ligands contain- and whether the metal atoms aredisoid or transoid ge-
ing two identical or different aromatic rings, in particular ometry with respect to the bridging ligarjd36-141] A
Cp, phenyl and tropylium linked directly, i.e. fulvalene like simple EHMO diagram of fulvalenf142] shows that two
ligands, or by a hydrocarbon chain. The most common sub |ow level orbitals in ther system provide significant bond-
classes for heterobimetallic systems may be differentiateding interaction between the two Cp rings_ Further support
by the ring types present in the bridging ligand, such as: for the existence of electronic communication through the
(i) fulvalene, (ii) phenyl-cyclopentadienyl, and (iii) other fylvalene ligand was given by the physico-chemical prop-
fulvalenyl-like bridges. erties of bimetallic complexes obtained with different tech-

As for the previous classes examined in this review, we njques. In fact, the cyclic voltammetry of FV[Rh(CO)RPh
will focus on those studies inCIuding a description of the showed a reversible two-electron oxidation at a poten-
physical properties which evidence the electronic interaction tjial about 400mV less positive than the monometallic
between the metal centers in the ground state and in theCpRh(CO)(PP¥) analog indicating a strong stabilization
mixed valence state. of the radical cation in the homobimetallic syst§t3]. In
order to explain this finding the authors proposed the pres-
ence of a structural rearrangement suggested by the X-ray
structures showing &ransoid conformation for the neutral
complex and aisoid one for the dication§cheme h

In addition, the®’Fe-Méssbauer spectra of the radical
cations [FvFe(CsRe)2]™ (R = H, Me) at 4.2 K showed that
the electron change between the iron centers is faster than

3.1. Fulvalene complexes

3.1.1. The concept of fulvalene

Among the bridging ligands considered in this subsection,
fulvalene (Fv) | and its reduced form fulvalene dianion (bi-
cyclopentadienyl) Il have attracted the most attention in the

ggﬁg:if:my oi:“?ér;(iatzltlilgncsomplexes and are still a subject of 10°s~1 indicating that they belong to the Class Il of the
9 9 ' mixed valence complex¢$44]. Finally, it was found that the

z¢ radical cation [FvMa(CO)(u-PloCHoPPR)]H shares the
1 1 co _l 2+

PhsP PP COoc PPy
The fulvalene bridge, in fact, is notably efficient in trans- " A\ " \ F N

mitting the electronic effects between two redox centers. Rh % Rh Rh

In particular, bi-sandwich fulvalene complexes have been @ @ _— @ @
thoroughly investigated as a model for the electronic com- '

munication between the metal centers when at least one /th_]

undergoes reversible reduction or oxidation and the system OC  Pphg

may behave as a molecular switch or wit85]. Exhaustive _ .
transoid cisoid

reviews on this class of binuclear organometallic complexes
have appeared in the 1990K36,137] In the last year, a Scheme 5.



A. Ceccon et al./Coordination Chemistry Reviews 248 (2004) 683-724 697

CO

CQ / mCO

er”

Scheme 6.

characteristics of both trapped valence (Class Il) and fully
delocalized systems (Class I11). In fact, this radical cation
has a delocalized electron on the near-IR (10-2s71) and
ESR time scale (108 s), along its electrochemical behavior
(detrapped valence, Class I11). On the other hand on the IR
time scale (1012 s) theradical cation was classified asava-
lence trapped species (Class I1) [33,34,145]. This apparent
incongruity was overcome by designing the system as hav-
ing borderline Class | 1-Class |11 behavior [34,48,146] and a
correlation of AE with IR spectral properties was found.

The fulvalene is a flexible bridge and in the metal-metal
bonded derivatives the ligand is often bent away from the
planarity. As a consequence, whereas the Cp centroid dis-
tance in the complexes bi-ferrocenyl (25) [147] and FvoFe;
(26) [148] with planar fulvalene is 4A, in the FvM>(CO)g
(M = Cr, Mo, W) (27) is less than 3.5A [149-151]. Such
a bending causes a strain in the molecule which induces a
lengthening of the M—M bond and consequently may trans-
late into unique physical and chemical properties[152,153].
Nevertheless, it was found that in the case of FvCrz(CO)g,
the fulvalene ligand stabilizes the Cr—Cr bond with respect
to both enthal py and entropy. In fact, despite the Cr—Cr bond
elongation in the solid phase, the enthalpy of dissociation
of the complex of type 27 (Scheme 6) is equal to or dlightly
higher than that of its cyclopentadienyl analog 28. Thisfind-
ing is attributed to the special electronic characteristics of
the fulvalene ligand. A less favorable entropy also disfavors
the bond rupture with respect to 28, since the resulting rad-
icals are not free to dissociate and only rotational freedom
is gained [153].
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3.1.2. Homobimetallic asymmetric fulvalene complexes

In general, there are three main factors which control the
rate of the electron transfer in mixed vaence bimetallocenyl
cations: (i) the electronic coupling between the two metal
centers and their vibronic coupling which is a measure of
the bond length in the metallocenyl moieties in the two dif-
ferent oxidation states, (ii) the zero-point energy difference
between the two states, and (iii) the intermolecular cation-
cation and cation—anion interactions.

The electronic interaction between the two iron centers
in a series of symmetric and asymmetric mixed-valence bi-
ferrocenium cations were widely investigated by mean of
their structural, electrochemical, and spectroscopic charac-
teristics [154-163]. In particular, the main strategies were
to use mixed-valence hiferrocenium cations (29) with short
[164-167] and long alkyl [168,169], and aryl [170-172] sub-
stituents at the Cp rings.

= o
Sy oy

Fe

\Srants
29

In arecent paper [173], Dong et al. compared the effect
of the asymmetry in solution and solid state and demon-
strated that minor perturbations caused by the akyl sub-
stituents with terminal bromide have significant effect on the
rate of the electron transfer. The magnitudes of the peak-to-
peak separation (AE;,») obtained by electrochemical mea-
surements and the Fe—Fe distances by X-ray structure de-
terminations indicate that the electronic and vibronic cou-
pling between the two Fe sites are similar in solution and
the zero-point energy difference between the vibronic states
is small in the examined cations. On the other hand, the
5Fe-M6ssbauer spectra established significant differences
of the intramolecular electron transfer rate and the authors
suggested that the most important factor is the symmetry of
the cation and the zero-point energy difference owing to in-
termolecular interactions which induce asymmetry between
the two ferrocenyl moieties. The effect of the asymmetric
substitution in mixed valence biferrocenyl cations has been
probed by Cowan and coworkers [174] by single substitu-
tion either at the fulvalene ligand or at one Cp. For an asym-
metric biferrocenyl cation, the two metals are not equivalent
and one vibronic state is more stable than the other one and
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the electron transfer will result in the formation of an ener-
getically unfavorable valence isomer. In agreement with the
Hush theory, the displacement to higher energy of IT elec-
tronic absorption and adecrease of itsintensity for the mono-
substitued biferrocenyl cation relative to the IT band of the
unsubstituted case suggested that “asymmetry reduces the
rate of the electron transfer”. However, in aimost al bifer-
rocenyl complexes reported, the symmetrical derivative and
the corresponding asymmetrically substituted one belong to
the same Class |1 of localized mixed valence complexes. The
only example of totally delocalized (Class I11) unsubstituted
biferrocenyl cation is 26T which was characterized by us-
ing Méssbauer and EPR techniques [175]. Surprisingly, the
3-acetyl substitued cation [176] still appeared to be a Class
I11 delocalized mixed valence complex, contrary to the ex-
pectation based on its asymmetry and the zero-point energy
difference introduced by an electron-withdrawing group. A
direct Fe—Fe interaction was found in the parent cation and
it is apparently maintained in the substituted cation. Thisin-
teraction decreases when the Fe—Fe distance is increased as
in the cation of the [1,1]ferrocenophane (30) [175] system
in which the ferrocene moieties are spanned by two CHj
bridges. In fact, 5"Fe-Mossbauer spectroscopy (time scale
of 10~7's) showed that the 13~ salt of the cation of 30 gives
a spectrum that can be interpreted as a superposition of both
Class I and Class 111 mixed valence species. Interestingly,
lowering the temperature led to an increase of the Class 111
species. The authors interpreted this behavior with a phase
transition wherein the Fe—Fe distance is changed permitting
greater exchange interaction.

ey
F F
Ny
30

Specific factors such aslattice dynamics [177-179], struc-
tural micromodifications [180], as well as the tilt of Cp
rings [181,182] have been considered for the analysis of
metal-metal interaction in several biferrocenyl complexes.

The addition under thermal or photochemical conditions
of basic phosphines (PMe3, MesPCH2PMey) to complexes
of type 27 (M = Mo, W) generates the corresponding asym-
metric zwitterions [183—-186] (Scheme 7).

The Mo zwitterion was structurally characterized and
presents the two metals bonded to the fulvalene in
trans orientation with m°:m° hapticity rather than %m*
(Scheme 8). Both % and m* hapticities were found in
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the monometallic complexes m8-M(CO)3(fulvene) [187]
and m*-M(CO),Lo(diene) (M =Cr, Mo, W; L = PRy)
[188-190].

The zwitterionic nature and the contribution of the
fulvalene-diene form are consistent with the reactivity
of these gspecies. In fact, the Mo and W complexes add
electrophiles at the anionic group and the nucleophiles at
cationic one. Conversely, the decomplexation of the Mo
zwitterion when treated with an excess of PMes is unex-
pected, asthe anionic site should be unreactive for electronic
reasons and the cationic site should be protected by steric
hindrance. The proposed mechanism [183], illustrated in
Scheme 9, involves hapticity changes which alow for the
addition of the phosphine to anionic site.

3.1.3. Heterobimetallic fulvalene complexes

The main reason for the great interest raised by hetero-
bimetallic complexes is that the presence of two different
metals induces a polarization of the molecule and can cre-
ate a polar M—M bond when the inorganic groups are in
close proximity. Consequently, unique reactivity and phys-
ical properties may be produced by synergistic interactions
between the metals.

The first example of heterobimetallic fulvalene complex,
the ferrocenylruthenocene FvFeRu(Cp), (31) was reported
by Neuse and Loonat in 1981 [191].

<

Ru

NV s CE» Y

Fe

<

31

Afterwards, Sano and coworkers [192,193] studied the
redox, spectroscopic, and magnetic properties of the neu-
tral compound and its cationic derivatives. The oxida-
tion of 31 with different reagents gives a mono-oxidized
317 (BF4~) salt with sulfuric acid-NH4BF4, and a trioxi-
dized 313t (BF; )3 with p-benzoquinone-BF3(Et,0).

