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Abstract Acetylide-based bridging ligands have been
widely used in the preparation of complexes that display
a degree of electronic interaction between metal-based
redox groups located at the ligand termini. The elec-
trochemical response of these systems has been selec-
tively reviewed, with a focus on the variation in
properties that accompany changes in the structure of
the bridging ligand and the nature of the metal groups.

Keywords Acetylide - Metal complex - Mixed-valence
chemistry

Introduction

Mixed-valence complexes and intra molecular electron
transfer processes have been, and continue to be, a focus
of fundamental and applied research [1-8]. The interest
in these systems, which contain examples of an element
in more than one oxidation (or valence) state, arise from
the role such systems play in biological systems, their use
as probes for inner-sphere electron transfer reactions
and tests of theory, and most recently for their potential
as components in molecular scale electronic devices.
Many mixed-valence materials of contemporary
interest feature a common [L,M]-B-[ML,] structure, in
which two (redox-active) metal fragments ML, featuring
a metal centre in oxidation state n, are linked by some
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bridging ligand, B. The mixed valence state is generated
by one-electron oxidation (or reduction) of the assembly
(Scheme 1). Through investigations of the roles played
by the structure of the bridging ligand and the nature of
the metal and supporting ligands structure on the extent
of delocalisation of the unpaired electron through the
molecular assembly we, and others, hope to establish the
design rules for next generation molecular electronic and
magnetic materials.

The volume of literature is such that we cannot
comprehensively review mixed-valence chemistry, or the
theoretical treatments used to analyse them, in this
contribution. Rather, we shall take an overview of the
works featuring the acetylene-based bridging ligands of
particular interest to this research group, with special
attention given to the most recent results from us and
others [9-15]. We hope that in doing so we will provide a
ready point of entry to the field for those with an interest
in organometallic chemistry and the electrochemical
properties of the systems in question, and illustrate the
electrochemical techniques being employed in the gen-
eration and study of these complexes.'

Mixed valence compounds: a summary and overview

The classification system and the terminology intro-
duced by Robin and Day [2] is widely used in the
description of mixed-valence systems. The Robin and
Day system distinguishes three general classes of mixed
valence compound: Class I, in which the interactions
between sites containing the redox-active element are
negligible either because of the great distance between
them, or because the local environment of each site is
very different; Class II, in which the redox centres are in

'Given the large range of solvents, electrolytes and reference elec-
trodes used in different research laboratories, comparison of data
between groups can be complicated. Throughout the text we quote
electrochemical potentials as given in the original literature, to-
gether with an indication of the conditions and any internal ref-
erence couple employed.
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Scheme 1 [M(H)Lx]_B_[M(n)LX] -

+e

similar local environments, with moderate coupling
between them permitting electron exchange, and in
addition to properties arising from the electron transfer
process have identifiable independent character arising
from localisation (or trapping) of the unpaired electron;
and Class III, in which the redox centres are so strongly
coupled that the odd-electron is delocalised and only a
single, average valence state can be assigned to the two
centres. Strictly speaking, Class III compounds are not
“mixed-valence”, but perhaps better described as
“valence averaged” species, with unique characteristics
that cannot be assigned to either individual oxidation
state.

The thermodynamic stability of the mixed-valence
state can be readily calculated from electrochemical
data. The comproportionation (equilibrium) constant,
K., fogEFthe reaction shown in Scheme 2 is given by
K. =ex, where AE is the difference in oxidation
potentials associated with the first and second oxidation
of the parent [LyM]-B-[ML,] species and ranges from K.
~ 4 (in the statistical limit) for the most weakly coupled
systems to >10'? for the most strongly coupled (Class
IIT) systems. However, it must be emphasised that K. is a
thermodynamic parameter and should probably not be
used in isolation when determining the nature (class) of a
mixed-valence complex. Nevertheless, the magnitude of
AE has often been taken as an indication of the degree of
interaction between identical redox sites [16].

The determination of the nature and magnitude of
the electronic coupling between redox sites in mixed-
valence complexes has been a subject of study for
decades and continues to pose many fundamental and
challenging problems [5, 17-20]. In a Class II mixed-
valence complex of the type shown in Scheme 1, electron
transfer between the two sites M can be induced ther-
mally or photochemically. In his classic work, Hush
developed the theoretical treatments which both pre-
dicted the occurrence of this metal-metal charge transfer
(MMCT, or intervalence charge transfer IVCT) band
and allowed thermal parameters to be extracted from
analysis of the energy and shape of this optical absorp-
tion band. In the context of this micro-review it is only
appropriate to note the key conclusions and relation-
ships relating the optical properties of mixed-valence

MOLJ=B—M"L] + ML J—B—M"L]

2 ML —B—M"L,)

Scheme 2
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species that are most commonly used by the inorganic
community in the analysis of their data.

In the case of a symmetric complex, the rate constant
for the intramolecular electron transfer process, ky,, can
be obtained from

(5)
ki = wvpe\ 7/ (1)

where « is the adiabatic factor, and v, is the nuclear
frequency factor (ca. 1-10x10'2 s~! at 25 °C).
Although the two states before and after electron
transfer are indistinguishable, and overall for this
process AG®=0, there is an activation barrier AG™ y, to
the electron exchange process imposed by the different
equilibrium geometries (inner and outer sphere, or
metal-ligand lengths and solvation shells) of M™ L, and
M@*D L and Franck—-Condon factors. Electron
transfer can occur without prior rearrangement of the
complex upon absorption of light of the appropriate
energy, E,,. For a Class II system, AG*, is given by

) vz
sy = (4 1) + 5 =

4 )

which in the case of very weakly coupled systems sim-
plifies to

Eop = /. = hv = 4AG}, (2b)

and the bandwidth at half-height Av;/, (cm™') of the
optical transition is related to the energy of the transi-
tion Vpax by

AV1 )y = /23107 (3)

A rough rule of thumb assigns mixed-valence classes
based on the comparison of the observed (AV) 3 (ops)) and
calculated (AVv;;) half-height bandwidths. The band
shape of the “IVCT” band in strongly coupled systems
has been a topic of considerable recent debate, as the
ground state potential energy surfaces are no longer
parabolic in shape, leading to a ‘“cut-off” of the
absorption band on the low energy side at Av=2V,,.
Complexes with asymmetric (non-Gaussian) shaped
bands that are significantly narrower than the Hush
relationship predicts are assumed to belong to Class III
[18, 21].

