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Abstract

The synthesis of square molecules containing four redox-active metal centres and two
positive charges which would be interesting as potential candidates for molecular
Quantum-dot Cellular Automata (QCA) models constitutes the aim of this thesis. In this
new paradigm, the binary information is encoded in the charge configuration of the QCA

cell, and in the case of a molecular QCA, in the charge configuration of a single molecule.

In order to synthesise such molecules with metal centres of general formula M(PP)Cp’
[M = Fe, Ru; PP = dppe, (PPh;),; Cp’ = Cp, Cp*], new synthetic methods have been
developed. By chemically oxidising mono- or bi-metallic alkynyl complexes, radical
coupling can occur, mainly depending on the nature of the metal (Fe or Ru) and the length
of the carbon chain (C,, C4 or Cg), to give dimers with original geometry. Therefore, this
thesis describes the oxidation studies of iron- and ruthenium-alkynyl complexes containing

short (C,) to long carbon chains (C¢), and the characterisations of the oxidised products.

The reactivity of the mononuclear 17-electron species [Ru(C=CR)(PPh;),Cp]™ (16, R =
Ph; 19, R = Tol) and [Fe(C=CC=CR)(dppe)Cp*]”™ (2a, R = Ph; 2b R = Tol) was
investigated, dimerisation occurring in both cases. Intermolecular radical coupling of 16™
afforded a linear dimer by coupling at the Cg and C,,,, positions, whereas dimerisation of
2" gives a single dicationic complex [27][PF¢]> containing a squared Cy4 ring centre and

two Fe(dppe)Cp* units.

The reactivity of the bimetallic 35-electron species [{Cp’(dppe)M }(C=CC=CC=C)
{M(dppe)Cp’}]”™" (M = Fe, Ru; Cp’ = Cp, Cp*) was also investigated. The mixed-valence
systems containing the M(dppe)Cp* (M = Fe, Ru) fragments were revealed to be stable
and isolable: the first crystal structures of mixed-valence complexes with a carbon chain
longer than C; were resolved for [{Cp*(dppe)Fe}.(u-C=CC=CC=C)]|PF¢ [30]PFs and
[{Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*}|PFs [34]PFs. Electronic delocalisation in
these stable mixed-valence complexes, between the two metal centres and through the Cg
bridge, was revealed to be strong which was unexpected for the unsymmetrical system

[34]PF. In contrast, the mixed-valence systems containing the Ru(dppe)Cp fragment were



not stable at room temperature and dimerised to afford dicationic square-shaped
tetrametallic complexes with a C,; ring centre. Two unsymmetrical dimers were
characterised: one containing four Ru(dppe)Cp centres [43][PF¢], and the other containing
two Ru(dppe)Cp and two Fe(dppe)Cp* fragments [44][PFs],. Compound [43][PF¢], has
been fully characterised and the positive charge revealed to be fully delocalised over the
whole molecule. Even if unsymmetrical, these molecules are interesting for being potential

molecular QCA models.

It has been shown that TCNQ acts as an oxidising agent for iron- and ruthenium-alkynyl
complexes. The organometallic 17-e species generated further react by coupling between
the cationic and anionic radical [TCNQ]™ to give specifically TCNQ adducts. These new
complexes which contain two electrophores possess unique properties. The o-linked
electron donor organometallic centre and the organic electron withdrawing group via an
alkyndiyl bridge allow intramolecular charge transfer. The X-ray crystal structure analyses,
electrochemistry and UV-Vis spectroscopy have been investigated and reveal the

interesting properties of these molecules.
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Chapter One

General Introduction

Today, electronic and computer devices are based on silicon technology. Until now, the
“top-down” approach consisting in miniaturising the size of silicon-based chips was
responding to the demands of increasing the capacities of computational devices. It was
predicted by Gordon Moore in 1965 that the number of transistors per integrated circuit
would double every 18-24 months' (Figure 1.1). Moore’s Law, which is followed by the
semi-conductor industry, is however about to end, as transistors cannot be scaled down
indefinitely”. Indeed, we are approaching an intrinsic limit for micro-fabrication in the
solid state’, as electronic properties of bulk materials will be governed by quantum effects
as the scale approaches molecular sizes. For example, at the three-atom-thick level, oxide
layers used in the silicon chips become poorly insulating, resulting in charge leakage®. To
bypass these physical limitations of downscaling, scientists have developed the alternative
“bottom-up” approach in which single molecules are used as electronic components. This

field has attracted much attention over these past few decades.
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Figure 1.1. Microprocessor transistor counts 1971-2011 and Moore’s Law.
1.1 Molecular electronics

In 1974, Aviram and Ratner’ were the first to express the idea that a single molecule
could act as an electronic component. The authors proposed that the molecule represented
in Figure 1.2, which contains electron-donor and electron-acceptor sites insulated from
each other by a saturated bridge, might act as a molecular rectifier when placed between
two electrodes. Since that time, molecular electronics has attracted much interest and
significant advances have been achieved towards the realisation of molecular circuits over
the last decades. Many examples of molecular components have been reported such as

molecular wires*” 6, switches7, memories® ® and rectifiers’. Additionally, one of the
advantages of molecular-scale electronics is that molecules can be synthesised on a large

scale, which would considerably reduce the cost of the electronic circuits.



Saturated bridge
Insulator

Acceptor

Figure 1.2. Aviram and Ratner molecular rectifier.

The wire is the most basic electronic component, its unique function being to facilitate
the passage of current between two points’. Therefore, molecules which could act as
molecular wires have been widely studied over the last years, with the only requirement
being that they have to be able to conduct electrons or holes in order to carry a current
through the circuit. Linear molecules with conjugated & systems, alternating carbon-carbon
single and double (or triple) bonds are thus excellent candidates for molecular wires due to
their ability to conduct electrons through their m systems. Many examples of single
molecules in which carbon-carbon double or triple bonds alternate with aromatic groups
such as phenyl or thienyl are described in the literature™ as being efficient molecular wires.
Besides, these organic building blocks allow the construction of very long single molecules
with a precise length'® by polymerisation reactions. In this regard, remarkably long

4a, 6¢, 12

oligothiophene'', oligo(phenylene-ethynylene) and oligo(thiophene- ethynylene)'

derivatives with the aromatic units bearing various functional groups, in order to modify

the molecular properties, have been reported (Figure 1.3).

128 A I
R = 3-ethylheptyl
R=CiaHes
CH, HoC, CH, H.E, CH, H.:c;_ CH, A
4 p— —
s,-'\sn%_(\as_Sfﬂsf\.ﬂﬂ\sﬂsusrgﬁﬂsaf
WJ—Q_U_@_S— ‘)_U_Q_U_(s}_w_@_@_@_@‘*sw_‘*j‘\% Tpiataie
Cays H.C, CH, H.C eH, H.€ cH, HiiCe
ca. 10 nm

Figure 1.3. Examples of single molecular wire: oligo(phenylene-ethynylene) (top) and
oligothiophene (bottom).



However, the simplest molecular wire is a linear carbon chain made of C(sp) atoms: R-
(C=0C),-R where R are end-groups which improve the stability of the polyyne chain.
Although extended polyynes are very challenging to synthesise because of their instability,
a few general synthesis methods are available and have recently been reviewed'*.
Therefore, many single molecules containing long polyyne chains end-capped by organic'

or organometallic'® fragments have been reported as potential molecular wires.

Many technological challenges are however required for the solid-state to molecular
electronics transition, some of the most important being the measurement, interpretation
and application of the electronic characteristics of the molecular devices'’. For the
molecular wire example, the major challenge consists in finding methods to enable the
measurement of its conductivity. This can be achieved by two different approaches: the
measurement of a bulk sample and the direct measurement using single molecules which

has been extensively developed over the last few years.
1.2 Bulk measurements of molecular wires

One approach to approximate the degree of conductivity of a molecular wire is to end-
cap the wire between two redox-active metal centres. Transfer of electrons across the
molecular wire can thus be studied, the metal centres acting as donor and acceptor sites.
The advantage of this method is that there is no need to attach the molecule to a
macroscopic system; the electron is generated “in-situ*®, By oxidising one of the metal
centres, mixed-valence systems which exhibit inter-valence charge-transfer (IVCT)
transitions between the two end-capping metal units can be generated. These mixed-
valence systems show unique properties and have been extensively studied as a way of

testing potential components of molecular-scale electronic devices.
1.2.1 Mixed-valence theory

Molecular wires end-capped by two redox-active transition metal centres which are in
different oxidation states have attracted much attention because they are the simplest
model systems for studying electron transfer and delocalisation. This kind of mixed-
valence complex incorporates two metal centres, one in oxidation state (n) and the other in

oxidation state (n + 1), linking by a bridging ligand (L) (Figure 1.4). In these complexes,

4



exchange of the unpaired electron or hole between the two end groups occurs through the

molecular bridge and a barrier to this interconversion exists.

n+1

1 -+ - 1

Figure 1.4. Schematic representation of electron transfer in a mixed-valence complex.

Creutz and Taube'® were the first to report a mixed-valence system: it contains two
pentaamine-ruthenium centres linked by a pyrazine ligand (Scheme 1.1). The overall
charge of this biruthenium complex is 5+ with one metal site formally being in the +II

oxidation state and the second in the +III oxidation state.

5+
NH;

NH,
\\\\NH3/ —/\ \\\\NH3
H3N—(R1I N\ /N_(Rli NH,
NH, NH;

Scheme 1.1. The Creutz-Taube ion.

In 1967, a classification of mixed-valence species based on the degree of delocalisation
of the unpaired electron was proposed by Robin and Day'’. They ranked mixed-valence

systems in three classes:

e C(lass I: there is no (or negligible) electronic interaction between the two redox
sites. The charge is completely localised on one of the redox centres and each

centre can be distinguished, as they exhibit unique properties.

e C(lass III: there is extremely strong electronic interaction between the two redox
sites. The charge is completely delocalised over the entire length of the
molecule and the two redox centres can not be distinguished. Formally, they

each have the average valence state [(2n + 1)/2].



e C(lass II: systems in between class I and III belong to class II. The charge is
neither completely localised nor delocalised and at least one spectroscopic

method should allow the two redox centres to be distinguished.