The absence of peaks in the 1H and 13C NMR spec-
tra in acetonitrile of the monocation indicates that it is
paramagnetic but sharp signals were observed in 13C-
CP-MAS NMR spectra in the solid state. The magnetic
susceptibility study showed that the BF;~ salt is diamag-
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netic from 78 to 300K. In the >'Fe-Mdossbauer spectra
only one kind of iron was observed and the parameters
correspond to those of the neutral complex itself indicat-
ing that 31 is not oxidized to its ferrocenium salt in the
solid state. On the basis of these results the authors sug-
gested the existence in the solid state of a dimeric struc-
ture [CpFe(I1)FvRu(l11)CpRu(l11)CpFvFe(11)Cp] t3(BF4 )2
with an antiferromagnetic Ru(l11)-Ru(lll) chemical bond
which is unstable in solution and dissociates giving a
monomeric paramagnetic cation [CpFe(ll1)FvRu(l1)Cp]™.
This conclusion was confirmed by the 5/Fe-M&ssbauer
spectra of the 317 cation dissolved in acetonitrile and then
dispersed in a poly(methylmetacrylate) matrix in which
two kinds of iron atoms were observed, one in Fe(ll) state
and the other in Fe(lll) state. It can be concluded that in
solution the dissociation of the dimeric BF;~ salt gives
the monomeric 31* cation. In contrast to the diamagnetic
BF;~ sdt, in the solid state the PFg~ salt is paramagnetic
and on the basis of Mdssbauer and magnetic properties it
can be mainly described as [CpFe(l11)FvRu(I1)Cp] +PFg ™.
Cyclic voltammetry showed that the ferrocenyl moiety is
oxidized at ailmost the same potential of ferrocene (0.45V
versus Ag/AgCl) whilst the ruthenocene moiety in two
one-electron steps at 0.85 and 0.92V, associated with the
Ru(l1D)—Ru(l11) antiferromagnetic bond formation.

The trication 313+ is a paramagnetic species as shown by
its magnetic susceptibility (2.1 B.M.) which was found to
be somewhat smaller than that of the ferrocenium (BF;™)
sat (2.5 B.M.). The Mdsshauer spectrum from 4.2 to 300K
gave awell resolved quadrupolar splitting with the doublets
ascribed to alow spin Fe(l11), although most of ferrocenium
salts show a broad singlet line because of the fast relax-
ation related to a negligible energy difference between the
two Kramer doubl ets. These results suggest that the trication
is represented by the structure [CpFe(I11)FvRu(IV)Cp]3* in
which some kind of electronic interaction of the ruthenoce-
nium moiety on the ferrocenium is present.

Complex 31 also reacts with I, giving the diamagnetic
iodoferrocenylruthenocenyl (I37) salt (32) [194] whose
structure in solid state and at a low temperature in solution
(183K) was assigned on the basis of 1H, 13C, 13C-CP-
MAS NMR and °’Fe-M&sshauer data. A weak interaction
between the metal groups was suggested [195].

32

Interestingly, at higher temperatures this species became
paramagnetic and an intramolecular electron transfer be-
tween Fe(11) and Ru(1V) occurred accompanied by exchange
of the iodide atom between the metals. Similar behavior was
found for the homobimetallic ruthenium analog [196,197].

Information about the chemical state of iron atomsin a
series of heterobimetallic bimetallocene cations (33-35), in
which the two metallocene moieties are connected by dif-
ferent linkers, were provided by means of the same physico-
chemical measurements [193,194].
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Similarly to 31, the BF4~ cations of [1]ferroceno[1]
ruthenocenophane (34) is expressed by a dimeric struc-
ture with an antiferromagnetic Ru(I11)-Ru(l11) bond with
a small amount of monomeric cation, while the ratio of
the two species is reversed in the case of carbonyl linked
[1]ferroceno[ 1] ruthenocenophane-1,13-dione (35) probably
because of the effect of the electron attractive carbonyl
groups. Also for complex 35 the nature of the counter-
anion has an important role. In fact, for the PFg~ salts
of 35, as in the case of the directly linked bimetallocene,
the amount of monomeric structure increases indicating
that the Ru(l1)—Ru(ll1) bond in the dimeric structure is
less stable. Finally, the ferrocene moiety in the cation fer-
rocenylruthenocenemethane (33) is so separated from the
ruthenocene that iron and ruthenium cannot directly interact
with each other.

It was found [198], on the basis of the molecular struc-
ture and 13C-CP-MAS NMR, that the oxidation of 34
with one equivaent of iodoruthenocenium™BF;~ pro-
duces not a monocationic ferrocenium but the cationic
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salt [Fe(I1)(CsH4CH2CsH4)2Ru(IV)I]T owing to the stabi-
lization energy of the Ru(lV)-l bond, with some interac-
tion between the two metals. Besides, the oxidation with
1.5eg. or with a large excess of iodine gave the monoca
tion [Fe(I11)(CsH4CH2CsHa)-Ru(1)] 13~ and the dication
[Fe(I11)(CsH4CH2CsH4)2Ru(IV)I]12137-0.5(137)2-0.5(1>),
respectively, which were structurally characterized [199].
Selective oxidation of iron site can occur only with iodine
as oxidant.

A series of heterobimetallic bimetallocene complexes
with different metal couples, [CooH18CoF€]* (36) [200,201],
[C20H18COOS]+ (37) [202], [C20H18CORU]+ (38) [202],
[C20H18F6Rh]+ (39) [203], CyoHigFeNi (40) [204],
[CooH18CONI™ (41) [201,205], and of heteronuclear bis-
fulvalene [CooH1sCoFe]™ (42) [206-208], CyoHigFeNi
(43) [204], [CooH16CoRU]T (44) [207,208] were synthe-
sized and characterized by Schwarzhans, Schottenberger
and coworkers. In particular, information on the electronic
communication between the metals were provided for some
of them. The electrochemically generation of the bimet-
allocene cations 36 and 41 by oxidative deprotonation in
dichloromethane of CygH19gCoFe and CyoH19Co—Ni, re-
spectively, was proposed by the authors [201].

H
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Ni (41)

The formation of the cation 36 was suggested by the ap-
pearance of a hew reversible wave in the cathodic scan af-
ter oxidation of the starting compound followed by proton
abstraction, and by the positive shift of the redox potential
of the ferrocenyl moiety. Such a shift is generally observed
in case of electronic interaction between the meta centers
of binuclear metallocene complexes. The assignment was
confirmed by the comparison with the redox behavior of
an authentic sample of the cationic species. Though in the
case of 41 no comparable electrochemical data exist [205],
its redox generation in dichlorometane occurs most likely
by proton abstraction after oxidation of the corresponding
hydride [NiCoH]. Also in this case, the positive shift of
the redox potential of Ni2*/Ni®* oxidation of the nicke-
locene moiety in 41 yielding the corresponding dication can
be explained by the existence of electronic interaction be-
tween the two metal centers, though, surprisingly, similar
effect was not observed for other nickelocene-containing bi-
and termetall ocenes such as binickelocene [205], ferrocenyl-
nickelocene [204] and 1,1'-dinickelocenyl-ferrocene [209]
(45).

In order to study the range of valence states accessi-
ble in heterobimetallic complexes and the extent of de-
localization of the valence electrons, Schottenberger and
coworkers [207] investigated the redox behavior of the bis-
fulvalene [C20H16C0Fe]+ (42) and [ConlGCORU]+ (44)
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cations in comparison with the analogous homobimetallic
[CooH1sFe2] ™ (26), [C20H16C02] ™ (46) and [CooH16C0,] >+
(47), and the monometallic metallocenes.
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The cyclic voltammogram in acetonitrile of the homonu-
clear cation 46 (or dication 47) shows three one-electron
electrochemically reversible waves, at —0.06, —0.81, and
—1.77 V versus Ag/AgCI (Scheme 10).

The cyclic voltammogram in acetonitrile of 42 exhibits
three one-electron electrochemically reversible waves, at
0.83, —0.81, and —1.77V versus Ag/AgCl (Scheme 11).

In contrast, in the cyclic voltammogram of 44 one ir-
reversible at 1.45 and two reversible waves at —0.77 and
—1.75V were observed (Scheme 12).

The oxidation wave is most likely a one-€lectron process
and it was attributed to the ruthenium moiety despite the
oxidation of the mononuclear ruthenocene at 1.04V be a
two-electrons process in the same experimental conditions.
The authors suggested that the charge effect arising from
the proximity of Co(ll1) center as well as the electron delo-
calization between the metals in the mixed valence dication
renders the abstraction of a second electron a high energy
process.

Concerning the subsequent reduction waves, a compar-
ison among 42, 44 and 46 indicates delocalization of the
valence electrons and interaction between the metals on the
basis of the comparably large AE° values between succes-
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sive electron transfers. We further note that the AE° differ-
ences between the E*/0 and E% ~ potentials, —0.96, —0.98
and —0.84 for the cations 42, 44 and 46, respectively, cor-
responding to two subsegquent monoel ectronic reductions of
the cobalt moiety, are similar and hence the asymmetry in
the heterobimetallic complexes does not seem to decrease
as expected the extent of the electronic interaction between
the metals. Nevertheless, the substituent effect raising from
the different nature of the adjacent metals should be taken
into account and the results reconsidered in detail. On the
contrary, the positive shift of the oxidation potential of the
iron, ruthenium and cobalt moiety with respect to the corre-
sponding mononuclear metallocenes, increases for the three
cationic complexes in the order 44 ~ 42 (0.42) < 46
(0.83). In our opinion and according with severa authors
[173,174,210], this effect can be ascribed to the metal asym-
metry in the sense that the different electronic nature of Ru
and Fe in regard to Co increases the barrier for the electron
transfer and consequently decreases the interaction between
adjacent metals. As a conseguence, the oxidation of the het-
erobimetallic compounds is more favorable than that of the
homobimetallic one. We assume that the electrostatic con-
tribution [211] due to presence of the positive charge in the
bimetallic cationsis roughly the same and small with respect
to the electronic contribution due to the charge delocaliza-
tion, especially in the case of large electronic interactions
[5].

Schwarzhans and coworkers [212] compared the crys
tallographic structures of homo- and heterobimetallic bis-
fulvalene 26 and 42 PFg~ sdlts, establishing that the two
compounds reveal very similar lattices and nearly uniform
charge distribution over both metallocene units. This pro-
vided evidence for a valence averaged delocalization for
both molecules. Nevertheless, the heterobimetallic cations
are not randomly oriented in the counter-ion environment
and the lattice layers are dightly displaced rendering the
crystal packing deformed in contrast to the homobimetallic
complex. Very probably an asymmetric charge distribution
is present on the different metals.