The IVCT band also allows extraction of the elec-
tronic coupling term V,, (also written H,) via

.02 e —
Vab = 0.0205 SmaxAvl/2Vmax, (4)
r

where €., 1s the molar absorption coefficient of the
IVCT band, and r is the intramolecular electron transfer
distance (in A). An alternative, quantum mechanical
expression for V,, which makes no implicit assumption
of the band-shape is




(5)

where pe, (in C m) is the transition dipole moment be-
tween the ground and excited states and can be calcu-
lated (in Debye, 1 D=3.336x10"" C m) from the
integrated area of the IVCT band through

g = 0.09584 Je)dy (6)

Vmax

While r is often assumed to be the metal-metal sep-
aration, estimates of r can be difficult when the redox-
active orbitals are significantly delocalised over several
atomic sites [22-25]. Curtis and co-workers [26] have
described an alternative, electrochemical approach for
the measurement of the coupling parameter, although
this method requires data from a significant number of
closely related complexes and Hush style analysis of
IVCT band shape has dominated the more recent
organometallic literature. DFT methods have also been
applied recently to the calculation of the intramolecular
electron transfer distance and V,;, in triarylamine based
mixed-valence compounds [25].

Another measure of the extent of interaction between
the two redox sites often used in the earlier literature is
the delocalisation coefficient, or a ground state delocal-
isation parameter o, which is proportional to the
amount of time spent by an electron at a given site [27].
The parameter is calculated from the spectroscopic data
through the following relationships

v ]naXA7 1/2
Vi = maxt = 2.05 x 1072 (va) (w> (7)

Vmax

5 (42 X 1074)8AV1/2

o =

8

Vmaxr2 ( )

In the case of delocalised (Class III) systems, V,y, is

simply related to the transition energy by the following
relationship
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Many of the terms used in the description of localised
Class II systems, such as “IVCT” and even “mixed-va-
lence”, are rather misleading when directly applied to
Class III systems. The term “charge resonance band”
may be a more appropriate descriptive term [24, 28].

Eop = Vmax = 2Vab-

C,, bridged species

The electrochemical response of bimetallic species
bridged by polycarbon fragments and related ligands
derived from polyynes was comprehensively reviewed
recently [11, 29]. However, these reviews explicitly
omitted ferrocene derivatives, and we take the oppor-
tunity to summarise the redox chemistry associated with
polycarbon bridged ferrocenes in this section.

Diferrocenylacetylene, FcC = CFc (1/1), the first
member of the simplest family of polyacetylide-bridged
bis(ferrocenes), Fc(C = C),Fc (1/n), displays two
reversible oxidation waves, separated by up to 190 mV,
which has been taken as measure of moderate degree of
interaction between the ferrocene centres. With the other
members of the series, the value of AE decreases sharply
with increasing chain length becoming a single, two
electron event in the octatetrayne (n=4) (Table 1). The
electron-rich derivative 1,4-bis(octamethylferrocenyl)-
buta-1,3-diyne exhibited a slightly greater AE (150 mV)
than 1/2 [35].

In early work, Cowan and co-workers [31, 36]
observed low-intensity, low energy absorption bands in
the mixed-valence complexes [1/1]7 (Apmax= 1,560 nm,

= {e=c e~

Fe Fe

=

1/n

Structure 1

Table 1 The electrochemical properties of bis(ferrocenyl)polyynes 1/n

n Ein(1) Ein(2) AE Conditions References
1 —0.11 0.08 0.19 0.1 M NBu4ClO4 in CH,Cl,, [30]
100 mV/s, vs. FcH/FcH ™"
0.625 0.755 0.130 0.2 M NBuBF, in CH,Cl,, [31]
100 mV/s, vs. SCE
2 0.14 0.23 0.09 0.1 M NBu,ClOy4 in CH,Cl,, [30]
100 mV/s, vs. FcH/FcH ™"
0.58 0.68 0.100 0.2 M NBuyBF, in CH,Cl,, [31]
100 mV/s, vs. SCE
0.486 0.586 0.100 0.1 M NBuyPFg in 1:1 [32]
CH,CI,:NCMe, vs. Ag/AgCl, 100 mV/s
0.58 0.69 0.11 0.1 M NBuyPFg in [33]
CH,Cl,, vs decamethylferrocene [0.0765 V vs. SCE]
3 0.060 [33]
4 0.601 0.1 M NBuyPFy in 1:1 [34]
CH,CI,:NCMe, vs. Ag/AgCl
6 0.652 0.1 M NBu4PFg in 1:1 CH,Cl,:NCMe, vs. Ag/AgCl [34]
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Structure 2

e=670 M 'em™")  and  [1/2]7  (Amax=1,180 nm,
e=570 M~ cm™"), which were not present in either the
neutral or dicationic derivatives and were assigned to the
Hush-type IVCT bands, and subsequently studied in
some detail [37-39]. The doubly bridged species 2a and
2b both exhibit two sequential one electron oxidation
events with significantly greater separation in the half-
wave potentials than the singly bridged analogues
(AE=0.355V 2a; 0.25 V 2b). In addition, the mixed-
valence cation derived from 2a gave rise to a much lower
energy NIR absorption band with larger molar
absorption coeflicient (Amax = 1,760 nm;
€=3,100 M~ cm™!) than 1/1, and these doubly bridged
species are assumed to be more strongly coupled than
the singly bridged derivatives [31, 40]. Cyclic derivatives
have also been prepared and electrochemical properties
reported in brief [41].