Recently, an additional class borderline between classes II and III has been proposed™.

In class II-III systems, the charge is “almost delocalised”; the Creutz-Taube ion belongs to

this class.

Two key factors have to be considered to determine in which class a mixed-valence
compound belongs: the electronic coupling (H,,) between the two redox centres, and the
reorganisation energy (1) associated with the electron transfer between them?'. In class I
systems, H,, = 0 and vertical electronic transitions from one potential well to the other are
not observed [Figure 1.5 (a)]. In class II systems, H,, is moderate and vertical electronic
transitions from the minimum of one potential well to a vibrationally excited state of the
second potential energy surface are possible. The energetic position of the intervalence
absorption band maximum, E,,, corresponds to the reorganisation energy A [Figure 1.5
(b)]. In class III systems, there is a single minimum at X = 0.5 (reaction coordinate), H,p, is

strong and E,, measures its magnitude [Figure 1.5 (c)].
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Figure 1.5. Potential energy surfaces for electron transfer in mixed-valence systems with

(a) negligible, (b) weak, and (c) strong electronic coupling.



Extensive studies of organometallic mixed-valence complexes containing different
combinations of bridges and metal centres have been described””. The redox centres do not
necessarily have to be metal-centred; purely organic mixed-valence systems are also

- 2
known and have recently been reviewed™.

1.2.2 Evaluation of the electronic interaction between two redox sites in mixed-

valence systems

The two analytical techniques which are mainly used to assess the degree of electronic
interaction between the two redox-active sites of a mixed-valence complex are cyclic
voltammetry (CV) and Near-IR spectroscopy. Cyclic voltammetry is the easiest way to
look at electronic interactions for symmetric mixed-valence systems and, in the case of a
sufficiently strong interaction, two one-electron events are found. The potential difference
(AE) between two redox waves is a measure of the thermodynamic stability of the
corresponding mixed-valence states relative to the other states of the
comproportionation/disproportionation equilibrium shown in Figure 1.6%°°.  The
comproportionation constant, K., is related to the free energy of comproportionation (AG,)

by Equation 1.1.

n+1 n+1

n+ 0%2
¥ oo T + ¥

Figure 1.6. Comproportionation/disproportionation equilibrium.
AG.=AE=FE,—-E; =-(RT/F) log K. Equation 1.1
Four distinct energetic factors make the main contribution to the magnitude of the free
energy of comproportionation AG, (and thus K;), and recently two additional terms have
been added. These factors are given in Equation 1.2 %,

AG. = AGs + AG. + AG; + AG; + AGst + AGjp Equation 1.2

where AG; is the entropic factor which represents the statistical distribution of the

comproportionation equilibrium, AG. is the electrostatic force factor which represents the



repulsion of two similarly charged and linked redox centres, AG; is the inductive factor due
to the stabilisation of the mixed-valence by electron polarisation, and AG; accounts for the
free energy of resonance exchange and is connected to the metal-metal coupling®. The two
additional terms, AGst and AG;j,, consider the magnetic exchange which takes place
between the unpaired electron of the doubly-oxidised complex (AGsr), and the role of ion-

pairing (AGi,) and the electrolyte.

For class III mixed-valence systems, the delocalisation factor AG; is usually dominant,
whereas in class II systems, this term is small. However, the fifth term AGsr cannot be
neglected and its sign depends on the nature of the magnetic exchange. If the spin coupling
in the dioxidised species is antiferromagnetic, it yields a singlet ground state which
contributes to stabilising this species, so that the comproportionation equilibrium (Figure
1.6) will be displaced to the left-hand side. In contrast, if the coupling is ferromagnetic, it
affords a triplet ground state which will have an effect in the opposite direction. A good
example illustrating this competition between AG, and AGst has been reported by
Lapinte: in the class III homonuclear iron and ruthenium mixed-valence complexes
[{Cp*(dppe)Fe}r(u-C=CC=C)]PFs  and  [{Cp*(dppe)Ru},(n-C=CC=C)]PFs,  the
delocalisation factor AG; is larger (by a factor of 2) in the ruthenium analogue, which
indicates that there is better electronic communication between the two metal centres in the
ruthenium than in the iron mixed-valence complex. However, the AGsr factor is
considerably larger (by a factor of 10) in the iron complex indicating that the triplet state is
more stable, whereas in the ruthenium complex, the singlet state dominates. This leads to
displacement of the comproportionation equilibrium to the right-hand side for iron and on
the opposite side for ruthenium mixed-valence systems, resulting in a larger K. (and AE)
for the iron complex, whereas the electronic communication between the metal centres is
greater in the ruthenium analogue. Therefore, the use of K. and AE to interpret the degree

of electronic communication between metal centres must be approached very judiciously™.

When the mixed-valence species are stable enough to be isolated and studied, Near-IR
spectroscopy is the most accurate method for evaluation of the degree of electron
delocalisation in mixed-valence compounds. Indeed, if there is an electronic interaction
between the two metal centres, the mixed-valence species exhibits an intervalence charge
transfer (IVCT) band in the Near-IR region (which is not observed for class I systems),

which is an experimental measure of the electronic coupling parameter, V,p, of the mixed-
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valence complex. The value of V,, depends on the overlap between the electronic wave
functions of the donor and the acceptor groups in the transition state’® and, as a
consequence, calculation of V,, depends on the Robin-Day classification of the mixed-
valence compound'’. For class II mixed-valence systems, where electron delocalisation

between the metal centres is moderate, equations based on the Hush theory*" ¥’

(see
Chapter 5) can be used to calculate V,,. Additionally, the solvent dependence of the IVCT
band (Equation 1.3) can establish whether the mixed-valence compound belongs to class
.

Vmax(solvent) = 1/A[A; + (ez/Zr) (1eop - 1/€)] Equation 1.3

In Equation 1.3, Viax (cm'l) is the IVCT band maximum, e (eV) is the electron charge, %
is Planck’s constant, A; is the inner-sphere reorganisation energy, € is the solvent dielectric

constant and &, is the squared solvent refractive index.

For class III mixed-valence systems where the electron delocalisation is strong, Va
cannot be calculated from the equation based on the Hush model. Indeed, in the ideal class
[T complex, the unpaired electron is delocalised in one molecular orbital which extends
over the whole molecule, and the V,, model, based on the use of only two wave functions
centred on the donor and the acceptor sites for describing the transfer, is not valid.
However, V, can be approximated by the equation: Vi, = Vma/2 > (see Chapter 5).
Typically, class III mixed-valence complexes exhibit more intense and narrower IVCT

bands than the class II species; besides, their [IVCT bands are not solvent dependent.

So far, both of these methods, CV and Near-IR, have been used to measure the degree
of electronic interaction in many mixed-valence complexes of classes II and III, with
different combinations of metal centres®” (nature of the metals) and bridges (degree of 7
conjugation” and length®), which allows a determination of the effectiveness of the
bridging ligand to mediate electron transfer. With their unique electronic properties,
mixed-valence complexes are potentially essential components for the construction and

study of new molecular devices.



1.3 Direct measurements on molecular wires

Addressing individual molecules has been one of the biggest challenges in molecular
electronics this last decade. Indeed, to measure the conductance of a single molecule, some
rules have to be respected: one must (1) provide a signature to identify that the measured
conductance is a property of not only the sample molecules, but also of a single sample
molecule, (2) ensure that the molecule is properly attached to the two probe electrodes, and
(c) perform the measurement in a well-defined environment®'. Several methods have been
investigated and have been shown to be efficient; they can be ranked in three categories:
scanning probe methods, fixed electrodes, and mechanically controlled molecular

. . 1
junctions®'.

Development of scanning tunnelling microscopy (STM) has become very important in
the field of molecular electronics. Indeed, it allows one to image individual molecules
adsorbed on a conductive substrate, to perform tunnelling spectroscopy measurements on
the molecule by placing the scanning tunnelling microscope tip on it, and to manipulate
atoms and molecules on surfaces. One of the most widespread techniques to measure the
conductance of a single molecular wire consists in using self-assembled monolayers
(SAMs) on a gold surface®®. Insulating molecules such as alkanethiols are adsorbed onto a
gold surface forming well-assembled monolayers, then the molecular wire which also
contains a thiol® (or isocyanide®®) surface-linking group is inserted at the grain boundaries
of the alkanethiol matrix (Figure 1.7). The molecular wires, which are topographically
above the gold surface, can be individually imaged and their conductance measured, the
molecular wires being more highly conducting than the surrounding alkanethiols. Many
other methods based on this example, using STM, have been developed over the years in
order to be more efficient for the conductance measurements®. For example, molecular
wires can be inserted at controlled rather than random locations®®; or a single dithiolate
molecule can be end-capped by the gold surface and a gold nanoparticle. By placing the
STM tip onto the nanoparticle, the Coulomb blockade effect’’ is observed and by fitting
the measurements with this model, the conductance of the single molecule can be

extracted.

10



Molecular wire STM T,

T
Dodecanethiol (insulating) .
monolayer on gold, (~ Grain boundary in SAM Q

SR b O,

n

s 8 x\ 8 k"v\’_\“,_ 1 A Py

‘1 i e
| THE. NRgoH |

Addrags-lﬁg"molecular
wire with the STM tip

Figure 1.7. Protocol for inserting molecular wires into dodecanethiolate (SAM)s at grain

boundaries. Relative conductance recording is done with a STM tip*.