In view of the remarkable valence averaging behavior
of some ethyne-linked biferrocenes [213-215] such as
48 and 49, they extended the study of the intervalence
transfer phenomena to related systems 50 [201] and 51
[216].
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The diamagnetism found by *H NMR for 50 indicates that
the positive charge is localized at the cobaltocene part. The
voltammetric behavior of the PFg™ salt of 50 is represented
by two reversible redox waves at 0.64 and —0.78 V versus
Ag/AgCl, corresponding to the oxidation of the ferrocene
and to the reduction of the cobaltocene moieties, respec-
tively. We can compare the voltammetric results with those
of the directly linked bimetallocene 42 and observe that the
oxidation potential of ferroceneisat adlightly more positive
potential (30mV), whereas the reduction potential occurs
definitely at less negative potential (210mV) suggesting
that in the ethyne-linked complex 50 the positive charge
may be more localized at the cobaltocene part. The larger
distance between the metals and the minor efficiency of the
ethyne with respect to the direct linkage of the Cp rings
disfavor the electronic communication between the metal
groups. The efficiency of ethyne linkage can be evaluated in
the corresponding homobimetallic complex of iron (48) and
cabalt (51). Cyclic voltammetry of 48 gave two reversible
oxidation waves at 0.63 and 0.76 V versus SCE; 51 showed
two reversible reduction waves at —0.66 and —0.84V
versus Ag/AgCl. The AE® vaues (130 and 180mV) are
typical of Class Il mixed valence systems. Nevertheless, a
second ethyne linkage can enforce the metal—metal interac-
tion [214,215]. In fact, it has been shown that the cation of
[2,2]ferrocenophane-1,13-diyne (49) has properties which
are quite different from the Class Il cation 48*, and it is a
fully delocalized class 111 mixed valence compound on the
basis of the electrochemistry, EPR, electronic absorption and
5"Fe-Mdsshauer spectroscopy. In view of these properties,
the development of an efficient synthesis of heterobimetallic
complexes of analogous structure of complex 49 isdesirable.

It is well known that the chain length and increased pla-
narity of the conjugated m-system play an important role on
electronic and NLO properties. A straightforward synthetic
concept was found by Schottenberger and coworkers [217]
for themodular construction of stable polyaromaticswith de-
signed extent of conjugation, generating aseries of homo and
heterobimetallic complexes. The paraphenyleneacetylene-
linked Co—Fe complex (52) is atypical donor—acceptor sys-
tem which satisfies the prerequisites for compounds with
nonlinear optical properties:

o= =<

Fe Co+

< <

52

Substituted cyclopentadienes may be prepared by reac-
tion of a lithium or magnesium organyl with cyclopen-
tenones [218,219]. Plenio [220] adopted this strategy to
reactions of ferrocenyl lithium and opened up the pos-
sibility of synthesizing heterobimetallic bimetallocene
and bifulvalene complexes with functionalized cyclopen-
tadienes. The preparation and characterization by IR
and NMR spectroscopy of (m>-9-ferrocenylfluorenyl)
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(m°-pentamethylcyclopentadienyl)ruthenium(l1) (53) [221]

and themolecular structure of [ferrocenyl(n>-CsMey)] 2ZrCl
(54) and (m>-9-ferrocenylindenyl)2(n°- CsMes)»ZrCl5 (55)

[222] were reported.
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Moreover, the suitable route by Plenio [220] and al so Scott

et a. [222] for the synthesis of someferrocenyl—cyclopentadiene

and ferrocenyl-indene complexes alowed the preparation
of fulvalene-bridged heterobimetallic complexes of the
type ferrocenyl|(C, R,,)ML,, where (C,R,,)ML, is not a
metallocenyl-like moiety (56).
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These complexes are attractive targets since the ferroceny|
has well defined redox properties and is chemically robust
in both Fe(11) and Fe(l11) oxidation states, and the el ectronic
and redox properties of the second metal centers ML, can
be modulated by varying the metal or the ancillary ligands.

Until the early 1990s, the unique example of such heter-
obimetallic complexes, 1'-acetylferrocenyl{CsH4)W(CO)3
CH3 (57), was prepared in 1988 by Moulton and Bard [223]
via electrochemical reduction of diacetylbiferrocene (58),
followed by addition of W(CO)3(PrCN)3 and then CHsl.

T oy T oy
0 Fe g WoCHy O Fe Fe 0
<= o Yo <oy o4
57 58

The reduction of complex 57 by cyclic voltammetry
showed two waves, the first irreversible followed by the
cleavage of the W—-CH3 bond generating the anion 1'-
acetylferrocenyl-(CsH4)W(CO)3~, the second reversible
corresponding to the reduction of the anion produced at the
level of the first wave. The peak splitting for the second
reduction (AE, = 65mV) suggests faster heterogeneous ki-
netics than in the reduction of diacetylbiferrocene. The elec-
trolysis of the anion 1’'-acetylferrocenyl{(CsH4)W(CO)3~

under CO gave the percarbonylated heterobimetallic dianion
(59):

Ny o> 2l i
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59

The work-up of the solution with excess of I, gave ful-
vaeneFeW(CO)sl 2 (60) but also 1'-acetylferrocenyl|(CsHg)
W(CO)3l which may be formed by oxidation (or autoxida-
tion) of the pinacol dimer [223].

The authors explained the electrochemical behavior and
the reactivity of acylated ferrocene anion in terms of the
canonical structures of the radical anion (Scheme 13).

To the extent the unpaired electron is localized on the
antibonding Fe-ring LUMO orbital, decomplexation may
occur. On the other hand, electron density on the car-
bonyl group increases the probability of the pinacolization,
limiting the synthesis of fulvalene complexes from acetyl-
ferrocene. By analogy with Plenio’s synthesis, Mountford
and coworkers [224,225] reported the convenient synthe-
sis of a series of heterobimetallic complexes of the type
ferrocenyl(C, R,,)ML, (61-63):

The authors discussed in detail the vco stretching and
the electrochemical data for the oxidation of the Fe-Mo
complexes compared with those of the monometallic
[Mo(CO)2(n-CgHs)(ring)] (ring = CsMes, CsHs, CgoH7)
and ferrocene. The average vco for the heterobimetallic
complexes decreasesin the order 63 > 62 > 61 (M = Mo)
indicating that it is possible to ‘tune’ the electron density at
the molybdenum center. The vco values of the indenyl and
CsMey derivatives are so close to those of the monometallic
compound that the authors concluded that there is negligi-
ble ‘leskage’ of electron density between the iron and the
molybdenum centers in the heterobimetallic complexes. In
the case of CsHa2Mex— 62 and CoHg-containing 63 binuclear
complexes, they assigned the first oxidation to the Fe and
the second to the Mo on the basis of the Ey/» values of the
monometallic complexes (320 and 170mV, respectively),
which are essentially the same of those found for the cor-
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responding bimetallic complexes. On the other hand, in the
case of the CsMey derivative (61), the differencein Ey» for
the two subsequent oxidation processes (160 mV) istwice as
larger as that anticipated from the Ey /> values for the model
complexes (80 mV), indicating a strong interaction between
the two metal centers. For 62 and 63, the authors suggested
that there is no significant interaction between the Mo and
the Fe and that their cations are described as Class | in the
Robin and Day classification. For 61, the results were remi-
niscent of aClass || mixed valence system. Infact, it ispossi-
blethat thefirst oxidation does occur at Fegiving aFe'''Mo!!
species but that a significant equilibrium concentration of the
corresponding Fe!'Mo!"! valence isomer exists, as expected
from the Nernst equation. On the basis of respective model
complexes, thereisalarger difference between the oxidation
potentials of ‘isolated’ metal centers in the first two com-
plexesthan in thelatter. Thiscorrespondsto agreater AG® in
the Marcus—Hush theory. In conclusion, as the degree of in-
teraction between the metal centers decreases with increased
asymmetry, the different electrochemical behavior of 61 can
be attributable to a smaller degree of asymmetry than found
in the other two complexes, so that decreasing the difference
in redox potential between the two different metal centers
can lead to a greater interaction between them in the mono-
cation.

Chung and coworkers[226] examined the el ectrochemical
properties of the asymmetric (ferrocenyl-indenyl)cyclopen-
tadienyliron compounds (64 and 65) in order to evaluate
the influence of the indenyl on the oxidation potential of
ferrocene.

R R
’—’
Fe Q Fe
R >

64 65

In comparison to the biferrocenyl 25, the introduction of
anindenyl group increases the difference in Ey/» for the two
subsequent oxidation processes because the indenyl is more
electron-donating than the cyclopentadienyl. The indenyl-

cyclopentadienyliron moiety oxidizes at less positive poten-
tial than ferrocene (—0.14 V), hence this must be taken into
account when comparing the electrochemical data of 64 and
65 compounds with those of 25. The AE; /> values of thetwo
indenyl derivatives are ailmost identical (0.46 and 0.44V)
indicating that the position of the ferrocenyl group haslittle
influence.

The same authors developed the synthesis of some ful-
valene bridged heterobimetallic complexes of type ferroce-
nyl«(C, Ryu)ML ((C,Ru)MLy = (CsHa)MN(CO)3, (CsHa)
Cr(CO)2NO, (2-MeCsH3)Mn(CO)3, 1,3-MexCsHo)Mn
(CO)3) [227,228] but no electrochemical datawere reported.

In this context and as a part of our continuing program to
expand the chemistry of heterobimetallic indenyl complexes
we were involved in the synthesis of a series of ferrocenyl
containing heterobimetallic complexes [n°-(1-ferrocenyl)-
indenyl]-ML> (M = Rh, Ir; L, = COD, NBD, L = CO,
COE) in anticipation that the close proximity of aniron (and
of its oxidized species) to a rhodium or iridium centers as-
sociated with the coordinative flexibility of the indenyl lig-
and will result in unusual structural and chemical properties
[229,230].

The crystal structure determined for RhNBD (66),
Rh(CO), (67) and Ir(CO), (68) derivatives established
that the metals are in a transoid configuration in the NBD
complex probably to avoid steric repulsion, and in a cisoid
configuration in the carbonylated complexes due to the pres-
ence of stahilizing w-hydrogen bonds between the M(CO),
group and the hydrogens of the unsubstituted Cp ring.

67 68

The electrochemical studies on the carbonylated 67 and
68 compounds revealed a strong metal—metal interaction fa-
vored by the relative proximity of the metal groups in the
ground state configuration. Oxidation proceeds through an
ECo/E route (Scheme 14) in which the iron works as a
sink of electrons supplied by rhodium (or iridium) with the
conseguence that the oxidative activation of rhodium and
iridium mediated by the ferrocenyl group is possible at a
potential far shorter than that required for direct oxidation
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of the metal. We suggested that the driving force is the in-
terna electron transfer from rhodium (or iridium) to iron
concomitant with the rearrangement of the bridging ligand
from a planar to a bent fulvalene frame and formation of a
metal-metal dative bond.

The methylene-linked Fe-Rh anal og (69) was synthesized
by Gaede [231]. A comparative electrochemical study would
be interesting to eval uate the possibility of the through-space
electron transfer when the through-ligand mechanismisdis-
favored by lack of conjugation.

69

The successful synthesis of homobimetallic fulva
lene complexes (CioHgM2CO4) (M = Co, Ru) and
(C10H8M2COg) (M = Cr, Mo, W) developed by Voll-
hardt and Weidman [232] in 1984, opened the possibil-
ity of preparing heterobimetallic fulvalene complexes of
type (CioHg)ML,M'L,,, in which both the meta moi-
eties are of the half-sandwich type. In the same pa-
per the authors reported the synthesis of the complex
(C10Hg)M0(CO)3RU(CO), (70) in a dlightly better than
statistical yield.