Transition metal cluster bridged species

The carbon chain in 1/2, 1/4 and 1/6 has been
elaborated through reaction with osmium, ruthenium
and cobalt clusters to afford a range of metallo-carbon
cluster species featuring pendant ferrocenyl moieties [42—
55]. In the case of products in which the ferrocene
moieties are found in identical chemical environments
and the difference in oxidation potential can be related
to the interactions between the redox sites rather than
chemical differences, coordination of the polycarbon
chain resulted in a decrease in the separation of the
oxidation potentials compared with the parent species
1/n. However, in the case of 3 the redox processes
associated with oxidation of the ferrocenyl moieties are
separated by 0.184 V, significantly larger than AE of
diferrocenylbutadiyne (1/2) (0.100 V). The enhanced
interaction between the ferrocenyl moieties is thought to
be due to mixing of the Os and alkyne carbon orbitals

Fc Fc

\ /

Co  C
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S
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3
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increasing the dehydrobutadiene (C=C=C=C) char-
acter of the bridge [32].

The coordination of Co,(CO)g moieties to the C = C
bridges generally serves to decrease interactions between
ferrocenyl groups along the length of the C, bridge,
although the redox processes are complicated by rapid,
subsequent chemical processes [56]. In some cases
coordination of a Co,(CO)4(dppm) moiety to the C = C
fragments of the bridge can lead to an increase in AE
associated with oxidation of the remote ferrocenyl probe
groups, but the effect is generally small [33, 57]. There
are no electrochemically detectable interactions between
Re(CO);(NN) fragments (NN =2,2’-bipyridine based
ligands) mediated by the Cus(ps-n'-
C = CC¢R4C = C)(LL); bridge. Rather the complex
exhibits Cus centred oxidation and Re(CO)3;(NN) cen-
tred reduction processes, with little electrochemical evi-
dence for ground state interactions between the rhenium
centres mediated by the tricopper cluster [58].

Main group cluster bridges

Diethynyl carboranes have recently attracted attention
as possible conduits for electronic effects, and the
mechanism through which these effects are transmitted
through the cage has been a source of some interest
[59]. Electrochemical studies of {Co,(CO)4(dppm)}-(u-
Me;SiC,-1,12-CBgH(CC,SiMes) using both cyclic
and differential pulse voltammetric methods revealed
two sequential oxidation processes and two sequential
reduction processes separated by 105 mV and 80 mV,
respectively [60]. While these redox processes were
qualitatively similar to those of an analogous 1,4-C¢Hy
bridged species [61], DFT analysis of the radical ca-
tions revealed a different underlying electronic structure
in each case. The SOMO of the aryl-bridged species
featured considerable aryl m-character, while the
SOMO of the carborane spaced species was essentially
localised on the Co,C, clusters. It was concluded that
the carborane cluster cage acts as a more or less -
bridge [62].

A complimentary study by Hawthorne’s group using
Fe(CO),Cp based redox probes revealed a diminished
interaction through the diethynyl carborane moiety
when compared with {Fe(CO),Cp},(nCB,H,C) (n= 8,
10). Interpolation of a mercury centre between two cages
also resulted in the observation of a single irreversible
oxidation wave by CV [63].
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Diethynyl aromatic bridges

In the case of ferrocene redox probes, introduction of
aromatic moieties within the carbon chain (4) results
in the observation of an apparently single, quasi-
reversible oxidation process, albeit with a relatively
large peak—peak separation in several cases. While the
broadness of the wave probably indicates the presence
of two closely spaced processes, it is clear that these
bridges are not well-suited to the task of promoting
interactions between the remote ferrocene moieties.
The oxidation potentials of these complexes are sen-
sitive to the inductively electron withdrawing (phenyl)
or donating (thiophenyl) nature of the ethynyl-based
bridges [35, 64-69].

In the case of the 2,5-diethynylpyridine bridged sys-
tem 4e the ferrocenyl centres are formally non-degen-
erate, but only a single oxidation process was observed
with AE, (64 mV) consistent with essentially indepen-
dent, and identical, redox behaviour at these sites.
However, methylation of the pyridine nitrogen centre in
4e results in a significant splitting of the oxidation events
(AE=161 mV) when the non-coordinating electrolyte
[NBuy][B(CgFs5)4] is employed in CH,Cl,. This switching

Structure 5
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in behaviour and localisation of charge on the distinct
ferrocenyl termini has been suggested as the basis for a
single molecule transistor which would pass charge by
electron hopping, not through-bond coupling of the re-
dox sites [70].

Not unexpectedly, the magnitude of the redox wave
separation AE is sensitive to the regiochemistry of the
substitution around the aromatic ring. For example,
both 1,8- (5a) and 1,5- (5b) bis(ferrocenylethynyl)naph-
thalene derivatives both display two chemically revers-
ible diffusion-controlled one-electron oxidation couples
arising from the ferrocenyl moieties, with AE signifi-
cantly larger in the case of 5a (109 mV) than 5b (60 mV),
due to an unresolved combination of through-bond and
through-space factors [33].

However, incorporation of the redox active probe
group directly into the ligand m-system results in far
greater interactions between the remote sites. While
there are numerous examples of the preparation and
characterisation of metal complexes, and related poly-
mers, featuring the ML,—C = CArC = C-ML, motif,
surprisingly few of these studies have also incorporated
electrochemical methods, and even fewer have explicitly
addressed the nature of the mixed-valence compounds
which may be derived from them.

5b
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In early work, the complexes [trans-{FeCl(dm-
pe)}o(p-1,4-C = CCgH4C = C)], bearing the strongly
electron-donating dimethylphosphinoethane ligands,
were prepared and found to undergo two sequential, one
electron oxidation processes, separated by ca. 0.2V
(K, =2.4x107) in CH,Cl, containing 0.2 M [NBuy][ClO4]
(CARE!), and as a result the mono-cation was assumed
to be a Class II mixed valence species. An irreversible,
apparently two electron anodic process was also
observed at higher potentials. The diffusion-controlled
behaviour of the first two oxidation events was taken as
an indication of limited structural rearrangement
accompanying the redox steps. Both the mono and
dications were found to be ESR active, but only broad
unresolved lines were obtained at low temperatures [71].