The fixed-electrode method consists in fabricating a pair of facing electrodes on a solid
substrate, and then bridging the electrodes with the target single molecule which is end-
capped by two anchoring groups that can attach to the electrodes (Figure 1.8). The
fabrication of such small gaps on the nanometre scale is not easy and makes this technique
very complicated to carry out; although, several examples of single-molecule conductance
measurements using this method have been reported®. Additionally, when using this
method, it is not possible to be sure if the molecules are indeed covalently bound to the two
electrodes, and the positions of both the molecules and electrodes are not precisely known,

making the determination of atomic-scale structural information difficult.

NOTE:
This figure is included on page 11
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.8. 4 single molecule bridged between two electrodes with a molecular scale

. 3]
separation .

In order to form a small gap between the two electrodes, the mechanically controlled
break-junction is one of the most efficient and widely used methods. It consists in breaking
a thin metal wire supported on a solid substrate between two facing electrodes. The
bending of the substrate, which then breaks the wire, can be controlled with a mechanical

actuator (Figure 1.9 1eft)31. In 1997 Reed et al.*’ were the first to measure electron
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transport in molecules using the mechanically controlled break-junction. They exposed the
two preformed electrodes to a benzenedithiol solution, and after removing the solvent, a
finite current was measured between the electrodes and was attributed to electron transport
through the molecules (Figure 1.9 right). Since then, many experiments on molecular
devices using this method have been described in the literature™. Several derivative
methods of the mechanically controlled break-junction were developed over the last
decade*'; for example, the STM-break junction method consists in quickly creating
thousands of molecular junctions by repeatedly moving a STM tip electrode, into and out

of contact with the substrate electrode in the presence of the molecules to be measured*”.

NOTE:
This figure is included on page 12
of the print copy of the thesis held in
the University of Adelaide Library.

Figure 1.9. Schematics of a microfabricated mechanically controllable break-junction

(left)*’, and a schematic of benzenedithiol molecules between proximal gold electrodes

(right)™.

So far, a wide variety of organic compounds has been tested on surfaces using the
different techniques described above; however, only a few organometallic complexes have
been assembled on surfaces and tested as molecular devices despite their promising
potential in molecular electronics. Some organometallic complexes have been attached to
gold surfaces assembled into SAMs™* *, in contact with gold nanoparticules* and in
nanogap molecular junctions®’. These studies have revealed that conductance in
organometallic complexes is far better than in analogous organic molecules of similar
length®?. Silicon surfaces have also been shown to be very efficient at covalently attaching
organometallic complexes and in generating their redox states. Qi et al.*® and Gauthier et

al.*’ grafted organometallic complexes onto silicon surfaces by formation of strong Si-N
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and Si-C bonds, respectively (Figure 1.10), and studied the redox properties of the surface-

bound molecules.

[Fe]t+C=C c

T l....‘.‘g“‘!'

Figure 1.10. Space-filling model of docking of a diruthenium complex on a Si(111) surface
by Si-N bond formation (left)*®, organoiron species on a hydrogen-terminated silicon

surface by Si-C bond formation (vight)"’.

Attaching mixed-valence complexes on silicon surfaces has recently attracted much
attention*® as a method of investigating the potential of mixed-valence systems as devices

for a new paradigm: the Quantum-dot Cellular Automata (QCA) paradigm.

1.4 Quantum-dot Cellular Automata (QCA)

1.4.1 Theory

In 1993, Lent et al.*® introduced a novel approach to molecular electronics: the
Quantum-dot Cellular Automata (QCA) paradigm, in which the binary representation of
information is encoded in the charge configuration within a QCA cell. This contrasts with
the usual storage as on/off states of a current switch in transistor-based devices. The QCA
cell consists of four dots and contains two mobile electrons, which naturally occupy
antipodal sites (Figure 1.11). For this purpose, a dot can be defined as a region in which the
charge is localised, and each cell in isolation has two degenerate ground states (“1” or “0”).
The Coulombic interaction between cells is exploited and induces the same states in
neighbouring cells, but no current flows between adjoining cells. A full four-dot QCA cell
can also be viewed as a pair of half-cells (with two dots each) in which the sign of the

dipole alternates™.
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charge™.

Using this new approach, QCA wires could be constructed by juxtaposing cells in a
linear array [Figure 1.12 (a)], and so can transmit binary information from one end of the
line to the other. Similarly, a QCA majority logic gate can be constructed with three input
lines converging at a device cell [Figure 1.12 (b)], the state of the last one being

determined by the states of the majority of the inputs®’.

Ce|[0®)|[0®|[Ce][C®
100 @O| @O ®@O| ®O|
(b) 81C
A®
: . ®
@ ) |®C)]. .
3 | Maj(A,B,C)
®
gl N

Figure 1.12. (a) Representation of a QCA wire. (b) Representation of a QCA majority
logic gate with three inputs (A, B, C) and one output (device cell)”.

QCA circuits have already been constructed using small metallic islands as the dots,
which are connected to other islands by small tunnel-junction barriers™’. These experiments
have shown that the rearrangement of single charges in one cell effectively changes the
state of the neighbouring cell and computational tasks can be performed. Operation of a
QCA three-input majority logic™”, QCA wires’' and more complex circuits such as
adders”* within the QCA paradigm have all been demonstrated. Unfortunately, because of

their large size, these circuits only work at cryogenic temperatures (below 100 mK)48b
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Molecular QCA

The low temperature constraints of the QCA circuits described above can be avoided if
the QCA cell is a single molecule. Indeed, theory predicts that shrinking the QCA cell to
molecular scales will increase the relevant energies and enable room temperature

opera‘[ion48b

. A molecular QCA cell requires a molecule in which charge is localised but
can tunnel between sites. In QCA molecules, redox-active sites can play the role of the
dots and bridging ligands the role of the tunnelling paths; individual cells are coupled to,
and switched by, the fields of adjacent cells. The simplest molecular QCA cell could be
viewed as a combination of two identical molecules of a symmetric mixed-valence
complex in which the binary states are represented by the locations of a mobile electron at
one or other metal centres. Class II mixed-valence systems are most likely to be the most
suitable candidates for molecular QCA devices: the mobile electron can be localised at one
redox site. However, a molecular QCA cell with four redox centres would be a more
versatile building block for the construction of logic units than one with only two redox
centres. Several molecules containing four metal centres with a square geometry have
already been identified as potential molecular QCAs™ (see Chapter 6). QCA operation in a
single molecule has not yet been experimentally demonstrated, but demonstration of a
QCA majority logic gate operating at the single molecule level has been shown
theoretically®’. In order to demonstrate molecular QCA operations experimentally,
substantial challenges such as attaching the molecules to a surface with a predetermined
geometry, applying inputs, clocking signals and reading the states of the output cells, need
to be overcome™™. Recently, a few advances toward operating molecular QCAs have been

made.
1.4.2 Toward a molecular QCA

Because of the growing interest in mixed-valence homometallic systems as molecular
QCA devices, Braun-Sand et al.>* studied theoretically three ruthenium mixed-valence
complexes as representatives of the three Robin-Day classes'”. Intra-cell communication in
the three complexes was explored by studying their geometric and electronic structures.
These theoretical studies are useful tools for the design of mixed-valence compounds for
use in molecular QCA. Analysis of the orbital energies provided insights into the degree of

delocalisation as a function of the Robin-Day classification. They also studied polarisation
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of the three ruthenium mixed-valence complexes (class I, I and III) when a biasing charge

(lithium ion) is added to the system™.

Other experimental steps toward molecular QCA devices have also been overcome:
mixed-valence ruthenium complexes have been covalently attached to silicon surfaces
[Figure 1.10 (left)] and controlled switching of the oriented mixed-valence species by an
applied electric field has been demonstrated*®. Using this technique, Qi et al.*® also
investigated the effects of unsymmetric and symmetric mixed-valence complexes, of short-
and long-chain alkyne linkers between metal centres, and of counterion size on the
switching potential. For example, it has been demonstrated that the switching potential of a

mixed-valence complex increases when the size of the counterion decreases.

Significant advances have been achieved in the deposition of molecular QCA
candidates on surfaces over the last five years. Molecules of the large biruthenium complex
trans-[Cl(dppe),Ru(C=C)sRu(dppe),Cl] (Ruz) have been successfully adsorbed on
Au(111) surfaces using pulse deposition®® (in this case, there is no covalent bonding with
the gold surface), although solvent remained on the surface®’. Using an ultra-high-vacuum
STM, the molecular structures and imaging properties of the deposited molecules were
investigated, and isolated molecules were clearly observed in the high-resolution STM
images (Figure 1.13). Additionally, using the STM tip, translation and rotation motions of

individual molecules were demonstrated.

Figure 1.13. (4) STM image of Ru; molecules on Au(111). Each single molecule is imaged
as a feature consisting of two closely paired bright dots. (B) Expanded view of two Ru;,
molecules. (C) Space-filling model of two Ruy molecules, drawn to the same scale as the

. . 56
image shown in panel B™".
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Finally, in 2010, using the method described above, Lu et al.>® clearly observed isolated
molecules of the mixed-valence species [1,3-{Cp*(dppe)Fe(C=C-)},C¢H4]™ in high-
resolution STM images (Figure 1.14). This molecule, which has previously been
synthesised and well-studied by the Lapinte group’, is a typical class II mixed-valence
system. Charge localisation reflecting the bistable configuration of the class II mixed-
valence Fe(II)-Fe(Ill)/Fe(Ill)-Fe(Il) system was observed by comparing the STM images
of the neutral and mono-oxidised species: for the neutral species, the molecules have a
symmetrical “dumbbell” structure (the two sides of the molecules are identical); whereas
the molecules of the mixed-valence species have an asymmetric double-dot structure

(Figure 1.14).

Figure 1.14. STM image of [{Cp*(dppe)Fe(C=C-)}(1,3-CsH,)]"" molecules on
Au(l11). The framed areas are assigned to images of mixed-valence complexes. The
bright-dim double-dot structures demonstrate the uneven charge distribution. The mobile

charge is localised on one site or the other’.