Afterwards, electrochemical studies [233] showed that in
oxidation these complexes behave similarly giving a two-
electron irreversible wave, whereas in reduction they are

.......... Mo---------------Ru
CcO /- ", S\
Co €O CO o

70

reduced in a two-€electron process to form a dianion which
upon oxidation produces the starting substance. An ECE
type mechanism was proposed and shown in Scheme 15.

Thefirst electron is introduced into the metal-metal anti-
bonding LUMO orbital, reducing the bond order and yield-
ing an anion radical (b) in an unfavorable geometry in which
the metal-metal distanceistoo short so that the molecule re-
laxes in aless strained geometry increasing the metal—metal
distancein (c). As aconsequence, the second electron trans-
fer occurs at |ess negative potential than the starting complex
(a) since the SOMO of theradical anion results stabilized by
the chemical rearrangement. Thus, an overall two-electron
wave is observed. After the second electron transfer (d) the
dianion may rearrange probably to a trans configuration ().

The heterobimetallic 70 is similarly reduced in a sin-
gle two-electron wave at a potential (—1.25V versus NHE)
which is intermediate of those of Mo-Mo (—0.77V) and
Ru—Ru (—1.65V) homobimetallic homologues. On the an-
odic scan a main oxidation wave was observed at roughly
the same potential of the Ru—Ru dianion (—0.5V), suggest-
ing that it corresponds to the two-€lectron oxidation of a Ru-
centered dianion affording the original metal-metal bonded
meaterial.

Few years later, Vollhardt and coworkers [234] de-
veloped the first controlled approach to heterobinuclear
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derivatives based on the remetalation of the previously
described (Scheme 9) monometallic ring slippage product
of FvRu2(CO)4 and FYM02(CO)e. A series of zwitterionic
binuclear complexes were obtained (Scheme 16).

A second, more efficient synthetic strategy utilized a
cyclopentadienyl—cyclopentenone as a precursor to fulva
lene, allowing a selective step-wise preparation of severa
heterobimetallic complexes with different transition metals
(Scheme 17) [234,235].

The efficient preparation of heterobimetallic complexes
allowed the investigation of their chemistry and some exam-
pleswere recently reviewed [138]. Here, we cite one signifi-
cant example. In the presence of alkynes the homobimetallic
FvRuU,(CO)4 [236] and FvMo02(CO)4 [150] undergo upon
irradiation to metal-metal and fulvalene C—C bond homol-
ysis followed by formation of bridging alkyne complexes
for the former, and symmetrica addition of alkynes to the
metal-metal bond for the latter. In contrast, the hetero-
bimetallic 70 in the presence of alkynes undergoes selective
photo substitution at the Mo center only (Scheme 18) [237].

S]
MACO) Mi=M,=Mo, x=2
M1: MO, MZ: Cr, X=2
M;=Ru, M,=Cr, x=1
(PMe),M 1(CO), M:=Ru,M,=Mo,x=1
@ M1:RU,M2:W, x=1
Scheme 16.

The role of the ruthenium changes from that of a spec-
tator to that of an active participant when using terminal
alkynes providing the first heterobinuclear side-on bridging
four-electron donating alkyne—akenylidene 71 as an isomer
mixture owing to vinylidene rotation. A non bridging inter-
mediate was proposed by the authors on the basis of the X-
ray analysis of complex (72) obtained by carbonylation of
complex (71) (Scheme 19).

ML
W(CO)sMe

@—@

ML,

Cp*ZrCl,
V(CO)4
Mo(CO)sMe
Mn(CO)3
Re(CO)3
Co(CO),
Rh(CO),
Rh(C2Hy)
Ir(CO),

M(CO)x

Cr(CO);
Mo(CO)3
Fe(CO),
Ru(CO),
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This reactivity represents a remarkable demonstration
of heterobinuclear diversity from the corresponding ho-
mobimetallic analogues [138]. Further evidence of the
peculiar behavior of heterobimetallic complexes was found
by Astruc and coworkers [238] studying the electrocat-
alytic synthesis of zwitterionic complexes starting from
homo- and heterobimetallic Mo—-Mo, W-W, Fe-W, Ru-Mo
and Ru—W carbonyl fulvalenes in the presence of PMe3
and [Fe/(CsRs)(CsRe)] (R = H, Me) as electrocatalyst
(Scheme 20).

Zwitterions are of interest in the context of NLO [239].
Thethermal synthesis of fulvalene zwitterions from bimetal -
lic carbonyl complexes is not straightforward, since pro-
longed reaction times are required leading sometimes to loss
of one metal [183]. Electron-transfer-chain catalysis[240] is
avery efficient way to perform inorganic and organometallic
reactions such asligand exchange [241-247], isomerization,
chelation, decomplexation, insertion, and oxidative addition
[248]. Previous electrochemical studies [233,249,250] of
the starting complexes indicated that the reduction process
occurs, as figured out in Scheme 15, in a two separated
one-electron waves for Fe-W complex, or in atwo-electron
wave for the other compounds. The initiation step of the
electrocatalytic reaction is the formation of the radical an-
ion followed by the propagation step which consists in the
addition of the phosphine to the radical anion. The rate and
efficiency of the overall catalytic process depends on the
reactivity and stability of the radical anion which can be
represented by alimit structure in which the negative charge
is centered on one metal and the odd electron on the other
one.

(COWM;’ * M(CO)n

A fast second-order addition of the phosphine to the 17-
electron metal center occurs generating a 19-electron moi-

WRY oo Mo R=Ph
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Scheme 19.
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ety, since the energy levels of 17- and 19-electron states are
very close [241,251]. Delocalization of the negative charge
and of the spin density may occur over the molecule, drasti-
cally slowing down the reactivity of the radical frame. How-
ever, this delocalization prevents side radical reactions and
the selectivity and efficiency of the electrocatalytic process
increase.

The behavior of homobimetallic fulvalene complexes
compared with those of heterobimetallic ones indicated
that the electrocatalytic process is faster for the heterobin-
uclear systems, since the process could be observed in
the time scale of CV only in the case of the latter com-
plexes, although the electrocatalytic reactions are over in
few minutes. This evidence was explained on the basis
of the reduction mechanism of the starting complexes. In
fact, in the reduction of homobimetallic fulvalenes, since
the two electrons are transferred at the same potential, the
radical anion disproportionates to the neutral and dianionic
species (Scheme 21) with Kgisp > 1 and consequently its
concentration is very low.

Very low concentration accounts for the low reaction rate
of homobimetallic complexes. On the other hand, in heter-
obimetallic Fe-W complex the two reduction steps occur at
different potentials. Instead, Ru-Mo and Ru—W derivatives,
still exhibit a two-reduction wave but this does not exclude
that two one-electron reductions could proceed at very close
potentials which would appear in the same wave envelope.
Anyway, the asymmetry due to the presence of different
metals renders the situation more favorable than in homo-
bimetallic complexes. In conclusion, the electrocatalytic re-
activity was found in the order Fe-W > Ru-Mo, Ru-W >
Mo-Mo > W-W > Ru-Ru which is opposite to that of the
Kaisp values.

Notable synthetic efforts have been dedicated to the
preparation and characterization of heterobimetallic ansa-
metallocene, in which two cyclopentadienyl rings are linked
by organic groups such as CRy, CROH and CO. Some
example are reported hereafter.

Heterobimetallic derivatives of bis(cyclopentadienyl)me-
thane have been reported by Héarter and Werner and their
coworkers. Harter et al. [252], adapting a reaction reported
by Mueller-Westerhoff and coworkers [253], obtained a
series of Mn(CO)3-based derivatives by metallation of
6-[CpMn(CO)3]fulvenyl (Scheme 22).

Werner [254] prepared similar complexes(M’ = Co(CO)»,
Rh(CO)2, CpTiCly) by deprotonation of the pendant

cyclopentadiene ring followed by metallation of the
monometallic M(CO)2CsH4CH2CsHs (M = Rh, Ir).

Heck and Kornich [255-257] have prepared several het-
erobimetallic compounds having the cyclopentadienyl and
tetramethylcyclopentadienyl rings coupled by a ketone car-
bonyl (Scheme 23). Depending on the reaction conditions
and on the nature of the metal groupsit is possible to obtain
the complexes in the transoid and/or metal-metal bonded
cisoid configuration.

Bitterwolf et al. [258,259] found a convergent synthetic
strategy for the preparation of a series of heterobimetallic
compounds in which two half-sandwich moieties are linked
by CROH, CO and CR; groups (Scheme 24).

The crystal structure of Cr—Mn acohol (R = CH3) re-
vealed that the two metal moieties assume a configuration
between syn and anti orientation. It would be interesting to
investigate the electrochemical and optical properties due to
eventually electronic communication modulated by different
linkages which connect different metal moiety.

In their research for new Ziegler—Natta and Fischer—Tro-
psch catalysts, Green and coworkers [260-262], have
prepared a series of homo and heterobimetallic ansa-
metallocene complexes of (2,2-dicyclopentadienyl)- and
(2,2-cyclopentadienyl)(indenyl)-propane involving both
early and late transition metals. Some examples ob-
tained by reaction of CIMn(CO)s and [CIRh(CO)2]2> with
ZrCl(n°-CsHs)[m°m?-CsH4C(CH3),CoHg] are shown in
Scheme 25.

The alkylation reaction of the dichlorozirconocene part
with AlMes, which plays an important role in the initi-
ation step of polymerization catalysis, has been recently

..__- M’
@/ <@ M

M Co(CO),

oc” | ‘co Mo(CO)3Br
CO CpTiCl,
Scheme 22.
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Scheme 23.
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R R M(CO)m Chung and coworkers [265], Qian et a. [267] and aso
O Ceccon and coworkers [270] were involved in the synthe-
@ @ Rh(CO), sis of heterobimetallic phenyl-cyclopentadienyl complexes
ZF-'Cl |\/’| co Mn(CO)s3 containing the Cr(CO)3 group coordinated to the arene
~cl (CO)m CpzrCl, ring. They found that (n°-phenyl-cyclopentadiene)Cr(CO)s,

Scheme 25.

investigated in this type of heterobimetallic complexes
[263].

3.2. Fulvalene-like bridges

3.2.1. The phenyl-cyclopentadienyl ligand
Phenyl-cyclopentadienyl is a bifunctional ligand contain-

ing two aromatic rings of different nature, a negative charged

cyclopentadienyl and aneutral arene, connected by ac bond.

Considering the different reactivity and wide applications
of arene and cyclopentadienyl transition metal complexes,
it is easily understandable that heterobimetallic complexes
containing both types of these systems held in close prox-
imity by a C—C bond are of particular interest. Much effort
was devoted towards the synthesis of several heterobimetal -
lic complexes of thisbridging ligand [264—270], but unfortu-
nately few studies on the electronic communication between
the two metal centers were reported.

which can be prepared in excellent yield as reported by Cec-
con et al. [271], is agood starting material for the prepara-
tion of several Cr(CO)3-containing complexes (Scheme 26).