Since this initial investigation, the electrochemical
response of several related pseudo-octahedral
[{MLy},(p-1,4-C = CC4H4C = C)] complexes have also
been reported [72-76]. The nature of the metal end-cap-
ping group plays a significant role in determining the
magnitude of coupling in these systems, and in the case of
{Pt(C6H3CH2NM622-2,6}2(}1-1,4-C = CC(,H4C = C) (6)
[77] and the bis-bimetallic complex [{Rus(ap)q}o(u-1,4-
C = CC4H4C = C)] (ap=2-anilinopyridinate) [78] CV
measurements indicated independent redox behaviour
associated with the metal sites. For example, in the case of
the platinum species 6, only a single, irreversible oxidation
wave was observed by cyclic voltammetry corresponding
to the removal of a total of four electrons in two over-
lapping (or simultaneous) Pt(II/TV) oxidation steps.

The compound {Fe(dppe)Cp*},(n-C = CCcH4C = C)
(7a) displays a reversible electrochemical response, the
cyclic voltammogram of this compound being charac-
terised by two one-electron waves with a current ratio of
unity. The large separation of the half-wave potentials
AE=0.26 V indicates the thermodynamic stability of
the mixed-valence form with respect to disproportion-
ation (K,=2.6x10%), which whilst smaller than the
value associated with the first two oxidation waves in the
“all-carbon” bridged species {Fe(dppe)Cp*},(u-C =
CC=0C) (AE=0.71 V, K,=1x10'?) [79], is sufficiently
large to allow synthetic preparation of [7a]™ and [7a]**
free of contamination and isolation as the PF¢ salts [74].
Magnetic susceptibility measurements of the dicationic
species [7a]*" are consistent with antiferromagnetic
coupling of the (formally) 17-electron metal centres, and
in agreement with the ESR spectrum of this material,
which exhibits three broad g tensor components without
the characteristic hyperfine coupling that might be

T|\IM62 MezT|\I
NMe, Me,N
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expected of metal centred radicals. When taken together
with the decreased v(CC) frequency, these data support
a description of [7a]*" which involves an appreciable
contribution from the cumulated canonical form. The
behaviour of the mixed-valence form [7a]* is compli-
cated by an apparently conformationally based distinc-
tion between valence-trapped and detrapped forms of
the compound. Thus the Méssbauer spectrum of [7a]*
contained three sets of doublets characteristic of Fe(II),
Fe(IIl) and an intermediate valence state indicative of
the de-trapped state. The relative proportions of the
doublets varied from batch to batch of solid, but each
spectrum was temperature independent between 77 and
280 K. At lower temperatures (5 K) an increase in the
amount of Fe(Il) character relative to that of the de-
trapped state was observed, and attributed to stabilisa-
tion of a bridge-localised radical. Infrared spectroscopy
in both solid and solution state did not discredit this
suggestion, and while the precise mechanism is perhaps
unclear, it does appear certain that the 1,4-diethynyl-
benzene ligand is capable of delocalising an unpaired
electron between the two iron centres, which are sepa-
rated by almost 12 A [74].

The influence of the bridging aromatic moiety has also
been considered through electrochemical measurements
of closely related series of complexes featuring a common
metal-ligand combination and a range of diethynyl
aromatic bridging moieties. Direct comparison of the
electrochemical  response of  {Fe(dppe)Cp*},(u-
C=CX-C=C(C) species (X=C=CC=C, 2,5-thio-
phene) revealed a greater separation of the Fe(II/III)
oxidation processes in the case of the polyethyndiyl ligand
(0.43 V vs. 0.34 V), although analysis of the NIR transi-
tions suggest little difference in the coupling parameter
V.o [80]. Substitution of the fully conjugated ligands by
alkyndiyl bridges incorporating methylene groups lead to
weakly coupled mixed-valence materials, in which opti-
cally induced electron transfer appears to involve two
different pathways arising from transitions between the
HOMO-1 - SOMO and HOMO-n —» SOMO [81].

It has been shown through a combination of elec-
trochemical and spectroscopic techniques and semi-
empirical calculations that coupling between two
trans-MCl(dppm), fragments (M = Fe, Ru, Os) through
diethynylaromatic ligands C = CArC=C follows
the order Ar = 2,5-C4H,S > 1,4-C¢Hy > 2,5-CsH3N
>1,3-C¢Hy4, a result which was attributed to the relative
energy change associated with the adoption of a qui-
noidal structure [73, 75]. The ruthenium fragments were

e

Mes
M—-C=C C=C-M—
Ph,P”/ . PPhy
{_PPh, thP\>

M = Fe (7a), Ru (7b)

Structure 7



more strongly coupled than the analogous Fe or Os
species, a trait attributed to the better interactions be-
tween the m-donating ligand and the metal centre [82].

Recent work from this group has been concerned
with bimetallic complexes derived from 1,4-diethynyl-
benzene, 1,4-diethynylnaphthalene, and 9,10-diethynyl-
anthracene [83]. The cyclic voltammetric response of
each compound in the series 7b, 8, and 9 was similar,
being characterised by two reversible oxidation pro-
cesses separated by ca. 300 mV. The thermodynamic
stability of the mono-oxidised forms with respect to
disproportionation was matched by the kinetic stability
of each member of the series and chemical oxidation
(AgPF¢) allowed isolation of [7b]"*, [8]"* and [9""
(n=1, 2) as the PFg salts in essentially quantitative
yield. Upon oxidation of the 36-electron compounds to
the corresponding 35-electron (mono-oxidised) and 34-
electron (di-oxidised) species the v(CC) band of the
ligand was found to shift to progressively lower energy,
consistent with the evolution of a more cumulated
electronic structure. This interpretation is fully consis-
tent with DFT models of [7b]"*, which indicate a sub-
stantial delocalisation of the frontier orbital over the
metal centre and the diethynyl benzene ligand [84].