Imaging mixed-valence complexes and recognising the oxidation state of each metal
moiety using STM is a major step toward the design of molecular QCA devices. Indeed,
mixed-valence complexes can be viewed as binary information encoders and the STM
enables the logic value of the molecular electronic devices to be "read" (output signal). The
next challenge is to manipulate neighbouring molecules in order to fabricate devices and

demonstrate their logic function®.
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1.5 Work described in this Thesis

Over the last few decades, much attention has been focussed upon the electronic
properties of metal complexes containing unsaturated carbon chains and their possible
applications as devices for molecular electronics. One example is the one-dimensional
poly-yne chains end-capped by metallic fragments of general formula [M](C=C),[M]
which have proved to be effective models of molecular-scale wires®. In order to
investigate further and understand the electronic behaviour of such complexes, studies of
their redox properties need to be carried out. However, metallic complexes containing an
unpaired electron and a long carbon chain are known to be extremely sensitive and in most
cases unstable. Some exceptions are the stable bimetallic cationic complexes containing an
odd electron of general formula [M](C=C),[M]™ (n = 1, 2 and [M] = Fe(dppe)Cp*,
Ru(dppe)Cp*, Re(NO)(PPh3)Cp*)”" and [M](C=CR)™ ([M] = Fe(dppe)Cp*, Mo(dppe)(n-
C;H5;), W(dppe)(n-C7H7))** which have been extensively studied, but when the length of
the carbon bridge is increased further, the stability of the organometallic radicals is

dramatically decreased.

The objective of the work described in this Thesis is to synthesise square molecules
containing four redox-active metal centres and two positive charges with the aim of
studying them as potential candidates for molecular Quantum-dot Cellular Automata
(QCA) devices. To accomplish this goal, the synthesis, electronic properties and oxidation
studies of novel mono- and bi-metallic organo-iron and -ruthenium complexes containing
C,, C4 or Cg chains are described. Some organometallic radical cations have been
characterised and their stability and reactivity have been investigated. In some cases,
further chemical reactions occurred by intermolecular radical coupling to give new di- or
tetra-nuclear dimers with unique square geometries, which are interesting for potential

molecular QCA applications.

After the general introduction to the subject, the second Chapter describes the synthesis
of new diynyl complexes M(C=CC=CR)(dppe)Cp* (M = Fe, Ru). The electrochemical
behaviour of these new compounds and other related complexes will be described. Guided
by these electrochemical data, radical monocations were prepared by chemical oxidation

and characterised “in-situ” by EPR spectroscopy.
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In the third Chapter, the behaviour of the oxidised species [M(CCR)(dppe)Cp*]™ (M =
Fe, Ru) will be described. In the ruthenium case and when R = phenyl, intermolecular
coupling occurred between the Cp and the Cpua of the phenyl group to give a new
bimetallic dimer. When the phenyl group is replaced by a tolyl group, where the para
position is blocked by methyl, coupling of Cg with one Cc; of the cyclopentadienyl ligand
occurred. These results are rationalised by DFT calculations from the Halet group in

Rennes.

Behaviour of the 17-electron species [M(C=CC=CR)(dppe)Cp*]” (M = Fe, Ru)
containing a C4 chain will be discussed in the fourth Chapter. Dimerisation also occurs to
give new bimetallic complexes containing a cyclobutene centre. Characterisation of the

dimers will be described and their properties investigated.

In Chapter Five, the synthesis, characterisation and electronic properties of the novel
bimetallic complexes [{Cp’(dppe)M}(C=CC=CC=C){M(dppe)Cp’}]" n =0, 1, 2; M =
Fe, Ru; Cp’ = Cp, Cp*) will be investigated. The first X-ray structures of stable mixed-
valence complexes containing a Cg chain have been determined while other unstable
mixed-valence complexes were characterised by EPR spectroscopy. Electronic interactions
between the two metal fragments through the hexatriyndiyl bridge have been studied using
cyclic voltammetry, EPR, IR and Near-IR spectroscopy. The magnetic properties of the
new dication [{Cp*(dppe)Fe},(C=CC=CC=C)]|[PF¢], will be also be reported in this
Chapter.

In Chapter Six, radical coupling and dimerisation of the unstable cationic species
[{Cp’(dppe)M } (C=CC=CC=C){M(dppe)Cp’}]" (M = Fe, Ru; Cp’ = Cp, Cp*) will be
described. Novel dicationic dimers containing four redox-active metal centres with unique
geometries have been characterised and their physical properties studied. These new

complexes can be considered as molecular QCA models.

Finally, in the seventh Chapter, reactions between the oxidising agent TCNQ and metal
acetylides containing carbon chains of different lengths linking iron or ruthenium centres
will be described. Several different products were fully characterised, their structures
depending on the metal (Fe or Ru) and the length of the carbon chain. For the products in

which TCNQ has added to the carbon chain, the resulting tetracyano ligand acts as a strong

19



electron-withdrawing group and dramatically changes the electronic properties of the

organometallic complexes.
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Chapter Two

Syntheses, Characterisation and EPR Studies of
M{(C=C),R}(dppe)Cp* [n=1, 2,3; M = Fe, Ru; R=TMS,
C6H5, All(PPh3)]

2.1 Introduction

Diynyl complexes are very useful intermediates for the construction of organometallic
complexes containing long poly-ynyl carbon chains', thus, their syntheses are well-
described. Diynyl complexes of the general formula [M](C=CC=CR), (n = 1,2) incorporate
a C4 chain end-capped by a metallic fragment on one side, and an organic group on the
other side, which may vary from a simple hydrogen atom to a trimethylsilyl protecting
group or an aromatic group such as phenyl or ferrocene’. Especially, diynyl complexes
having hydrogen, trimethylsilyl or Au(PPhs) end-groups are considered to be very useful
synthetic intermediates for the construction of long poly-ynediyl structures which are
synthesised via Hay coupling conditions’ or Sonogashira conditions®. Well-known
synthetic routes for the preparation of alkynyl-metal complexes of general formula
[M](C=CR)’ via a vinylidene intermediate cannot be extended to the preparation of

butadiynyl complexes. Indeed, formation of the highly reactive butatrienylidene species
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[M](=C=C=C=CHR)" is favoured rather than the stable vinylidene intermediates’.
Butatrienylidene intermediates are very sensitive toward nucleophiles such as phosphines,
amines, H,O’ and solvents like MeOH®, to afford substituted products. Several synthetic
routes have been explored in the literature for the preparation of diynyl complexes: the

most widely used are listed below:

i.  Reactions of diynyl anions with metal halides or triflates.

ii. ~ Reactions of 1,3-diynes with metal halides in the presence of Cu(I) catalysts.
iii.  Reactions between metal halide complexes and trimethyltin-diynes.
iv.  Oxidative addition of 1,3-diynes to electron-rich metal centres.

v.  Reactions of 1,3-diynes with metal halides via the butatrienylidene

intermediates.

2.1.1 Synthetic strategy (i)

Reactions of the organolithium diynyl LiC=CC=CSiMe; with metal halides or triflates
to give the corresponding diynyl complexes and the associated lithium salt are widely
described (Scheme 2.1). The trimethylsilyl-protected diynyl ligand has been chosen in
most of the examples because of its stability and easy preparation from the stable 1,4-
bis(trimethylsilyl)buta-1,3-diyne and CH;Li-LiBr. This route has been used for the
preparation of mono or bisubstituted organometallic complexes with metal fragments such

as Ru(PPh3)2Cp9, Fe(CO)szlo, TiL," or Mo(N-N)(n—C7H7)12.

M]X, + nLi—C=C—C=C—SiMe, [M[{C=C—C=C—SiMe;}, + nLiX

Scheme 2.1

Butadiynyl complexes with a trimethylsilyl end-group are interesting synthetic targets,

as they can be deprotected by addition of the desilylation agent N"BusF'’ to afford
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[M](C=CC=CH) which can then be easily functionalised using the rich chemistry of the
C=CH moiety.

More recently, “one-pot” syntheses have been described. Trimethylsilyl-protected
organic poly-ynes react with KF and metal halides in the presence of a few drops of DBU
in MeOH (Scheme 2.2) to give poly-ynyl complexes with a wide variety of end groups R"?
in relatively good yields. As the products generally precipitate out of the solution, no

further purification is needed.

MeOH, DBU L
(MIX + Me3Si—(cEc)n—R > M] (c_c) R
KF

n=1,23
Scheme 2.2

2.1.2 Synthetic strategy (ii)

Sonogashira et al.'* first described the synthesis of bis(diynyl)platinum complexes via
the coupling of platinum halide precursors with buta-1,3-diyne in the presence of
diethylamine and a copper(I) catalyst. It is considered that the first step of this reaction is
the formation of the intermediate alkynyl-copper which by alkynyl-halide exchange with
the metal halide gives the target diynyl complex and regenerates the copper(I) catalyst.
This method has been successfully extended to several transition metal halides (Scheme

2.3) such as WCI(CO);Cp, MoCl(CO);Cp and FeCl(CO),Cp"°.

Cul
MX, + n H—C=C—C=C—H ——m——> [M]{C=C—C=C—H},
NHELt,
n=12
Scheme 2.3
2.1.3 Synthetic strategy (iii)

Trimethyltin-diynes are synthesised by reacting the organolithium diynyl LiC=CC=CR
with trimethyltin chloride, 1,4-bis(trimethylstannyl)buta-1,3-diyne also being accessible by
this route. Reactions between the trialkyltin-diynyl derivatives Me;SnC=CC=CR and
Fel(CO),Cp in the presence of palladium catalyst afford the desired diynyl-iron complexes
(Scheme 2.4)'°. When the halide atom is replaced by a hydroxy group, reaction can be
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achieved without the necessity for palladium catalysts, formation of Sn(OH)Rj3 being the

driving force of the reaction'”.