Chung and coworkers [268] also developed a convenient
method for the synthesis of mixed ferrocenes, which are
starting materialsfor the preparation of bi- (73) and trimetal -
lic (74) compounds, using [(fluorenyl)FeCp]PFg as an effi-

ML, = FeCp
Fe(CO)s"
Cr(CO)s
M O(CO) 3
W(CO)3
Cr(CO),NO
Mo(CO),NO
W(CO),NO
Mn(CO)3
Co(C4Ph)4
RuCl (Pph3)2
TiCl,Cp
ZrCl 2Cp
MoCH 3(CO) 3
WCH3(CO)3
Co(CO),
Rh(Et),
Rh(CO),
Rh(PPh3);

ML

&r(CO)g

Scheme 26.
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Moreover, together with Sweigart and Pike, they found
a general synthetic route for the transfer of the Mn(CO)3™
group from (n°-polyarene)Mn(CO)3 complexes to an arene
ring [272]. When applied to phenyl-cyclopentadienyl deriva-
tives, this method gave a series of bi- (75) and trimetallic
(76,77) complexes [268].

Mn(CO)3
|
Mn(CO);*
75
(CO)3Mn (CO);Mn
Fe Fe
+ |
Mn(CO)
76 3 77 Cr(CO);

A detailed electrochemical study of the complex
Cr(CO)3(phenyl-cyclopentadienyl)CpFe [264] and corre-
lated derivatives in which the aromatic rings are spanned
by different organic groups (Scheme 27) was reported by
Degrand and coworkers [273,274], and Sweigart and Chung
[275] in different solvents.

In DMF and CH3CN, Degrand observed that the arene
Cr(CO)3 moiety of those complexes in which the electronic
delocalization between the two metal groups exists, un-
dergoes assisted electrooxidation induced by the ferrocenyl
moiety which is first oxidized at the electrode. One or two
oxidation waves were observed depending on the efficiency
of the assisted oxidation of chromium site. When the metal
groups are adjacent or conjugated as in complex 78a and
78c, the assisted oxidation is total and only one wave with
number of electrons much more than 1 is observed. On the
other hand, when the assisted oxidation is partial (78b and
78d) or absent (78e), a second wave at more positive po-
tential appears, corresponding to the direct oxidation of the

X
@ 78a -
= CH=CH
78¢ co
X@ 78d CH2
(O 78¢ CH2CH(OH)
Scheme 27.

chromium moiety. The conjugation of the two metal groups
through the bridging ligand as well as via space allows in-
tramolecular electronic exchange from chromium to iron.
The efficiency of assisted oxidation is related to the gen-
erated intermediate Cr(l) species and to the distance be-
tween the metal sites. This efficiency increases when the
metal-metal distance decreases and the nucleophilicity of
the solvent increases (DMF > CH3CN). A CO substitution
in the Cr(CO)3 group of theradical cation intermediate by a
molecule of solvent was suggested to occur, accounting for
the lower efficiency in CH3CN. Sweigart and Chung [275]
demonstrated that, in a less nucleophilic solvent such as
CH2Cl5, the ferrocenyl group attached to the benzene ring
of complex 78a functions as areversible redox switch for the
ligand substitution and addition reactions at the chromium
center (Scheme 28).

It was reported that organometallic complexes undergoing
chemically reversible oxidation or reduction may behave as
effective redox switches which can be turned on and off by
electron transfer [233,234,276-283]. In this work, the au-
thors showed that the ferrocenyl moiety functions as a self-
closing redox switch which facilitates the substitution of a
CO by a P(OEt)3. “Turning on” the ferrocenyl switch by
oxidation allows rapid substitution since a very rapid equi-
librium between the valence isomers of the primary radical
cation is active, even if it lies far to the right (Scheme 29)
(Keq =24 x 103 k_1 =15x 107, ky = 6 x 103s71).

The chromium-centered radical cationisthe active species
which undergoes facile substitution reaction. The conclu-
sion isthat interna electron transfer from chromium to iron
accompanies this CO substitution, with the result that the
ferrocenium reverts to ferrocenyl closing the redox switch.
The oxidative activation at the chromium occurs at poten-
tials far shorter than that for its direct oxidation. Moreover,
the oxidation of Il (Scheme 28) reopens the switch activat-
ing the chromium towards the addition of a second P(OEt)3
which is accompanied by further internal electron transfer
from chromium to iron. The automatic switch closing gen-
erates a product with 18-electron centers (1V). Since the ef-
ficiency of the activation is related to the difference of the
chromium and iron oxidation potentials, the authors sug-
gested that the attachment of a remote redox switch may be
a useful general methodology for the quantitative control of
the reactivity at a metal center.

Alkenyl- and akynyl-linked ferrocenyl and arene-
Cr(CO)3 (Scheme 30) have been synthesized by Peris and
coworkers [284], and also MUller and coworker [285,286],
and their optical and NLO properties were reported in the
context of designing systems with fine-tuning electronic
properties upon connecting electron donor and electron
acceptor metallorganic groups.

3.2.2. Other fulvalene-like bridges

A few heterobimetallic complexes of different bridg-
ing ligands containing two aromatic or olefinic rings
linked directly, such as biphenyl (79) [287] and phenyl-
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cycloheptatriene (80) [288,289], or through akenyl chains
(81) and (82) [287] were synthesized and some examples
are hereafter reported but no systematic studies on their
electronic communication were conducted.

In particular, Cooper and coworkers [289] established for
the first time that benzene and tropylium can be selectively
cross coupled in complexes 83 and 84. The sequence in-
volving reductive activation of complex 83 and subsequent
annulation of benzene (Scheme 31) could have potentia ap-
plication in transition metal-mediated organic synthesis.

The electronic communication in heterobimetallic com-
plexes of the 3-(85) and 4-(86) cyclopentadienyl-pyridine
which are bridging ligands structurally similar to the above
described phenyl-cyclopentadienyl, were recently investi-
gated [290,291] by mean of cyclic voltammetry, and UV-Vis
and near-IR spectroscopy.
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In particular, the mixed valence species generated by
chemical oxidation with ferrocenium hexafluorophosphate
show Class Il behavior and the oxidized meta site is ruthe-
nium. The AE] /2 that is the potential difference between
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the reversible oxidation of the acceptor site (pyridine-
Ru(NH3)s) and the reduction of donor site (ferrocene), and
the IT bands in the near-IR are solvent dependent. Good
linear relationship between AE{,, and the Gutmann sol-
vent donicity (DA), and between the energy of the IT bands
and AE] , exists and allowed the evaluation of the solvent
reorganization energy (l)s and the total vibronic energy (I)
values, the latter being in agreement with those calculated
from the Hush equation.

Particular attention was devoted by Heck and coworkers
to the sesquifulvalene ligand, whose mono- [292] and heter-
obimetallic [293-296] complexes are of interest in the con-
text of NLO. Very often the charge transfer states, which
arevery important for high hyperpolarization properties, can
be represented by a polar resonance structure and this also
holds for sesquifulvalene.

O~ — ©-0)

A number of heterobimetallic sandwich and half-
sandwich type complexes of sesquifulvalene were synthe-
sized by the Hamburg group and their electrochemical,
optical and NLO properties were reported and aready re-
viewed by the same authors [296]. We refer the readers to
the review for a deeper insight in this topic and here we will
show a general overview of this class of complexes. Their
genera structure, in which the two rings are connected
directly or by an unsaturated chain, is shown in Scheme 32.

The bonding situation of binuclear complexes which
demonstrate weak or strong NLO effects is described by
two different mesomeric forms. The ground state is mainly

X ML ML’
: — FeCp
X —_—

Cr(CO)3

FeCp* RuCp

ML E=/:| n RuCp  RuCp*

E@} CO(C4R4)
n

Scheme 32.

represented by the polar bis(aromatic) form | as demon-
strated by severa structural determinations, whereas the
excited state CT state should have more contribution from
the cross-conjugated form 11 (Scheme 33) [292,293].

The dipole change A between the ground and excited
states by varying the polarity of the solvent is relevant for
the first hyperpolarizability g [297—299].

In recent work, Heck and coworkers [295] investigated
the donor—acceptor interaction in mono and binuclear
sesquifulvalene complexes with X = — ML = FeCp and
M’L’ = Cr(CO)3, RuCp* and RuCp. The NMR data indi-
cate an increased positive charge delocaization from M’
to M (=FeCp) in the order M’L’ = Cr(CO)3 < RuCp*
< RuCp < none, clearly elucidating a strong donor
(ferrocene)—acceptor (tropylium moiety) interaction in the
ground state and an increased contribution of the mesomeric
form Il to the electronic ground state. The UV-Vis spectra
exhibit two intense CT bandsin the visible and near-UV re-
gions with negative solvatochromism (blue-shift on increas-
ing the solvent polarity) which implies a greater polarity for
the ground state than for excited state, or an inversion of
the polarity upon excitation from | to Il. The lower energy
absorption was attributed to the donor—acceptor charge-
transfer transition donor—acceptor CT and it decreases in
energy in the order M’L’ = Cr(CO)3 > RuCp* > RuCp >
none. Moreover, on the basis of the redox properties of the
complexes measured by cyclic voltammetry, assuming that
the oxidation potentials correlate roughly with the energy
of the HOMO and the reduction potentials with that of
the LUMO, the authors concluded that the HOMO-LUMO
gap qudlitatively decreases in the order M'L’ = Cr(CO)3
> RuCp* > RuCp > none, as well as the energy of the
donor—acceptor CT band. Finally, NLO properties were de-
termined by measuring the first hyperpolarizability g and
calculating the static hyperpolarizability Bo. 8 was obtained
and Bo calculated only for the ruthenium derivatives. The

ML ®ML
D D)
ML’ @ m’L’

Scheme 33.
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larger values were found for the RuCp derivative which
was shown to be the stronger electron-accepting moiety
by NMR and cyclic voltammetry studies. Concerning the
w-linker X between the donating and acceptor groups, de-
spite the relatively short dipole lengths strong NLO effects
can be obtained which are very promising with respect to
longer m-linkers. In conclusion, the variation of the elec-
tronic properties of the donors and acceptors as well as of
the mr-linkers opens the possibility of a fine tuning of the
NLO properties.

4. Fused delocalized polycyclic bridges

Condensed polycyclic arenes represent excellent bridges
in donor—acceptor systems since they form arigid molecular
backbone suitable for a strict control of ET path distances
and they exhibit electronic delocalization. Their potentially
wide application in the construction of heterobinuclear com-
plexes is inhibited mainly by synthetic difficulties. Besides
low yieldsthereisthe necessity of discovering stereospecific
routes to prepare pure isomers. In fact, two isomers can be
obtained with a cisoid or transoid disposition of the metal
groups, i.e. they can be grafted on the same or on the op-
posite face of the plane of the bridging ligand, respectively.
Factors that can favor a specific configuration are steric hin-
drance and the mechanism of the metallation which is still
a vexing problem and has not been completely investigated
yet. A non-stereospecific synthetic approach would require
the final separation of the mixture, but this is most of the
times inefficient due to the low stability of the complexes
and the high similarity of the isomer properties. During the
synthetic or purification procedure there is also the possibil-
ity of an isomerization process which converts the kinetic
isomer into the thermodynamically more stable isomer as it
has been shown during the synthesis of Cr(CO)3IndRhNBD
complex (NBD: norbornadiene) [300].