The UV-Vis spectra of the mono-oxidised species
were characterised by relatively intense MLCT bands,
together with a set of vibrationally structured bands at
lower energy, centred between 19,000 and 12,000 cm ™',
with profiles very similar to those of the appropriate aryl
radical cation. This observation, together with the IR
data, suggests the bridge orbitals are significantly in-
volved in the redox process. In addition, each species
[7b]", I81" and [9]" exhibited an overlapping series of
absorptions in the NIR region with remarkably similar
profiles and energies, with the lowest energy band
maximum near 5,000 cm~! in each case. The similar
electrochemical, vibrational and electronic signature of
these monocations suggests little variation in the mag-
nitude of electronic coupling through these ligands.

Further oxidation to the diamagnetic dicationic
species,[7b]* ", [8]** and [9]*" resulted in the collapse of
the NIR and vibrationally structured visible bands
associated with the mixed valence species. The electronic
structure of the dications were characterised by one or
two bands in the visible region, which are probably
MLCT/LMCT in nature [83].

Regardless of the nature of the metal fragment
employed, meta-substitution patterns lead to less strongly
electronically coupled systems. For example, for 1,3,5-
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8
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tris(ferrocenylethynyl)benzene in which the ferrocenyl
moieties are arranged in mutually meta positions around
the aromatic ring only a single anodic process was
detected by cyclic voltammetry [85, 35]. The wave has the
shape of a one-electron process, but was shown by con-
trolled potential coulometry to consume three electrons
per molecule. This is indicative of three independent, one-
electron processes arising from the independence of the
ferrocenyl centres [86]. No low energy absorption bands
were observed.

As with 1,4-disubstituted systems, incorporation of
the metal centre directly into the conjugated ligand
framework can result in more significant interactions
with AE values of up to 180 mV being observed in the
case of complexes such as 10, 11 and 12 [78, 87-89]. The
magnetic properties [90, 91] and NLO response [92, 93]
of these weakly interacting systems which can have high
spin configurations associated with their higher oxidised
states may be a source of interest for future investiga-
tions.

For example, the mixed-valence cation [11] exhibits
two v(C = C) bands corresponding at an approximate
level to vibrations associated with Fe(I)-C = C and
Fe(II)-C = C moieties, indicating electron transfer
between the sites to be slow on the IR timescale, al-
though DFT analysis suggests an appreciable amount
(22.9%) of the unpaired spin density resides on the
aromatic portion of the bridging ligand. Mdssbauer
spectroscopy also indicates the presence of distinct
Fe(II) and Fe(III) centres [90]. Weak, solvent indepen-
dent bands (emax ca. 500 M~" cm™") were found in the
NIR region under the tail of the LMCT bands. By

,H
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2| _PPhy
Cl—M—-C=C
PhZP\/Pth -
% Ph,
P
\
Cp e PP
Ph,
10 (M = Ru, Os)

Structure 10
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assuming Gaussian line shapes it was possible to
deconvolute the absorption into two bands, one assigned
to a ligand-field (LF) transition associated with the
Fe(IIT)(dppe)Cp* fragment, the other to the Fe(Il)-
Fe(IIl) IVCT transition. The Gaussian line-fit of the
IVCT band was found to have half-height bandwidth
close to that predicted by Eq. 3. Using Eq. 4, and
assuming the Fe...Fe separation to be a reasonable
estimate of the electron transfer distance, gave a value of
Vb of 0.020 eV (160 cm™") [90].

The paramagnetic species [11]>* contains two low
spin Fe(III) centres, with magnetic susceptibility mea-
surements and DFT calculations indicating a triplet
ground state, with a singlet—triplet energy gap
AErs=2J=130.54+0.2 cm™'. While this value is not as
large as found in organic radicals bridged by meta-
phenylene spacers, the magnitude of the ferromagnetic
coupling observed in this system is interesting, given the
>10 A (1 nm) separation of the iron centres [91].

In the case of the trinuclear species [12] the inter-
pretation of the mixed-valence behaviour must take into
account the electron transfer between three sites, and a
modified form of Eq. 4 is employed, as given in Eq. 10
[94].

Vmax&max V1 /2

Vap = 2.06 x 1072 10
db r\/z ( )
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Within the limits of the various assumptions made, the
coupling in [12]* was the same as that in [11]7.

The NIR spectrum of the diradical [12]*" contained
three bands, one of which was assigned to the LF
transitions associated with the formally Fe(IIl) centre,
and two attributed to IVCT type processes [90]. The two
IVCT processes probably originate from the magnetic
interactions between the two S=1/2 centres. According
to ESR and magnetic data, at 20 °C both singlet and
triplet states are populated and different electron trans-
fer pathways are expected to occur between the singlet
and triplet states. However, it was not possible on the
basis of the data to hand to assign the IVCT bands to
the singlet or triplet states, and a full determination of
the thermodynamic parameters, which relies on an esti-
mate of both v,,,. and e could not be performed [90].

The trimetallic trication [12]** displayed temperature
dependent magnetic susceptibility consistent with the
thermal population of excited doublet (S=1/2) lying
above the quartet (S=3/2) ground state by some
18.7+0.5 and 28.8+0.5 cm™ ', and DFT level calcula-
tions confirm the stability of the high-spin ground state
[91].

It is clear that the extent of electronic and magnetic
coupling in ethynyl-aromatic bridged polymetallic
complexes is dependent on a combination of features
relating to both the metal and the bridge [72]. If the
molecular design rules which influence these parameters
are to be generalised, considerably more investigations
of a wider range of complexes will be necessary.