\ Pd catalyst E

JFe—I  + MeSn—C=C—C=C—R —————> \\\\\Fe—CEC—CEC—R
ocY | oc™ |
Co Co
Scheme 2.4
2.1.4 Synthetic strategy (iv)

The preparation of diynyl-rhodium complexes containing RhCl(PiPrg,)z fragments has
been described by Werner et al.'®. Reaction between the highly reactive and electron-rich
organometallic precursor {RhCI(P'Pr3),}, and an organic mono-substituted butadiyne
HC=CC=CR afforded the oxidative addition product as a diynyl(hydrido)rhodium(III)
complex (Scheme 2.5). It is assumed that the first intermediate formed during this reaction
is the m-bonded diyne complex which has been characterised by *'P NMR spectroscopy, to

transform afterwards to the diynyl-hydrido complex by oxidative addition.

[RhCl(PiPr3)2]n + H—C=C—C=C—1R ——> C]—RH\—CEC—CEC_R

Scheme 2.5

2.1.5 Synthetic strategy (v)

Diynyl complexes can be synthesised via a butatrienylidene intermediate which is
deprotonated instantaneously to prevent further reactions or decomposition. Examples of
stable butatrienylidenes are extremely rare and only one complex of this type has been
characterised by X-ray studies to date'’. Organoiron complex 7 has been synthesised via
this method: FeCl(dppe)Cp* 1 reacts with trimethylsilylbutadiyne HC=CC=CSiMe; in the
presence of NaBPh, which, with a non-coordinating anion, promotes the ionisation of the
metal-halide bond. Triethylamine is used both as solvent and base for the “in-situ”

deprotonation of the butatrienylidene intermediate (Scheme 2.6)*. Several ruthenium
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2a, 8a

complexes have been synthesised using this synthetic route always with an amine (or a

mixture of solvent and amine) as the solvent.

_ - NaBPhy - .
Fe—Cl + H—C=C—C=C—SiMe; ————> Fe——(C=C—C=C—SiMe;
NEt
PhoP ppp, ’ PhsP " ppn,
7
1
Scheme 2.6

2.1.6 Oxidation of diynyl complexes

Complexes containing a butadiynyl unit end-capped by two metal fragments have been

extensively studied™ !

and have attracted attention because of their unique electronic
behaviour. Their redox properties have been investigated and for most of the examples

stable radical monocations [MC=CC=CM’]"" have been isolated** and fully characterised.

However, there are only a few examples of oxidation studies on diynyl complexes
containing just one metal centre and an organic end group®. This is probably due to the
high instability of the radical monocation [MC=CC=CR]™" in which the odd electron is
delocalised over the butadiynyl unit** and possibly also onto the R group (Scheme 2.7),
depending on the nature of the metal. Besides, the absence of the second metal fragment at
the end of the carbon chain decreases the stability of the 17-electron complex because of
the large unpaired spin density residing on the carbon chain, which is not sterically

protected.

+ + . + .
[M]—CEC—CECR - [M]:C:C_CECR - [M]:C:C:C:CR

Scheme 2.7

To date, there is only one example of a stable diynyl monometallic radical cation which
has been isolated and characterised by X-ray studies. Recently, Whiteley et al.”
chemically oxidised the molybdenum complex Mo(C=CC=CSiMejs)(bipy)(n-C;H7) with
[FeCp2]PFs to afford the first stable radical cationic diynyl complex

[Mo(C=CC=CSiMe;s)(bipy)(n-C7H7)]PF¢ as an orange-red solid (Scheme 2.8). The n-
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cycloheptatrienyl-molybdenum fragment is known to be extremely effective in promoting

the stability of 17-electron organometallic complexes’.

r T+ PR

| [FeCp,]PF, |

L\\\\\"MO_CEC_CEC_SiM63 —_— L\\\\\"MO_CEC_CEC_SiMe3
L L
/ \ = 2-2%-bipyridine
L L
Scheme 2.8

The stability of the diynyl radical cations can be measured by cyclic voltammetry,
where the reversibility of the oxidation wave indicates the stability of the 17-electron

species at the electrode and whether it is a viable synthetic target.

2.2 Aims

Although monometallic diynyl complexes represent interesting synthetic intermediates
for the construction of models of molecular wires containing long poly-yne chains, their
electronic properties have not been extensively studied. In comparison with the well-
known and studied M(C=CR)(dppe)Cp* (M = Fe, Ru) complexes containing a C, chain,
electronic properties of the diynyl complexes M(C=CC=CR)(dppe)Cp* (M = Fe, Ru)
containing a longer carbon chain (C4) are investigated using electrochemistry and EPR
spectroscopy in this Chapter. The effects of the carbon chain length, end group R and the

nature of the metal on the electronic behaviour of this type of complexes will be discussed.

This Chapter details the synthesis of new iron and ruthenium diynyl complexes
M(C=CC=CR)(dppe)Cp* with different R end groups. The synthesis of
Fe(C=CC=CC=CSiMe;)(dppe)Cp* (9) containing a longer carbon chain is also reported.
Then, electrochemical and EPR studies of the new diynyl complexes and other related

compounds are investigated.
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2.3 Results and discussion

2.3.1 Synthesis of M(C=CC=CR)(dppe)Cp* [M = Fe, Ru; R = Ph, Tol, Au(PPh3)]

Syntheses of unsymmetrical SiMes-protected organic 1,3-diynes were the first
objectives to achieve the preparation of organometallic diynyl complexes. They are well
described in the literature and there are many routes to them”®. The Cadiot-Chodkiewicz
coupling of halogenated alkynes with terminal alkynes based on copper(l) catalysis in the
presence of a base (amine) is widely described®”. However, an easier synthetic strategy
based on the Sonogashira coupling (Scheme 2.9) has been used here and gave the protected
diynes RC=CC=CSiMe; (R = Ph, Tol) in 70% vyield”. Terminal organic diynes
RC=CC=CH have been synthesised by simple deprotection of RC=CC=CSiMe; (R = Ph,
Tol) using K,COs in a 1:1 THF/MeOH mixture. Organic deprotected diynes are well
known to be highly unstable®', indeed they easily polymerise®>. However, they can be

stored in solution in a freezer for several weeks without noticeable decomposition™.

o o PdCly(PPhs),,Cul o o
R— + H——C—C—C—C—TMS > R—C—C—C—=C—TMS
THF/NEt;
R = Ph, Tol 70%
Scheme 2.9

Syntheses of the two new diynyl complexes Fe(C=CC=CR)(dppe)Cp* [R = Ph (2a), Tol
(2b)] were successfully achieved [Synthetic strategy (v)] by the reaction of the organoiron
precursor FeCl(dppe)Cp* (1) with one equivalent of the diyne RC=CC=CH (R = Ph, Tol)
in the presence of NaBPhy in triethylamine (Scheme 2.10). After one night at room
temperature, the solution had changed from black to bright orange. Before removing the
solvents under reduced pressure, an excess of ‘BuOK was added to prevent the facile
protonation and then decomposition of the product. The orange residue was extracted with
toluene and after removing the solvent, a second extraction with diethyl ether was carried
out. Compounds 2a and 2b were obtained as orange powders in 85% and 80% yield
respectively. If a strong base as ‘BuOK is not added at the end of the reaction, the residue
become green after removal of the solvents (presumably the highly instable

butatrienylidene species is formed) and decomposition of the product was observed.
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1) NEt;/THF, NaBPh,

Y

Fe—Cl  + H—C=C—C=C—R Fe—C=C—C=C-R

2) 'BuOK

Scheme 2.10

The ruthenium analogue Ru(C=CC=CPh)(dppe)Cp* (4) has been synthesised via a
different route [Synthetic strategy (7)]. In this case, a suspension of organoruthenium
precursor RuCl(dppe)Cp* (3), KF and the protected organic diyne PhC=CC=CSiMe; in
MeOH containing 1% H,O and two drops of DBU was heated at the reflux point for one
hour (Scheme 2.11). The resulting green precipitate was collected and purified on a basic
alumina column, eluting with a dichloromethane/triethylamine mixture. Compound 4 was
obtained as a bright yellow powder in 87% yield. The use of a small amount of H,O in this
reaction helps toward better precipitation of the product 4 and the yield is significantly
improved. A base such as DBU is also very important because it avoids the formation and
then decomposition of the butatrienylidene species. As for its iron analogues 2a and 2b,
compound 4 is very sensitive toward protonation; indeed, solutions of 4 become green very

quickly and another purification step is needed.

; MeOH (1% H,0) ; E
+ MeSi—C=C—C=cC >

Ru—Cl Ru—C=C—C=C

P/ KF, DBU

Ph, Ph,P

/™

4

PPh,

Scheme 2.11

Finally, the last diynyl-complex of this study, namely
Fe{C=CC=CAu(PPh3)}(dppe)Cp* (8), has been synthesised via a similar route to its
ruthenium analogue Ru{C=CC=CAu(PPh;)}(dppe)Cp* (6). The synthesis of 6 has

12&

previously been reported by Bruce et al.”, who reacted the trimethylsilyl-protected

organoruthenium diynyl 5 with one equivalent of AuCl(PPhs) in a sodium methoxide
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solution (Scheme 2.12). Pure compound 6 precipitates out of the solution as a bright

yellow solid in 98% yield.

\ NaOMe
Ry—C=C~C=C~SiMes - Ry—C=C—C=C—Au(PPhs)
\ AuCl(PPh;) \
%L/PP“Z thL/Dphz
5 6
Scheme 2.12

In the iron case, sodium methoxide was added to a THF solution of the trimethylsilyl-
protected Fe(C=CC=CSiMes)(dppe)Cp* (7) and after stirring for 20 minutes, one
equivalent of AuCl(PPhs;) was added (Scheme 2.13). After stirring for four hours, the
precipitate was collected and washed with cold methanol to give 8 as an orange solid in
74% yield. In contrast to the ruthenium chemistry, a 1:1 mixture of THF/methanol is used
to promote the solubility of the complex 7; no reaction was observed when only methanol

was used as a solvent.