A classification of fused aromatic ring-bridged hetero-
bimetallic complexes can be made according to the type
and number of condensed rings and the charge of the
spacer. In the following sections heterobimetalic com-
plexes of the spacers pentalene-diide (87), indenyl anion
(88), as-indacene-diide (89) and s-indacene-diide (90) will
be presented, highlighting their reactivity, catalytic, and
intramolecular communication properties.

S D

4.1. Indenyl, indacene and pentalene derivatives

The indenyl anion (Ind) is an aromatic 10-7 electron sys-
tem. Two quite recent reviews on the state of the art of the
chemistry of indenyl metal complexes are those by Gimeno
and coworkers [301] and by Stradiotto and McGlinchey
[302].

The first example of a heterobinuclear rhenium/rhodium
complex containing the indenyl bridge was prepared by
Green et al. [303,304] (91), who predicted a transoid con-
figuration of the metal groups on the basis of steric reasons.

In 1989, Ceccon et al. [305] published the synthesis and
the structural characterization of 7°-Cr(CO)s-Ind-n3-Rh-
Mm*-CgH14 (92). The results of X-ray diffraction confirmed
that the metal units are situated anti with respect to the in-
denyl ligand. While the pattern of the chromium-arene dis-
tances is very similar to that observed for other neutral bi-
cyclic n°-Cr(CO)3 benzenoid complexes, and the Cr(CO)3
adopts an exo conformation, the position of rhodium with
respect to the cyclopentadienyl moiety is dightly distorted
towards allylic hapticity, forced by the strong coordination
ability of the tricarbonyl chromium unit versus m-electron

sextets.

e
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X = -, p-NOy, Cr(CO);
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91 92

Departure of the MLy unit from n® hapticity in indenyl
complexes is very important because it represents a way of
favoring coordinative unsaturation that can be responsible
for the enhanced reactivity of the substrates with respect to
cyclopentadienyl analogues [306]. In the elegant study of
Basolo on the associative substitution reactions of Cp- and
Ind-M(CO),, complexes [307,308] the high rate enhance-
ment displayed by the indenyl derivatives (~108 times, the
so-called ‘indenyl effect’) was attributed to a stabilization of
the transition state structure owing to the greater coordina-
tive flexibility of the indenyl ligand as compared to that of
the cyclopentadienyl ligand. In fact in the cyclopentadienyl
species, the slippage of the metal from m® to m3 coordina-
tion would produce a disruption of the aromaticity of the
five-membered ring to form an alyl-ene electronic structure
of higher energy; on the contrary, it induces an increase of
the aromatic character of the benzene ring in the indenyl
complexes causing stabilization of the n3 intermediate. For
a d®-ML, fragment, slippage from m° to 13 coordination
renders the resulting 16-electron species more susceptible to
nucleophilic attack from an external o-donor. The Ind-ML»
monometallic adducts already exhibit incipient slippage in
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Fig. 7. Monomer disappearance in the MP trimerization reaction catalyzed by anti-Cr(CO)3-Ind-Rh(COD) (filled triangle), Ind-Rh(COD) (filled circle),
p-NO,-Ind-Rh(COD) (empty circle). [Monomer] = 0.5mol dm~2 in cyclohexane; [monomer]/[catalyst] = 1000, T = 50°C. Reproduced with permission

from [310]. Copyright by Elsevier Sequoia.

the ground state: the shift of the projection of the metal from
the center of the pentagon is at least 0.15A in the direction
opposite to the C—C junction with the hexagon.

The reactivity of heterobinuclear indenyl derivatives (92)
was investigated and compared with that of mononuclear in-
denyl complexes. It was known [309] that the monometallic
Ind-Rh(COD) (COD: 1,5-cyclooctadiene) is an efficient cat-
ayst for the trimerization reaction of alkynes to benzenes.
Ceccon et a. [310] studied the trimerization of methylpro-
priolate (MP) and dimethyl-acetylenecarboxylate (DMAD)
promoted by three catalysts. anti-Cr(CO)3-Ind-Rh(COD),
Ind-Rh(COD), p-NO,-Ind-Rh(COD).* The two monometal-
lic species display almost the same catalytic activity; on the
other hand, coordination with Cr(CO)3 in anti disposition
causes a dramatic increase of the efficiency of the catalyst
(see Fig. 7).

The permethylation of the indenyl frame influences both
the stability and the reactivity of the bimetallic indenyl
complexes[313]. It iswell recognized that n°-pentamethyl-
cyclopentadienyl ligand is a valid alternative to cyclopen-
tadienyl ligand in CsRsML, (R = H,CHz) complexes,
due to the exceptional blend of stability and reactivity in-
duced by the permethylation [314]. Some permethylated
monometallic indenyl complexes were synthesized by Ba-
solo and coworkers, who tested in particular the reactivity

4 1t is known that the electron withdrawing effect of the nitro-group
is comparable to that of Cr(CO)s; their Hammet o value is amost the
same [311,312].

of Ind*-M(CQ),, complexes (Ind* = heptamethylindenyl)
[314,315].

Therefore the studies on catalytic activity were focused
a so on the two bimetallic complexes anti-[Cr(CO)3Ind*]Rh
(CO)2 and anti-[Cr(CO)3Ind*]Rh(COD), while no cat-
alytic activity was encountered in the syn isomers. For
the monometallic derivatives, the trimerization reaction
stops after ~20 and 40% conversion with Ind*Rh(COD)
and Ind*Rh(CO),, respectively probably because of poi-
soning of the catalyst (Fig. 8). The catalytic efficiency
of the bimetallic substrates is much higher. The use of
Cr(CO)3Ind*Rh(COD) leads to quantitative conversion of
MP to trimers and the reaction follows a pseudo-first order
kinetic law (v = kops[monomer], where kgps = ko[ catalyst]).
Under the same conditions by using Cr(CO)slnd*Rh(CO).»
as catalyst, the same kinetic law is obeyed up to 70% reac-
tion. The monomer conversion is anyway completed after a
longer time.

The results lead to the conclusion that the permethylation
of the indenyl frame further increases the stability of the
catalyst with a moderate reduction of the reaction rate with
respect to the anti-(Cr,Rh) indenyl species.

A detailed mechanism of the trimerization of DMAD cat-
alyzed by anti-[Cr(CO)3Ind*]Rh(CO), is presented in [316].

A huge increase of the reaction rate (~10°%) caused by the
anti coordination with Cr(CO)3 in indenyl rhodium com-
plexes was also observed in the substitution reaction of CO
with COD at the rhodium center, an effect dubbed ‘extra
indeny! effect’.
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Fig. 8. Monomer disappearance in the methyl propiolate cyclotrimeriza-
tion reaction catalyzed by Ind*-Rh(COD) (empty circles), Ind*-Rh(CO),
(empty triangles), Cr(CO)sz-Ind*-Rh(COD) (filled circles), and
Cr(CO)s-Ind*-Rh(CO); (filled triangles). [Monomer]g = 0.526 mol dm—3
in cyclohexane; [monomer] /[catalyst] = 1000; T = 50.0+0.1°C. Repro-
duced with permission from [313]. Copyright by Elsevier Science.

The results obtained from catalytic and ligand exchange
experiments show that the accel erating effect of Cr(CO)3 can
be attributed only in part to its electron-withdrawing power.
In fact, most of the effect is due to an enhanced coordinative
unsaturation at rhodium which arises from the simultaneous
anti coordination of the two metal units to the same 10-m-
electron indenyl ligand.

An anomalous reactivity was observed also at the
chromium center in the exchange reaction of the Cr(CO)3
group with 1,3,5-cycloheptatriene (CHT). The exchange
process is quantitative for naphthalene—Cr(CO)3; instead it
takes place to the extent of 55% in Cr(CO)3IndRh(COD),
and it is not observed at all in case of n°-indene-Cr(CO)s.
The reactivity is correlated to the slippage of chromium
from an unreactive n®-bonding mode towards an n* one.

Actually, the geometrical parameters of rhodium-Cp
moiety in the bimetallic species are not too different from
those found for the monometallic one [317]. The structural
characteristics however, obtained by X-ray measurements,
refer to the solid state and do not reflect the dynamic pro-
cesses which might occur in solution. Thus, the attempt was
made to explain this extra-indeny! effect and the strong cat-
alytic activity on the basis of spectral parameters, i.e. NMR
8(*H), 8(*3C) and 8(1%3Rh) [318]. In fact, the ligand haptic-
ity and the electron density at the metal greatly affects the
103Rh chemical shift values. For example, in monometallic
Rh(COD) derivatives with cyclopentadienyl (quasi perfect
m° hapticity) the 19Rh resonance is 768 ppm upfield with
respect to the cyclooctenyl analogue (n® hapticity). In the
m-Ind-Rh(COD) complex 1%3Rh resonates at an interme-
diate value, suggesting that the situation is well described
by an® + m?2 coordination. In this case, the organic frag-
ment is no longer a fully delocalized carbocycle and this
reduces the AE between the HOMO and LUMO molecular
orbitals for this type of compound compared to the corre-

sponding m°-Cp-Rh complexes. The electron withdrawing
substituents like nitro-group shift the resonance downfield,
but it is to note that the coordination of the benzene ring
with Cr(CO)s in anti disposition shifts the 1%°Rh resonance
to higher values and consequently the effect of Cr(CO)3
cannot be justified by its electron withdrawing properties
alone. Thisleadsto the conclusion that the rhodium—indenyl
bonding mode is different in the mono- and bis- complexed
species and this fact can be represented by an increased
importance of an m3 hapticity in the bimetallic complexes.

When the bridging ligand is a rigid arene structure,
in contrast with highly flexible spacers like 1,3,5,7-
cyclooctatetraene (COT) which can coordinate two synfa-
cial metas adopting different conformations [319-322],
more severe molecular constraints are required to allow
the formation of a syn complex, including the bend-
ing of the arene frame. During the preparation of anti-
[Cr(CO)3(Ind)]Rh(COD) the presence of a syn isomer was
not observed among the reaction products; on the other hand,
the syn isomer was the only thermodynamically stable prod-
uct if NBD instead of COD was used as an ancillary ligand
[300]. Syn-[Cr(CO)s(Ind)]RhL2 (L, = NBD or L = CO)
(93) are the first examples of syn heterobimetallic com-
plexes of the indenyl ligand, the only related species being
the homobimetallic complex syn-di-indenyl—di-vanadium
[323].