Metal bis(acetylide) bridges

Various efforts have been made to include metal centres
within the bridging moiety [10, 66, 67, 72, 95]. The
introduction of a diethynyl-platinum motif as the spacer,
as in 13, or within a more complicated architecture, as in
14, does not promote any electrochemically detectable
interactions between the remote ferrocene moieties.
Similarly, in the case of [{trans-RuCl(dppe),}(p-
C = CPt(PBu;),C = C)], only a single, apparently two
electron oxidation process was observed for the Ru'™/™
couples [72]. However, the question of to what extent the
Pt(I) centre promotes or disrupts m-conjugation along
an ethynyl-based chain remains an open question, and
the very recent work of S.R. Marder et al. using organic
redox probes suggests that it may be possible to engineer
modestly delocalised systems based on the trans-C = C—
Pt''-C = C fragment [96]. It should also be noted that
several related studies have suggested this motif may be

PR,
> c=c-h-c=c~>
Fe PR, Fe
- <
13

Structure 13
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more suitable for allowing interactions in photoexcited
states [97-101]. The introduction of a mercury centre
also served to sever electrochemically detectable inter-
actions between Ru(dppe)Cp* fragments along a poly-
carbon chain, a result attributed to the lack of a Hg
contribution in the HOMO [102].

More pronounced interactions in the ground state
are mediated by octahedral metal centres, most
thoroughly represented by the family of complexes
trans-M(C = CFc),(L4). In the case of the complexes
trans-Ru(C = CFc),(dppx), (15) (dppx=dppm (15a)
[103—105]; dppe (15b) [106]) three chemically reversible
oxidation processes are revealed by cyclic voltammetry.
Similar results have been found for a related manganese
system [107]. By comparison with the oxidation potentials
of model materials these processes were assigned to the
sequential oxidation of the ferrocene moieties (AE ca.
200 mV), and the ruthenium II/IIT couple. Extension of
the carbon bridge from (C = C) to (C = CC = C) has the
expected result of diminishing the separation of the fer-
rocene-based oxidation events (AE=139 mV) [106], but
still supports the unusual observation that the metallo-
carbon backbone is more effective than the pure carbon
bridge at promoting electronic interactions in the ferro-
cene series, despite the increase in Fe...Fe separation.

The mono- and dications trans-[Ru(C = CFc),
(dppm),] " ([15a]") and  trans-[Ru(C = CFc),
(dppm),]*" ([15a]**) each exhibit at least two bands in
the NIR region, which are not present in the neutral
complex. In both cases the lower energy transition, the
position of which is solvent independent, is assigned to
localised d—d transition associated with Fe(III), while

n

PhoP " PPh,
Y C=CRe=~Y—x
Fe Ph,R, , PPh, Fe

™

n =1 (15a), 2 (15b)

Structure 15

the higher energy band is assigned to the Ru(Il) — -
Fe(IIT) electron transfer processes [104]. While for the
dication, a simple two-state model [Scheme 3, diagram
(a)] suffices to explain the origin of the NIR transition, a
three-state potential energy diagram has been proposed
to rationalise the electronic structure of the monocation
(Scheme 3). In the dicationic species each iron centre is
in the Fe(IlI) state, and hence electron transfer between
them is not possible. In the scheme, /iv is the energy
required to move from the thermodynamically stable
ground state configuration (A) to state B, and includes
the reorganisation energies and AG° terms.

In the case of the monocations, the three state po-
tential energy diagram [Scheme 3, diagram (b)] provides
a better description. In Wolf’s anal¥sis, the three possi-
ble electronic configurations (Fe'"-Ru"-Fe!, Fe'l-
Ru'-Fe", Fe'"-Ru"-Fe'") were termed C, D and E for
ease of reference. The photon hv’ provides energy nec-
essary to move an electron from state C, which is
isoenergetic with E, to D. State D can collapse to either
C or E, and therefore photoexcitation of state C by hy’
provides a mechanism for charge transfer across the
ruthenium bis(acetylide) bridge. When compared with
the simple species 1, the role of the Ru centre is to lower
the activation barrier, AG*y,, to electron transfer. This
suggestion is in complete agreement with the trends
observed in the series of compounds 16, for which the
interaction between the two ferrocene moieties (as
measured by AE) and energy of the lowest energy NIR
band decreases as the oxidation potential of the Ru
centre is increased. This general picture is reinforced by
studies of the closely related  complexes
[Ru(C = CMc)(L,)Cpl"" (Mc=Fc, Rc; L=PPh;, dppe;
Cp’=Cp, Cp*, n=0, 1). While electrochemical studies
indicated a number of oxidation processes, Mdssbauer
spectroscopy was used to confirm oxidation of the iron
centre in the mono-oxidised derivatives, and allowed
assignment of one of the two observed NIR bands to a
Ru"™ — Fe" transition [108, 109]. The chemically
irreversible nature of the oxidation events associated
with Ru(C = CC = CFc¢)(dppx)Cp (dppx =dppm, dppe)
precluded a detailed analysis of the oxidised derivatives
of this complex [110].
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More elaborate, multimetallic bridges have been
investigated as potential conduits of electronic effects in
recent times, generally featuring ferrocenyl probe groups
[1T11-114]. The diplatinum  bridged species
[Pto(dppm),(C = CFc),] has been used to demonstrate
interactions between the remote ferrocenyl moieties
through the Pt-Pt bond [115]. The CV of
[Pta(dppm),(C = CFc),] displays two quasi-reversible
one-electron oxidation waves associated with the Fc
moieties separated by ca. 267+ 10 mV, suggesting con-
siderable interactions between them mediated by the Pt—
Pt single bond. In situ generation of [Pt,(dppm),
(C = CFc),]" by oxidation with excess ferrocinium cat-
ion revealed a NIR transition at Vmax = 11300+
50cm~! (e—610i10M m'), AV, = 28000mf1.
This is somewhat lower in energy than the Ru"l — Fe'!
transition observed by Wolf and colleagues in their

20 cm ™' from the spectroscopic data. On the basis of
energy considerations, it is concluded that the primary
mechanism of interaction arises from inductive and/or
magnetic interactions through the m-orbitals of the
bridging moiety rather than delocalisation effects.
Addition of an AuX (X=Cl, Br) fragment to the Pt—Pt
bond gives A-frame complexes which display negligible
interactions between the ferrocenyl centres [115].