\ _ _ . 1) MeOH, NaOMe _ _
Fe~C=C—C=C—SiMes - Fe—C=C—C=C—Au(PPhj)
7\ 2) AuCI(PPh;)
thT\/:th F’hzT\/Pth
7 8
Scheme 2.13
2.3.2 Characterisation of M(C=CC=CR)(dppe)Cp* [M = Fe, Ru; R = Ph, Tol,

Au(PPh;)]

New diynyl complexes 2a, 2b, 4 and 8 have been fully characterised by the usual
spectroscopic methods and single-crystal X-ray structural determinations for all
compounds. Spectroscopic features are all as expected for the aryldiynyl complexes 2a and
2b. The IR spectrum of 2a showed three v(C=C) bands at 2150, 2007 and 1987 cm'l, one

of the vibration modes being assigned to a Fermi coupling of the low energy C=C
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vibration. However, the IR spectrum of 2b contains only two v(C=C) bands at 2149 and
1999 cm™. NMR spectra displayed all expected resonances for the Fe(dppe)Cp* fragment.
In the "H NMR spectra the Cp* group gave singlets at & 1.45 and 1.47, and CH, of the
dppe multiplets at & 1.77, 2.58 and 1.78, 2.60 for 2a and 2b, respectively. In the *'P NMR
spectra, singlets were observed at ¢ 100.2 (2a) and 100.3 (2b) for the two equivalent
phosphorus atoms of the dppe ligand. In the *C NMR spectra, C, of the C4 chain were
observed as triplets because of coupling with the phosphorus atoms at & 144.74 (*Jcp = 38
Hz) and 142.98 (*Jcp = 38 Hz) for 2a and 2b respectively. The Me group in compound 2b
was observed at & 1.97 in "H NMR and & 19.86 in ?C NMR. In the high resolution ES-
mass spectra, [M]" ions were found at m/z 714.2275 (calculated: 714.2268) for 2a and
728.2427 (calculated: 728.2424) for 2b.

The analogous diynyl-ruthenium complex 4 containing a phenyl end-group has also
been characterised, with v(C=C) bands in the IR spectrum at 2153 and 2016 cm™. In the 'H
NMR spectrum the Cp* resonance was observed at & 1.59 while multiplets at 6 1.84 and
2.60 were assigned to the CH, units of the dppe. The *'P NMR spectrum showed the usual
resonance of the fragment Ru(dppe)Cp* at & 80.3. Unfortunately, in the “C NMR
spectrum, C, is under the aromatic carbons. The high resolution ES-mass spectrum

displayed [M + H]" at m/z 761.2065 (calculated: 761.2040).

For the diynyl iron complex 8 with the Au(PPhs) fragment, the v(C=C) bands were
observed in the IR spectrum at 2069 and 1969 cm™. In the "H NMR spectrum, a singlet at &
1.53 was assigned to the Cp*. In the 'C NMR spectrum, the C,, resonance was observed at
8 123.26 (*Jcp = 40 Hz) which is significantly lower than for the other iron diynyl
complexes 2a and 2b (Ad = 20 ppm). This difference is probably due to the electronic
effect of the Au(PPhs) fragment on the carbon chain. However, the other three carbon
atoms of the chain were observed as three singlets at & 88.84, 94.18 and 104.06. *'P NMR
spectroscopy has proven to be very useful to characterise the gold complex 8, indeed, the
phosphorus resonance of the PPh; ligand was observed as a singlet at 6 42.0 whereas the
singlet of the dppe ligand was observed at 6 100.0, the ratio between the two peaks being
1:2 respectively. Finally, [M]™ was found in the ES-mass spectrum at m/z 1096.2525
(calculated: 1096.2453).

Selected spectroscopic data of the new diynyl complexes described in this part are

collected in Table 2.1.
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Molecular structures

Crystallographic studies have been carried out on the four organometallic diynyl
complexes described above. Single crystals of compounds 2a and 2b have been obtained
by slow diffusion of pentane into a concentrated toluene solution of the complex. Figure
2.1 shows ORTEP plots of single molecules of 2a and 2b while selected structural data are
collected in Table 2.2.

Figure 2.1. ORTEP views of Fe(C=CC=CPh)(dppe)Cp* 2a (top) and
Fe(C=CC=CCsH Me-4)(dppe)Cp* 2b (bottom).
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Table 2.2. Selected structural parameters for 2a, 2b and 4.

2a 2b 4
Bond Distances (A)

M-P(1) 2.1808(4) 2.1789(5) 2.260(2)
M-P(2) 2.1955(4) 2.1906(5) 2277(2)

M-Cp*cent 1.746 1.746 1.896
M-C(1) 1.8733(13)  1.8779(17) 1.995(6)
C(1)-C2) 1.2302(19) 1.23002) 1.201(9)
C(2)-C(3) 1.3718(19) 1.37902) 1.37109)
C(3)-C(4) 1211(2) 1.210(2) 1.220(9)
C(4)-C(41) 1.4336(19) 1.43702) 1.41(1)
C(41)-C(42) 1.400(2) 1.404(3) 1.41(1)
C(41)-C(46) 1.398(2) 1.401(2) 1.38(1)
C(42)-C(43) 1387(2) 1.387(3) 1.34(1)
C(43)-C(44) 1.384(3) 1.395(3) 1.39(1)
C(44)-C(45) 1.388(3) 1.394(3) 1.37(1)
C(45)-C(46) 1.390(2) 1.388(2) 1.40(1)

C(44)-C(47) 1.514(3)
Bond Angles (°)

P(1)-M-P(2) 84.995(14)  85.191(18) 82.33(7)
C(1)-M-P(1) 84.82(4) 84.88(5) 83.3(2)
C(1)-M-P(2) 85.75(4) 85.09(5) 84.9(2)
M-C(1)-C(2) 17733(12)  178.37(14) 176.6(6)
C(1)-C(2)-C(3) 17645(14)  177.78(18) 175.2(8)
C(2)-C(3)-C(4) 178.59(15)  179.45(18) 178.5(8)
CR)-C4):-C@1)  17447(15) 177.3(2) 173.6(8)

Compounds 2a and 2b are very similar structurally but crystallised in different space
groups. Crystals of 2a are monoclinic P2;/a with the unit cell parameters: a = 10.3375(4), b
= 35.2980(11), ¢ = 10.6050(3) A and P = 107.5780(10)°; whereas crystals of 2b are
triclinic P-1 with unit cell parameters: a = 10.4685(3), b = 10.6498(3), ¢ = 18.4355(5) A, a
= 93.2620(10), B = 105.8030(10) and y = 106.3860(10)°. In each case, the unit cell
contains one molecule of the diynyl complex. The two iron centres adopt a pseudo-
octahedral geometry which is typical for these complexes, the average Fe-P and Fe-C(1)
bond lengths are 2.18 and 1.88 A respectively, normal for this type of organoiron
compound. The Cj4 chains are quasi-linear with angles being between 174.5(2) and

179.5(2)°; the carbon-carbon distances in the chain are alternately short C(1)-C(2), long
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C(2)-C(3) and short C(3)-C(4) confirming the diynyl nature of the chain, the furthest triple
bond from the metal being the shorter.

The analogous ruthenium complex 4 crystallised from a dichloromethane/hexane
solution with a single molecule in the unit cell. The ORTEP plot of 4 is illustrated in
Figure 2.2 and selected structural parameters are also collected in Table 2.2. 4 crystallised
as monoclinic P2,/c with unit cell parameters: a = 10.6569(7), b = 35.760(3), ¢ =
10.2624(8) A and B = 107.406(8)°.

Figure 2.2. ORTEP view of Ru(C=CC=CPh)(dppe)Cp* 4.

Similarly to the iron complexes 2a and 2b, the ruthenium atom has a pseudo-octahedral
geometry; however, Ru-P(1,2) [2.260(2) and 2.277(2) A] and Ru-C(1) [1.995(6) A]
distances are clearly different. This is due to the different atomic radii between the two
metal atoms: Fe = 1.26 and Ru = 1.34 A. The C4 carbon chain is also very close to linear

with angles being in the range of 173.6(8)-178.5(8)°.

Suitable crystals of 8 for X-ray crystallographic determination were obtained by slow
evaporation of a dichloromethane solution. The structure determination confirmed the
presence of the gold fragment. The unit cell contained one molecule of 8 and three
molecules of dichloromethane, the compound is triclinic P-1 space group and the unit cell

dimensions are: a = 12.6624(5), b = 14.5461(6), ¢ = 16.4850(7) A, o = 93.418(4), p=
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102.305(4) and y = 99.647(4)°. An ORTEP plot of a molecule is shown in Figure 2.3 and
important structural data are given in Table 2.3. Substitution of the aryl group in
compounds 2a and 2b by the gold fragment in 8 has not significantly affected the structural
parameters. As expected, the metal centre has a pseudo-octahedral geometry and bond
lengths in the Fe(dppe)Cp* fragment are characteristic for a Fe(Il) complex. The
organometallic Fe-C4-Au-P chain is also quasi-linear with angles between 172.8(4) and

179.0(5)°.

Figure 2.3. ORTEP view of Fe{C=CC=CAu(PPh;)}(dppe)Cp* 8.