L

oc /CO L;

oCCr Rh
93

It is interesting to note that the bridge planarity is lost
in the syn isomer: the doubly bent geometry of the in-
denyl ligand promotes an incipient coordinative unsatura-
tion of both the metal units and favors the onset of a direct
rhodium—chromium interaction.

A theoretical attempt to explain the indenyl and the
extrarindenyl effect on the basis of extended Huckel
molecular orbitals (EHMO) calculations is described in
[324]. In the series CpRh(CO),, IndRh(CO),; and anti-
[Cr(CO)3Ind]RN(CO), the progressively reduced donor
capabilities of the cyclic polyene towards the Rh(CO),
fragment induce a larger electrophilicity at the rhodium
center, justifying the reactivity scale. Instead in the cofacial
heterobimetallic species a direct heterodox Cr—Rh interac-
tion has been detected, which is presumably responsible
for the inhibition of reactivity. A summary on the results
obtained for heterobimetallic Cr(CO)slndRhL> complexes
can be found in [325].

The indacenyl dianion (Ic) in the isomeric forms as-(89)
and s(90) is a 14-w electron aromatic species. Investiga-
tions on the class of homobimetallic complexes with this
bridging ligand have been carried out by different research
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groups. Thus, the coordination with FeCp of the two ter-
minal cyclopentadienyls of the as-indacene was described
in the 1970s [326]. Homobinuclear metallocene derivatives
(M = Fe, Co, Ni) of this ligand were prepared and stud-
ied by Manriquez et al. [327]. Half-sandwich homobinu-
clear complexes of manganese and molybdenum of s- and
as-indacene-diide have been synthesized and described in
[328,329]. O'Hare and coworkers [330] characterized and
studied some di-iron(CO)3 and di-cobalt(CO), complexes of
the symmetric indacene-diide bridge. Ceccon and coworkers
deeply studied mono- and bimetallic derivatives of rhodium
and iridium of s- and as-indacene in a series of papers since
2000, with the main purpose of observing cooperative ef-
fects.

The synthesis of RhL, and IrL, (L = CO; L, = COD,
NBD) homobimetallic complexes of s-indacene-diide,
2,6-dimethyl-s-indacene-diide, as-indacene-diide and 2,7-
dimethyl-as-indacene-diide (94-97) is described in [331].
Whatever the cause for the different isomer ratio, atopic ex-
tensively treated in the paper, it has been ascertained that by
changing the nature of the ancillary ligands one can obtain
mixtures with alarge preference for the syn with L, = COD
or NBD (94, 96) or for the anti with L = CO (95, 97).

94 95 L1
L L L L L L
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\\4 \M M
R i é ~R R~ i @ ~R
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L L
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(M=Rh, Ir; R=H, CH3, L,=COD, NBD, L=CO, Ethylene)

An interesting aspect of the reactivity of the homo-
bimetallic as-indacene-diide-[M (COD)], species connected
with cooperative effects is represented by its carbonylation.
In the case of rhodium complexes the syn isomer reacts at a
low temperature to produce the asymmetric substituted in-
termediate syn-(COD)Rh-2,7-dimethyl-as-Ic-Rh(CO) (98),
the concentration of which reaches a maximum in a very
short time; afterwards it decreases slowly to give the fina
symmetric syn-tetracarbonylated product. The anti isomer
behaves similarly but the exchange rate is a little slower.
Notably, it was shown that, in both the isomers, the substitu-
tion of the first COD is much faster than that of the second
one. It follows that the substitution of COD with two COs
at one Rh center greatly influences the rate of substitution
of the second COD unit. This result is clear evidence of

the importance of a cooperative effect on reactivity, i.e. of
electronic communication between the two metal centers
mediated by the m-electron cloud of the bridging ligand.
Finally, the factors responsible for the different reactivity
exhibited by the two isomers in the first carbonylation step,
can be probably referred mainly to their different ground
state energies.

Carbonylation of the syn and anti isomers of iridium com-
plexes, investigated under similar conditions, revealed that
the mechanism of carbonylation in this case is quite differ-
ent [331]. Evidence of cooperative effects in these isomers
of iridium are lacking.
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Manriquez and coworkers carried out EHMO calculations
to shed some light on the electronic structure of the s- and
as- indacene dianions and to understand their structural and
physical properties [332]. They found a noticeable differ-
ence in the HOMO-LUMO gap, on the basis of which the
asymmetric species is stabilized with respect to the symmet-
ric one. Once complexed with two Cp*M (M = Fe, Co, Ni)
units, assuming a singlet state, the s-indacene diide ligand
has seven wr-type electron pairs, of which six are of appropri-
ate symmetry to interact in abonding way, for example, with
the six accepting frontier orbitals of the[Cp*Fe- - - FeCp*]%+
fragment. In this case the calculated HOMO-LUMO gap is
1.3eV. Instead in the case of as-indacene diide bridged di-
iron complex this energy difference is 2.7 eV. These results
predict correctly and explain the different stability of both
the dianions and their homobinuclear complexes.

The first example of heterobimetallic derivatives of as-
indacene-diide was recently presented in [333]. The authors
synthesized the syn and anti isomers CpFe-as-indacene-
diide-RhL, (L, = COD, NBD; L = ethylene) (99 and
100) and investigated their chemical and electrochemical
oxidation.

L

=\ V4

(L,=COD, NBD; L=cthylenc) (L,=COD, NBD; L=cthylenc)
99 100
A comparison of the reactivity of homo- and hetero-

bimetallic indacene-diide complexes was carried out by test-
ing the reaction of substitution of the ancillary ligands NBD
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Fig. 9. Cyclic voltammetry scan a 0.5mm diameter gold-disk
electrode (T = 20°C, solvent THF/0.2M n-BusNBF4, scan rate
v = 05Vs1): (a dashed line) 3mM CpFe(n>-hydro-as-indacenide)
(as-1); (a, solid line) 3mM (n°-hydro-as-indacenide)RhCOD (as-5);
(b) 3mM mixture (1/1.5) of syn-CpFe(as-indacene-diide)Rh(COD)
(syn-2) and anti-CpFe(as-indacene-diide)Rh(COD) (anti-as-2); (c) 1mM
anti-CpFe(as-indacene-diide)Rh(NBD) (anti-as-3). Reproduced with per-
mission from [333]. Copyright by American Chemica Society.

or COD with CO. While the reactivity of the homobinuclear
rhodium derivatives is similar to that of IndRh(COD) and
contrasts with the inertness of the CpRh(olefin), [270], sur-
prisingly, no substitution product was obtained when CO was
bubbled in solutions of complexes 99 and 100. Only under
forced conditions the carbonylated complex was obtained
(50°C, 10atm) [334]. This lack of reactivity in the heter-
obimetallic complexes is probably due to the very strong
m® coordination of iron to the Cp ring of the bridging lig-
and, which causes a quenching of the m-electron delocal-
ization so that RhL» is forced to coordinate in a strict ~q5
fashion as well. Hence its inertness is similar to that of
CpRh(ol€fin), and the complex assumes a fulvalene-like
structure with an ethylene bridge. This reduced aromatic
character of the six-membered ring is confirmed also by
NMR spectroscopy. A CV study was carried out on the
couple of isomers (see Fig. 9 and Table 3). From the peak
separation anti-[CpFe as-indacene-diide] RhCOD was iden-
tified as a borderline Class I1/Class |1l mixed valence sys-
tem. Instead, syn-[CpFe as-indacene-diide] RhCOD can be
interpreted as almost the sum of two isolated metal systems
(Class I). This is likely due to the folding of the indacenyl
skeleton induced by steric requirements determining aminor
delocalization of the mr-electron system of theindacene-diide
ligand.

In the NIR time scale (1013 s), the results indicate that
the radical cation of the anti complexes are valence de-

Table 3

Cyclic voltammetric data

Compound E} (V) AEL (V) E3 (V) AE3 (V)
CpzFe 0.65 0.085

As1l 0.44 0.085

As5 0.572 0.072

gn-2 0.66 0.100 0.75 b
Anti-as-2 0.42 0.100 0.92 0.15
Anti-as-3 0.50 0.150 0.87 0.20

Conditions: solvent THF/0.2M n-BusBF4; potential vs. SCE at a 0.5mm
diameter gold disk electrode; T = 20°C; potential scan rate 0.5V s~ 1.

@ Estimated at high scan rate.

P Not measured due to the overlapping of the cathodic waves. Re-
produced with permission from [333]. Copyright by American Chemical
Society.
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Fig. 10. Near IR spectraof 1 mM anti-2 and anti-3 (solid line, experimental
curves; open circles, Gaussian fitting) in THF (T = —78°C). Reproduced
with permission from [333]. Copyright by American Chemica Society.

trapped (Class I11) and the characteristic Gaussian-shaped
band was recorded (see Fig. 10 and Table 4).

The 10-m electron pentalene dianion is an aromatic
species formed by two condensed cyclopentadienyl rings.
Studies on homo- and hetero-bimetallic derivatives of this
bridging ligand were carried out mainly by Manriquez and
coworkers [335,336]. They established a convenient syn-
thetic procedure to prepare bridged metallocenes of formula
anti-(Cp*M)z(pentalene) (M = Ru, Fe, Co, Ni) (101). The
first studies on the electronic communication were based
on °"Fe-Méssbauer spectroscopy (time scale ~100ns).

5>
M
[

(M = Ru, Fe, Co, Ni)
101

Both the homobinuclear MV Fe(Il)/Fe(l1l) pentalene-
diide complexes and the analogous s- and as-indacene-diide
derivatives were investigated in order to examine delocal-
ized systems with larger metal—-metal distances. While the
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Table 4

Near IR data

Compound ~ vmax (cm™1) e (cm™1M~1) Avyjz (cm™)
Found Theory?

Anti-as-2" 7580 2570 2020 3800

Anti-as-3" 7310 2760 1980 3900

Conditions: solvent THF; T = —78°C.
2 From Hush equation. Reproduced with permission from [333]. Copy-
right by American Chemical Society.

MV di-iron pentalene-diide complex is a fully averaged
species, both the MV homobinuclear indacene-diide deriva-
tives exhibit a MOssbauer signal typical of trapped Fe(Il)
and Fe(l11) valences at low temperature [335].

The heterobinuclear case is particularly unusua il-
lustrating the high degree of metal-metal interaction in
pentalene-diide complexes. In fact the heterobimetallic
(Cp*Fe-pentalene-RuCp*)®*1 shows a unique iron envi-
ronment for the monocationic system over the entire range
of temperature 1.5-300K [327,335,336] (see Fig. 11),
while a similar system, the dimethylene-bridged [1.1]
ferrocenylruthenocenophanet?, in which the two metals are
coupled via CH2 groups, exhibits a transition from trapped
Fe(1/Ru(l1l) to Fe(llD)/Ru(ll) as the temperature is in-
creased [337]. A possible reason for the different behaviors
of these (F&/Ru)* complexes might be the fused nature of
the pentalene-diide bridge, which allows a better electronic
communication. Moreover, it should be noticed that, in
contrast to fulvalene systems, the electronic communication
appears unaffected by the heterobimetallic asymmetry.