The diruthenium(III) tetra(amidinate)-bridged com-
plexes 17a-c give rise to essentially identical DPVs with
three one-electron oxidation processes observed between
0.4 and 1.0 V, together with an Ru, centred reduction.
The more soluble alkoxy substituted derivatives were
amenable to spectroelectrochemical analysis, with [17¢]
giving rise to a broad, low energy band which tailed from
the NIR into the IR region (band 1). Further oxidation to
[17c)?* gave an additional band at Ay.=6,040 cm™'
(band 2). The oxidation processes were assigned to
sequential oxidation of the Ruz core and the Fc moieties,
with band 1 assigned to Fe'" — Rul™" charge transfer
and band 2 to Fe" — Fc'' charge transfer across the
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metallocarbon bridge. Preliminary analysis of band 2
suggests [17)>* is a fully delocalised system, with the ¥,
term for Fe'' — Fe'"' charge transfer ca. 3,000 cm™'
[113].

Diethynyl di- and triferrocenyls have also been con-
sidered as potential bridging moieties, and interactions
between remote ferrocenyl or Co,Co(CO)4(dppm) redox
probes through the Fc, core in complexes 18a-d inves-
tigated [116]. While detailed orbital analysis was not
available, electrochemical studies provide a series of
interesting observations, including: the interpolation of
the Fc, unit does not impede electronic interactions

Structure 18
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between the remote groups, although more attenuation
is apparent with the Fc; moiety; the terminal groups and
the oligoferrocene core act almost independently.

In contrast, the extended metal atom chain (EMAC)
complex 19, which is formally comprised of a diamag-
netic singly bonded [Co,]*" and an isolated Co** cen-
tre, 1s not as effective a conduit of electronic effects
between the Fc moieties. Cyclic and differential pulse
voltammetry revealed three chemically reversible oxi-
dation processes, the second being likely comprised of
two overlapping and unresolved events and tentatively
assigned to the sequential oxidation of the ferrocene
moieties. On the basis of the width of the unresolved
peak in the DP trace, a value of AE=71 mV was esti-
mated [117, 118]. Unfortunately, attempts to observe the
oxidised products were hampered by decomposition of
the products during preparative electrochemical or
chemical oxidation of 19 [119, 120].

A number of complexes featuring bis(ferrocenyle-
thynyl) in a cis geometry have also been reported [121—
123]. While these species can be used as redox-active
“molecular tweezers”, the interest from the present
perspective lies in the reductive coupling of the acetylide
ligands which occurs following oxidation of the
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ferrocenyl termini either chemically or electrochemically
in titanium derivatives (Scheme 4).

Heterometallic species

The task of evaluating interactions between different
metal centres through ethynyl-based bridging ligands
using electrochemical methods can be complicated by
differing interpretations of the observed electrochemical
response of the system in terms of either metal centred
redox events (i.e simple donor—acceptor systems), or
redox processes which involve more extensively deloca-
lised orbitals. Solvation effects can also alter E° values,
and it is important to bear in mind that direct compar-
isons of electrode potentials of bimetallic complexes with
those of model compounds is only valid if the relative
solvation energies of the compounds are in their various
oxidation states do not differ significantly [124, 125].

In general, mixed-metal systems are weakly to mod-
erately coupled, and can often be treated in terms of
metal centred oxidation events and electronic transitions
between distinct metal based chromophores. Com-
pounds of this type are therefore well described by a
modified form of the Hush theory outlined in the
introduction. For a prototypical MY-bridge-M%' with
metal M 4 and M p assigned arbitrary oxidation states of
+2 and +3, respectively, the energy of the MMCT
band E,, (in cm™ ") can be expressed in terms of the free
energy difference AG° between the redox isomers M" ,-
bridge-Mm g and M A-bridge-M”B and the combined
inner and outer sphere reorganisation energies, A

(Eq. 11).

Eop =AG° + 4. (11)

If solvation factors are ignored, the free energy dif-
ference AG° can be approximated by the difference in
electrode potentials associated with each metal site
through

Scheme 4

. AE°F
AT =119 (12)
but such an approximation becomes less valid as
hydrogen bonding between the metal/ligand fragment
and the solvent become important [124].

In complexes such as trans-Pt(Ph)(C = CML,))(PEt3),
(20, 21) the electrochemical response of the complex
can be interpreted in terms of the ML,C = CR frag-
ment featuring a relatively strong, but electrochemi-
cally “innocent”, platinum donor group [126]. The
mixed iron/rhenium complex [{Cp*(dppe)-
Fe}(u-C = CCcH4C = C){Re(CO)3(bpy)}] exhibits a
quasi-reversible reduction process which is only 0.02 V
less favourable than the bpy centred reduction in
Re(C = CC4H4C = CH)(CO);5(bpy), and an iron centred
oxidation some 0.04 V more favourable than the oxi-
dation of Fe(C = CPh)(dppe)Cp*, indicating a simple
relationship in which both metal centres act as moder-
ately electron donating substituent. In agreement with
this interpretation DFT analysis of the electronic
structure of the H-substituted model material
[{Cp(dHpe)Fe}(u-C = CCgH4C = C)Re(CO)3(bpy)] re-
veals a predominantly bpy-centred LUMO and an iron-
centred HOMO [127].