Table 2.3. Selected structural parameters for 8

Bond Distances (A) Bond Angles (°)
Fe-P(1) 2.1807(13) P(1)-Fe-P(2) 86.08(5)
Fe-P(2) 2.1799(12) C(1)-Fe-P(1) 83.99(14)

Fe-Cp*eent 1.741 C(1)-Fe-P(2) 87.54(13)
Fe-C(1) 1.875(4) Fe-C(1)-C(2) 174.9(4)
C(1)-C2) 1.237(6) C(1)-C2)-C(3) 178.0(5)
C(2)-C(3) 1.371(6) C(2)-C(3)-C(4) 179.0(5)
C(3)-C(4) 1.217(6) C(3)-C(4)-Au(l) 172.8(4)
C(4)-Au(l) 1.986(5) C4)»-Au(1)}-P3)  17425(14)

Au(1)-P(3) 2.2707(11)
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2.3.3 Synthesis and characterisation of Fe(C=CC=CC=CSiMe;)(dppe)Cp* (9)

Mononuclear iron complexes containing the Fe(dppe)Cp* fragment and a chain longer
than four carbons have never been synthesised before. However, syntheses of their
ruthenium analogues such as Ru(C=CC=CC=CSiMes)(dppe)Cp* (10) are well known and
described™ by the Bruce group. The same synthetic strategy, via a gold coupling reaction,
as the synthesis of hexatriynyl-ruthenium complex 10 has been used to prepare its iron
analogue Fe(C=CC=CC=CSiMe;)(dppe)Cp* (9). The diynyl-gold complex 8 was treated
with an excess of iodo(trimethylsilyl)ethyne in a THF/triethylamine (1:1) mixture in the
presence of the catalysts Pd(PPhs)s and Cul (Scheme 2.14). After one night at room
temperature, the solvent was removed under reduced pressure and a triethylamine extract
of the residue was purified on a basic alumina column, eluting with a mixture of

triethylamine/hexane. Compound 9 was obtained as an orange powder in 55% yield.

;\ THENEt; (1:1) § \

_Fe——C=C—C=C—Au(PPhy) + |—C=C—TMS ——————>  Fe——C=C—C=C—C=C—TMs
PhP”  ppp, PAPPhy), Cul  PhyP” oy,
L/ . L/ ’
Scheme 2.14

Only two v(C=C) bands were observed in the IR spectrum of 9 at 2092 and 1952 cm™.
The TMS resonance was observed at § 0.13 ("H NMR) and at & 0.35 (">*C NMR) while the
Fe(dppe)Cp* fragment showed all the expected resonances in 'H NMR, *C NMR and *'P
NMR spectra, with a singlet at & 97.9 corresponding to the two equivalent phosphorus
atoms of the dppe ligand. In the >C NMR spectrum, the six quaternary carbons of the
chain were found at & 151.07 as a triplet (ZJPC =38 Hz) for C, and at 6 47.06, 69.29, 77.18,
94.34, 100.95 for the other five carbons. The high resolution ES-mass spectrum contained

[M]" at m/z 734.2388 (calculated: 734.2350).

Crystals of 9 were grown by slow diffusion of hexane into a triethylamine solution of
the hexatriynyl complex. Complex 9 crystallised with two molecules in the unit cell.
ORTEP plots of the unit cell and one molecule are displayed in Figure 2.4 while distances
and angles are given in Table 2.4. Arrangement between the two unique molecules is
unusual and might result from =n-m interaction through the Cp* rings. In the

Fe(dppe)Cp*series, m-m stacking has previously been observed between anthracene
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moieties connected to Fe(dppe)Cp* fragments through a C, chain, and between TCNE and
Cp* when the anthracenyl-iron complex was oxidised with TCNE®. However, in the case
of complex 9, the distance between the two Cp* centroids, d[Cp*(1)cent - Cp*(2)cent] =
4.388 A, is probably too long to be assigned to m- stacking interaction. Nevertheless, short
contacts are observed between protons of methyl groups of the Cp* ligand on one molecule
and the carbon atoms of the Cp* attached to the other molecule of the same crystal unit.
These short contacts range between 2.688 and 2.826 A, which are shorter than the sum of
the Van der Waals radii of hydrogen and carbon atoms [r,(H) + ry(C) = 2.9 A]. This

intermolecular arrangement between Cp* rings is unprecedented for this organoiron series.
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Figure 2.4. ORTEP view of Fe(C=CC=CC=CSiMe;)(dppe)Cp*9 (left) and view of the
unit cell (right).

Table 2.4. Selected structural parameters for 9 (Italicised values refer to the second

molecule).

Bond Distances (A) Bond Angles (°)

Fe-P(1)  2.1847(15),2.1831(17)  P(1)-Fe-P(2)  85.73(6), 85.35(6)
Fe-P(2)  2.1938(15),2.1999(16)  C(1)-Fe-P(1)  83.07(16), 84.17(18)
Fe-Cp*cent 1.733, 1.740 C(1)-Fe-P(2)  87.28(16), 89.41(17)
Fe-C(1) 1.850(6), 1.849(6) Fe-C(1)-C2)  177.9(5), 173.7(5)
C(1)-C(2) 1.230(7), 1.238(8)  C(1)-C(2)-C(3)  173.5(6), 175.3(7)
C(2)-C(3) 1.354(8), 1.376(9)  C(2)-C(3)-C(4)  177.6(6), 177.4(7)
C(3)-C(4) 1.227(8), 1.200(8)  C(3)-C(4)-C(5)  175.7(7), 173.2(8)
C(4)-C(5) 1.358(9), .396(9)  C(4)-C(5)-C(6)  177.9(8), 178.8(8)
C(5)-C(6) 1.212(9), 1.216(9) C(5)-C(6)-Si  172.0(7), 172.6(8)
C(6)-Si 1.826(8), 1.815(7)
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Crystals are monoclinic P2,/n with unit cell parameters: a = 47.893(3), b = 17.882(2), c
=20.3130(10) A and B = 102.660(10)°. Compound 9 shows structural parameters similar
to those of the organoiron complexes 2a, 2b and 8 described above, although there is a
small difference in the Fe-C(1) bond length which is slightly shorter for the TMS-protected
complex (1.85 vs 1.87 A). This difference can be attributed to the -donor behaviour of the
TMS fragment which results in a shortening of the Fe-C(1) bond. The bridge between the
six carbons and the silicon atom is close to linear with angles in the range of 172.0(7)-
177.9(8)°, although it is noticeable that the angle C(5)-C(6)-Si [172.0(7), 172.6(8)°] is
slightly smaller than the others, which induces a small bending at the end of the chain as

shown in Figure 2.4.

2.3.4 Electrochemistry

The electrochemical behaviour of the new complexes 2a, 2b, 4, 8 and 9 has been
investigated and further compared with related complexes containing shorter and longer
carbon chains with different end-groups. The aim of this work was first, to investigate the
electrochemical oxidation potentials of the new compounds and afterwards, if appropriate,
to oxidise them chemically for EPR studies. All cyclic voltammograms (CVs) were
recorded in CH,Cl, at room temperature with 0.1 M [Bu4N]PFs as the supporting
electrolyte and with a 100 mV.s" scan rate. [FeCp,]/[FeCp,]” = +0.46 V (vs SCE) or
[FeCp*,]/[FeCp*,]" = -0.02 V (vs SCE) couples were used as internal references.

CVs of the aryldiynyl complexes 2a and 2b are given in Figure 2.5. For each
compound, one 1-¢ oxidation wave is observed at E°(2a) = -0.02 and E’(2b) = -0.04 V,
respectively, which is fully reversible (i/i. = 1). The oxidation potential of 2b is slightly
lower because of the electronic effect of the toluene fragment which is more electron-
donating than phenyl. This clearly indicates that the electronic effect of the phenyl ring is

sensed by the metal centre.
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Figure 2.5. Cyclic voltammograms (V vs SCE) of 2a (left) and 2b (right).

When the aryl group is substituted by the gold fragment Au(PPhs), the oxidation
potential of the iron complex Fe{C=CC=CAu(PPhs)}(dppe)Cp* is significantly lower at
E’(8) = -0.16 V. This phenomenon has already been observed for the ruthenium analogue
(see Table 2.5) and has been attributed to the Au(PPh;) group enhancing the o-donor
ability of the diynyl ligand®, resulting in a decrease in the oxidation potential. In the CV of
8 other waves were observed and have been attributed to decomposition products due to
the electrochemical instability of the couple 8/[8]"; indeed, the E°(8) process is only
partially reversible: i/ic = 0.61. Increasing the scan rate did not result in a fully reversible

process.

The electrochemical behaviour of the diynyl-ruthenium complex 4 (Figure 2.6) is
dramatically different from its iron analogue. The formal oxidation potential increases
significantly to E°(4) = 0.44 V [AE’(4-2a) = 0.46 V]. This effect can be explained by
ruthenium being more difficult to oxidise than iron. The E°(4) process is also irreversible

and suggests that the oxidised species is highly unstable even at the electrode surface.

I{pd)

-
0.3 0.1 01 0.3 05 0.7 08

E(V)

5

Figure 2.6. Cyclic voltammogram of 4 (V vs SCE).
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The electrochemical behaviour of 9 has also been investigated. The CV (Figure 2.7)
shows one fully reversible oxidation wave (iy/i. = 1) at E°(9) = 0.08 V. The oxidation
potential of the hexatriynyl complex is higher than those of the related iron diynyl
complexes (see Table 2.5); the oxidation potentials increase with the length of the carbon

chain®.

I (h)
!

0.6 0.4 0.2 0 0.2 0.4 0.6 0.8

E(V)

Figure 2.7. Cyclic voltammogram of 9.