The heterobimetallic consanguineous (Cp*Fe-pentalene-
CoCp*)%+1[338] give aferrocenelike M éssbavier spectrum.
In the neutral complex, the electron spin resides on the low-
spin Co(l1); in the monocation the ferrocene-like behavior
attests to the great stability of the diamagnetic low spin d®
configuration of Co(l1). In fact, the oxidation of the neutral
hetero-complex to the monocation corresponds to 10ss of an
electron from the spin doublet Co(Il) center and little if any
perturbation of the iron centers. The formation of the dica-
tion involves loss of an electron by Fe(11) to give Fe(l11) and
also this is consistent with the observed Mdssbauer spec-
trum, which is similar to that of ferrioceinium.

S"Fe-Mosshauer studies were extended and completed
with CV, NIR and ESR measurements in [327] where Man-
riquez and coworkers reported the structural characterization
and the physical properties of [Cp*M (Pentalene)M’Cp*|"+
(M, M’ = Fe, Fe; Co, Co; Ni, Ni; Ru, Ru; Fe, Ru; Fe,
Co; n = 0, 1, 2) and the analogous homobimetallic deriva-
tives of s- and as-indacene. In all cases Cp*M moieties are
disposed in anti configuration, reflecting the dominance of
steric effects. These complexes generally exhibit behavior
consistent with significant electronic interactions between
metal centers, including large electrochemical potential sep-
arations between successive one-electron redox events, and
for theMV complexes |V CT absorption bands. In particular,

5 4 3 2 1 0 +1+2 +3 +4 +5 +6
velocity (mm/s) relative to iron

Fig. 11. Mosshauer spectra of [Cp*Fe(Pentalene)RuCp*]* as a function
of temperature. Reproduced with permission from [327]. Copyright by
American Chemica Society.

CV curveswith large AE separations of the heterobimetallic
pentalene-diide complexes of Fe/Co and Fe/Ru exhibit two
redox waves, assignable on the basis of the known electro-
chemical behavior of the iron and cobalt/ruthenium metal-
locenes. The MV heterobimetallic complexes present IVCT
bandsin the NIR region, which are not observed for the neu-
tral and dicationic species, and the analysis based on Hush
theory allows their assignment to Class I11. The ESR spec-
trum of the neutral Fe/Co complex is that expected for spin
doublet ground state Co(l1), while that of the monocation is
silent, as expected for low spin Fe(11) and Co(l11). The dica-
tion spectrum exhibits large anisotropy as expected for the
ferrocenium Fe(l11). These results are in agreement with the
M0ssbauer data above discussed. In contrast the ESR spec-
trum of (Cp*Fe-pentalene-RuCp*)* [BF4] ~ (seeFig. 12) re-
flects a significant reduced g-factor anisotropy, which indi-
cates the approach to an averaged state, again corresponding
to valence detrapping as suggested by its M dssbauer spectra.

A search in the chemical literature before 2001 reveals no
binuclear pental ene-diide compounds containing rhodium as
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Fig. 12. EPR spectra of [Cp*Fe(Pentalene)RuCp*]T[BF4]~ a 5K. Re-
produced with permission from [327]. Copyright by American Chemical
Society.

metal center. Recently, Manriquez and coworkers presented
a new heterobimetallic Ru/Rh complex with dianionic pen-
talene as bridging ligand (102) [339]. X-ray characterization
indicates that the ruthenium atom is symmetrically coordi-
nated to one of the fused cyclopentadienyl rings and the
rhodium atom coordinates to the other ring, in anti confor-
mation, in an3-alyl mode.

102

The IR and NMR characterizations of the product of
carbonilation of 102 indicated the displacement of the
COD ligand to afford the binuclear complex [Cp*Ru(-
CgHg)Rh(CO),]. Catalytic studies were also started on
dehydrogenative silylation reaction of styrene and the activ-
ity and selectivity of [Cp*Ru(p-n°n3-CgHe)Rh(n*-COD)]
were found to be similar to that of one of the most active
rhodium catalysts reported for dehydrogenative silylation,
[Rh(COD),] BF4/PPH3.

It is noteworthy to compare the high reactivity of this
pentalene-diide complex with the non-reactivity of both the
isomers CpFe(indacene-diide)RhCOD towards carbonyla-
tion (see above discussion). Studies on the catalytic activ-
ity of related binuclear pentalene-diide complexes are cur-
rently underway. The strong electron conveying capability
of pentalene dianion is confirmed by another recent study
by Manriquez and coworkers [210]. He has investigated the
effect of asymmetry in binuclear pentalene-diide bridged
complexes which can be due to i) adjacent different metals
or ii) different ancillary ligands in four complexes of for-
mula Cp*Fe CgHg MCp* and (CgH7)Fe CgHg MCp* (M
= Fe, Co) (99-102). The asymmetry in general introduces

a barrier and, as a consequence, the electronic communica-
tion decreases. This reduction is strong when comparing a
homobinuclear complex with its analogous heterobimetallic
complex and can cause a change from delocalized to local-
ized behavior. On the other hand the barrier introduced by
an asymmetry in the terminal ligand must be low. A compar-
ative analysis of the results on the four complexes 103-106
demonstrates that the different nature of Co in regard to Fe
produces a dramatic change in the barrier for electron trans-
fer, reflected in a change of behavior from delocalized to
localized. The effect of changing a termina ligand on the
barrier is different from delocalized compounds than for lo-
calized ones; specificaly in this last case it induces a com-
plete loss of electronic communication.

0

105 106

It should be mentioned that recently Barlow and O’ Hare
[340] have reported the synthesis of homobinuclear Mn and
Re carbonyl derivatives of pentalene, their redox chemistry
and they describe astrong interaction between thetwo metals
via the = bridging ligand. In particular they investigated
the electronic communication in the dimanganese complex,
whose mono-reduction product can be classified as Class 11
on the basis of NIR data.

4.2. Polycyclic derivatives

The most common neutral spacer employed in the synthe-
sis of bimetallic complexes is naphthalene. The paucity of
examples of homo- and hetero-binuclear complexes is due
mainly to synthetic difficulties.

Homo-bimetallic complexes of naphthalene were pre-
pared and in all but very few cases an anti disposition of the
two metal groups has been assigned by X-ray structures or
by analogy with similar complexes. The anti-naphthalene-
(FeCp)2 [341], (Cr-arene)2 [342] and (RuCOD), [343]
complexes can be classified as ‘dlipped triple decker’ com-
plexes where coordination of both metals to the two six-
membered rings is characterized by the shift of the metals
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towards the peripheral carbons of the ligand naphthalene
(distorted m® hapticity). Jonas and coworkers prepared also
heterobimetallic naphthalene sandwich and half-sandwich
derivatives containing Fe/Co, Cr/Co and Cr/V [341]. They
observed that the planarity of the bridging naphthalene is
generally modified depending on the nature of the bonded
metal groups and found that the magnitude of the fold angle
vary from 14° for the bis-(FeCp) complex to 30-40° for an
heterobimetallic Cr—Co complex.

Sweigart and coworkers set up ageneral route to homo and
heterobinuclear syn and anti complexes with naphthalene-
type ligands [344,345]. By controlled reduction (1eg. of
cobaltocene) of naphthalene-Mn(CO)3™ they obtained syn-
facial asymmetric bimetallic n*:m® naphthalene complexes
(107), one manganese bearing three carbonyl ligands and
the second bearing only two.

(0] CO
oot
(6¢) Cco

107

The syn arrangement facilitates metal to metal commu-
nication, which was confirmed by ESR experiments [345].
Similarly, i.e. by controlled reduction of a mixture of Napth-
Mn(CO)3™ with appropriate metal complexes that have a
free arene ring available, they prepared the analogous syn
Mn/Fe derivative and the antifacial complexes [(CsMe)gRu-
Napth-Mn(CO)3]* and [(CpFe-Napth-Mn(CO)3]. Even if
these works on arenemanganese carbonyl chemistry are
mainly synthetic, they have a great importance, due to the
scarce examples of naphthalene-bridged bimetallic com-
plexes.

5. Conclusions and per spectives

In this review we have focused the attention on the elec-
tronic communication in metal-metal carbon bridged het-
erobimetallic and asymmetric homaobimetallic complexes.
The bridging ligands considered are sp and sp? hydrocarbon
chains, fulvalene, fulvalene-like and fused aromatic spac-
ers. The effects on the electronic communication have been
mainly evaluated on the basis of the reactivity studies and
of the results of >’Fe-Mossbauer, ESR, optical and elec-
trochemical measurements of the mixed valence species,
which give information on the rate of the intramolecular
electron transfer or on electron delocaization. The numer-
ous examples reported have been classified according to the
structural features of the bridging ligand. In fact, as well
as in homobimetallic symmetric complexes, the efficiency
of the intramolecular electronic communication depends on
the strength of the coupling between the termini, the nature
of the metals, their oxidation state, and the structure of the
bridging ligand playing a fundamental role. Rigid and semi-

rigid unsaturated spacers proved to be efficient in conveying
electrons, since they provide highly conjugated pathways.
However, the electronic communication falls down with in-
creasing the distance between the termini and in the mol ecu-
lar wiresthislimits the length of the carbon chain. Fulvalene
and fused aromatic spacers are also suitable linkers to pro-
mote electronic communication, unless steric requirements
break their planarity inducing loss of aromaticity. Typicaly,
thisis encountered in cisoid fused complexes when the hin-
drance of the ancillary ligands imposes a bended shape to
thewhole molecular structure. These considerations are gen-
eral and subsist both for a homobimetallic M-spacer-M and
an analogous heterobimetallic M-spacer-M’ complex. The
peculiarity of the latter is connected to its strong asymme-
try which governs the extent of the electronic interaction
between the metal centers. In fact by replacing one end-
capping metal group in a homobimetallic complex by a dif-
ferent one it is possible in principle to achieve a fine tuning
of the communication in order to control the metal-to-metal
electron transfer. The reported examples show that asym-
metry reduces the electronic communication and the pres-
ence of a different metal group can even interrupt the in-
tramolecular ET. This can be rationalized in the framework
of electron transfer theory, since asymmetry raises the ther-
mal barrier. In case of weak coupling asymmetry can inhibit
the electronic communication but in strongly adiabatic con-
ditions Class |11 behavior is often found. Thus, it seems that
the extent of the electronic coupling might be tuned by ac-
curately designing the complexes and to this purpose most
of the heterobinuclear species discussed in this review are
ideal candidates for catalysts and devices in which the activ-
ity of one metal center can be finely controlled at molecular
level acting on the adjacent one. Systematic studies on reac-
tivity and catalytic activity are required at both theoretical
and experimental level.

In spite of the quitelarge number of heterobimetallic com-
plexes reported, much less are those for which the reactivity
and the physico-chemical properties have been investigated.
Thereisa“gold mine” of material waiting to be re-examined.
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