In [{RuCl(dppm),}(u-C = CCcH4C = C){OsCl
(dppm),Cl}], two oxidation processes are observed by
CV, which were assigned to the sequential oxidation of
the Os and Ru fragments, but both of which are at less
positive potentials than model mononuclear complexes
trans-{MCI(C = CC4H4C = CH)(dppm),} (M =Ru, Os)
[126]. Such behaviour might be rationalised either by
assuming that the oxidised osmium fragment is a better
donor than the ethynyl moiety, or that the electronic
structure  of  [{RuCl(dppm),}(p-C = CCcH4C = C)
{OsCl(dppm),CI] " is not well described in terms of
isolated Ru(I) and Os(III) fragments. Similarly, the
redox response of the diynyl bridged species
{Cp*(dppe)Fe}(u-C = CC = C){Re(PPh3)(CO)Cp*} [128]
is characterised by two anodic processes assigned to
sequential oxidation of the Fe and Re fragments, which
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occur at potentials less thermodynamically favourable
than the corresponding oxidation of model mononuclear
species. When the electrochemical result is coupled with
a detailed spectroscopic and DFT investigation [129],
the best resonance description which can be attributed to
the monooxidised form would be derived from a pre-
dominantly iron centred oxidation. The NIR band
observed in [{Cp*(dppe)Fe}(u-C = CC = C){Re(PPhs;)
(CO)Cp*}] ™ is therefore attributed to a photoinduced
Re' — Fe'"! transition, and Hush style analysis of the
band shape gives V,;,=0.019 eV.

A combination of CV and electronic structure cal-
culations using DFT, ZINDO and ELF methods has
been used to probe the interactions which occur between
the metal end-caps in Co,[p-7"~Me;SiC = CC,C = -
C{Ru(PPh;),Cp}](CO)4(dppm)  and COz[H"’IZ*Me}
SiC,C = CC = C{Ru(PPhj3),Cp}(CO)4(dppm) [130]. In
this case, CV revealed two facile oxidation events, both
of which occur at much less positive potentials than the
[C0,C,]” " couple in the corresponding model Co,(p-n>—
Me;SiC = CC,C = CSiMe;)(CO)4(dppm) or Co,(p-n>—
Me;SiC,C = CC = CSiMe;)(CO)4(dppm) and also at a
less positive potential than the Ru(II/III) couple in
Ru(C = CPh)(PPh3),Cp. Electronic structure calcula-
tions revealed extensively mixed Co,C,/C,/Ru character
in the HOMO, and consequently the electrochemical
events cannot be considered in terms of the properties of
isolated redox active fragments.

Recently, a simple synthesis of metal complexes
containing the cyanoacetylide ligand has been developed
[131]. The ready availability of compounds such as
Ru(C = CC = N)(PPh3),Cp and Fe(C = CC = N)(dp-
pe)Cp by this method allows access to the isomeric

hetero  bimetallic species Ru{C = CC = N[Fe(dp-
pe)Cpl}(PPh;),Cp (22) and Fe[C = CC = N{-
Ru(PPh;3),Cp}]l(dppe)Cp (23). The electrochemical

response of each compound is characterised by two
oxidation events at 0.62 and 1.22 V (22) and 0.66 and
1.37 V (23), which may be compared with the oxidation

potentials of Ru(C = CC = N)(PPh3),Cp (0.92 V),
RU-C C—C=N—Fe_
PhsP” | ~PPh,

Ph,P

22

Structure 22
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Fe(C = CC = N)(dppe)Cp (0.53 V) and the nitrile spe-
cies [Ru(NCPh)(PPh;),Cp]PFg¢ (1.30 V) and
[Fe(NCPh)(dppe)Cp]PF¢ (0.83 V) measured under
identical conditions [0.1 M NBuyBF,4 in CH,Cl,, all Pt
electrodes, potentials quoted vsersus internal Fc/Fc™
(0.46 V vs. SCE) or Fc*/Fc* ™ (—0.02 V vs. SCE)]. In-
fra-red spectroelectrochemical investigation of the
monocations reveals a significant decrease in the energy
of the v(C = CC = N) vibrational bands, consistent with
a contribution from the ligand to the redox active
orbital. Relatively intense NIR bands are also found
(227]  vpx=9,600cm™',  €=5600 M 'em™!
23" Vpar =9,200 cm !, €=2,500 M~ em™!), although
in the absence of confirmation of the extent of locali-
sation/delocalisation of the unpaired electron in these
complexes, it is difficult to conclusively assign these
transitions to MMCT processes [132].

However, if several critical assumptions are made, it is
possible to draw out some intriguing aspects for future
investigation. Given the structural similarities of the iron
centres in complexes such as [11] [90] and related iron
acetylides [133] and the relatively limited solvent depen-
dence of the redox response of closely related half-sand-
wich complexes such as Ru(CN)(PPh;),Cp [134] it seems
reasonable to assume that the solvation energy associated
with the Ru(PPh;),Cp and Fe(dppe)Cp fragments chan-
ges little on oxidation. Based on the oxidation potentials
of model acetylides and nitriles of both Fe(dppe)Cp and
Ru(PPh;),Cp fragments it seems very likely that initial
oxidation of 22 and 23 takes place on the iron centre.

From Egs. 10 and 11, the difference in free energy
and reorganisation energy associated with the redox
isomers [22a/b]" and [23a/b] " can be calculated ([22a/
bl"  AG=4,500 cm™!, 1=5,000cm~'; [23a/b]*
AG=5,700 cm™', 2=3,500 cm™'). It therefore appears
likely that the orientation of the bridge can influence,
and perhaps be used to tune, the energetics of the
intramolecular electron transfer reaction

Conclusion

Electrochemical techniques ranging from simple vol-
tammetry to spectroelectrochemical methods provide
the key data necessary to assess the thermodynamic and
kinetic factors associated with intramolecular electron
transfer reactions in bi- and polymetallic systems. When
coupled with electronic structure calculations, a detailed
insight into the nature of the electron transfer process
is obtained. FEthynyl-based bridging ligands are

e S

_Fe-C=C—C=N—Ru_
Ph,P” |/ \ >PPh,
{_PPh, PPhy,

23

Structure 23
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particularly effective in propagating ground-state delo-
calisation effects in polymetallic complexes of Group §
metal systems, while complexes of the heavier metals
exhibit stronger couplings in excited states.
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