Table 2.5 summarises the electrochemical oxidation potentials and the IR v(C=C) bands
of the new compounds described in this Chapter and some related organoiron and
ruthenium complexes. As found previously, oxidation potentials of ruthenium complexes
are higher than those of the iron analogues by ca 0.4 V. The reversibility of the processes is
considerably affected by the nature of the metal, almost all processes for the iron
complexes being fully reversible (apart compound 8) whereas those of the ruthenium
analogues are not. Irreversibility of the ruthenium processes is due to the formation of
highly unstable 17-e species on the electrode surface, which then rapidly decompose.
Indeed, it has already been observed that the 17-e iron species are more stable than the

. 27b
ruthenium ones

. The length of the carbon chain is also a significant factor which
strongly affects the oxidation potentials: E°(C5) < E%(C4) < E%(Ce), while the gold fragment

“Au(PPh;)” facilitates oxidation of the complexes.
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2.3.5 Glass EPR spectroscopy

Electronic paramagnetic resonance (EPR) spectroscopy is a very useful technique for
the characterisation of molecules with unpaired electrons. Indeed, 17-¢ iron and ruthenium
complexes [M(C=CR)(dppe)Cp*]"™" have been characterised by EPR analyses®’, each metal
complex having a unique signature containing three g-tensors. Signal anisotropy correlates
with the delocalisation of the odd electron in the organometallic complex; when the
unpaired electron is more localised on the metal atom the anisotropy is large, while when
the unpaired electron is more delocalised over the whole molecule, the anisotropy is small.
EPR spectra can be recorded at liquid nitrogen temperature and below, in the solid state or
in solution which in the case of non-stable monoradical cation is a very efficient analysis
technique. Indeed, for an unstable radical monocation such as an oxidised diynyl complex,
solutions can be frozen in liquid nitrogen immediately after chemical oxidation to trap the

EPR-active 17-¢ species, hopefully preventing further reactions or decomposition.

A series of compounds of general formula Cp*(dppe)M(C=C),R (M = Fe and Ru, n=1,
2, and 3, R = Ph, SiMe;, and AuPPh;) were treated with less than one equivalent of
[FeCp2]PF¢ in a CH,Cl, at -80°C, providing green solutions that were transferred into an
EPR tube before being cooled to 77 K. The X-band EPR spectra of the
hexafluorophosphate salts of the monocations were run at 66 K and displayed three well-
resolved features corresponding to the components of the g tensors as depicted in Figure
2.8 for [Cp*(dppe)Fe(C=C),Ph]PF¢ ([2a]PFs) and [Cp*(dppe)RuC=CSiMe;]|PF¢ ([14]PFs),
chosen as representative examples for this series of 17-e complexes. The general pattern of
the spectra with three g-tensor components is characteristic of low-spin d> Fe(IIl) and
Ru(Ill) in a pseudo-octahedral environment. The g values extracted from the spectra are

collected in Table 2.6.

Solutions of these radical cations are all stable at low temperature when they are kept as
glass. As the temperature was allowed to increase, rapid decomposition of the
organometallic materials takes place except for the Fe(Ill) radical cations
[Cp*(dppe)FeC=CPh]PFs ([11]PF¢) and [Cp*(dppe)FeC=CSiMe;]|PFs ([12]PFs) which are
stable at 20 °C. Replacing iron by ruthenium or increasing the number of carbons in the
alkynyl ligand decreases the kinetic stability of the radical cations. In the case of R = Ph, n

= 2, the disappearance of the radical is associated with a decrease of the intensity of the
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EPR signal suggesting that a clean chemical process has occurred. In the other cases, the
appearance of several new signals in the spectra suggests that the radical decomposes to

give several by-products, some of them being paramagnetic.
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Figure 2.8. EPR spectra of [2a] PFs (top) and [14] PFs (bottom).
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Table 2.6. Experimental EPR data® for [Cp*(dppe)M(C=C),R]PFs complexes

Cpnd | M R n| g 2 23 Ag Siso ref

11° | Fe CeHs 1| 2.464 2.033 1.975 0.489 | 2.157 5c
2a° | Fe CeHs 212335 1.937 1.881 0.454 | 2.051 | This work
12°° | Fe | SiMe; |1 ]2.488 2.030 1.975 0.513 | 2.164 | This work
70 | Fe | SiMe; |2 2476 2.032 1.971 0.505 | 2.160 | This work
9' | Fe| SiMe; |3]2475 2.030 1.971 0.504 | 2.159 | This work
8¢ | Fe | AuPPh; |2 2401 2.084 1.994 0.407 | 2.160 | This work

13° |Ru| CeHs 1 |2.227 2.057 1.988 0.239 | 2.091 27b

4" |Ru| CeHs 212418 |2.086(35) | 1.998 (55) | 0.420 | 2.167 | This work

14> [ Ru| SiMe; |1]2345] 2.069 1.974 | 0.371 | 2.129 | This work

50¢ TRu| SiMe; |[2]2273 2.048 1.988 0.285 | 2.103 | This work

107 [Ru| SiMe; |3 |2.299 |2.040 (41) | 1.975 (40) | 0.324 | 2.105 | This work

6" | Ru | Au(PPhy) | 2 | 2.275 2.051 1.986 0.289 | 2.104 | This work

15°% [ Ru | Au(PPhs) | 3 | 2.100 | 2.034 (40) | 2.004 (25) | 0.096 | 2.046 | This work

At 66 K in CH,Cl, glass; [FeCp,]PFs is used as oxidising reagent unless otherwise
specified. "Complexes prepared using the cited methods™ ** *72%, “The M(III) radical
cation is thermally stable at 20 °C for at least a few minutes in the EPR tube. “The M(III)
radical cation is not thermally stable above -20 °C. “The EPR spectrum contains significant

amounts of impurities.

For the iron complexes of this series, the anisotropy tensors (Ag) are large, ranging from
0.513 to 0.407; they are not very sensitive to the number of carbons on the alkynyl ligand
and the nature of R. In contrast, for the ruthenium analogues, the Ag parameters range from
0.420 to 0.096, showing that the nature of the SOMO strongly depends on the number of
carbons in the alkynyl fragment and the nature of the terminal substituents. Comparing the
Fe and Ru analogues overall (same chain length, same substituent), the Ag parameters are
smaller in the ruthenium series. These observations are in line with previous experimental

and theoretical results which concluded that the spin density is mainly localised on the
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metal centre in the iron series and largely distributed between the metal and the unsaturated

ligand in the case of the ruthenium complexes®’".

More in-depth analysis of the Ag values in the case of the ruthenium series shows that
this parameter decreases when the number of carbon increases for R = SiMes, Ph and
AuPPhs, but this effect is far from linear. In addition, for a given value of n, the Ag values
are generally smaller for R = SiMe; and AuPhs which present a spherical symmetry, than

for the phenyl as a terminal substituent (Note: this feature is not true for n =2, M = Fe)

Calculations of the g tensors are in progress and the preliminary results obtained by
Gendron support the fact the anisotropy of the g-tensor is larger overall in the Fe series.
This is illustrated by the atomic spin density distribution which is more localised on the
metal atom in that case (range: 0.77-0.90 e for Fe, 0.44-0.54 ¢ for Ru). In the case of R =
Ph, the calculations reveal an additional factor, namely a strong relationship between the
orientation of the phenyl substituent toward the metallic fragment in both series. When the
phenyl is rotated from a plane perpendicular to the cyclopentadienyl to one quasi-parallel
to it, the spin densities on the carbon atoms of the phenyl substituent significantly decrease
(for symmetry reasons) leading to an important increase in Ag (up to 1.88 in the iron series,
for example). Nevertheless, only a limited amount of these structures are stable enough to
be populated at room temperature (small rotation < 20°). The substituent effect is currently

under investigation.

2.4 Conclusion

New organo-iron and -ruthenium complexes M {(C=C),R}(dppe)Cp* containing C4 and
Ce chains with different R end-groups have been synthesised, characterised and their
structures determined. From the electrochemical investigations, some clear conclusions can
be drawn: as expected, iron complexes are easier to oxidise than their ruthenium
analogues. Oxidation potentials are also very sensitive to the chain length: the shorter the
carbon chain, the easier it is to oxidise the organometallic complex. Finally, with more

electron-rich R end-groups, such as Au(PPhs), the oxidation is easier.

Additionally, conclusions from the EPR investigations can be drawn. As expected, the

anisotropy parameters in the iron complexes are larger overall than those in the ruthenium
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ones. However, the effect of the carbon chain length seems to be negligible, as observed in
the [Cp*(dppe)Fe(C=C),SiMes]PFs (n = 1, 2, 3) series where the g values are almost
identical. In this series, the Ag values are constant suggesting that the metal / carbons ratio
in the HOMO of the 17-e species is almost constant with the carbon chain length. The
effects of the R end groups only slightly change the EPR data, but the effects are opposite
in the iron and ruthenium series. An exception was observed for complexes containing the
Au(PPhs) end-group, which slightly decreases the anisotropy parameters in both the iron
and ruthenium series. The Au(PPh;) seems to play an unique role, it is a strong electron
donor group which has been shown by electrochemistry, but surprisingly it decreases the
stability of the 17-e species. The Ag values in EPR are small suggesting a strong
contribution of the carbon ligand in the HOMO which could be at the origin of the kinetic
unstability of the gold derivatives. Theoretical calculations are currently under way to

further understand and take advantage of these results.
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Experimental

General Considerations. All reactions were carried out under dry high-purity nitrogen
or argon using standard Schlenk techniques unless otherwise stated. Common solvents
were dried, distilled under nitrogen or argon, and degassed before use. Separations were
carried out by preparative thin-layer chromatography (TLC) on glass plates (20 x 20 cm)
coated with silica (Merck 60 GF254, 0.5 mm thick). Chromatography columns used silica
(Scharlau 60, 0.04-0.06 mm, 230-400 mesh) or basic alumina (Fluka, Brockmann activity
I, basic, pH10 £ 0.5).

Instruments. IR spectra were obtained on a Bruker IFS28 FT-IR spectrometer (4000-
400 cm™). Spectra in CH,Cl, were obtained using a 0.5 mm path length solution cell with
NaCl windows. Nujol mull spectra were obtained from samples mounted between NaCl
disks. NMR spectra were recorded on Varian Gemini 2000 (‘H at 199.98 MHz, “C at
50.29 MHz), Varian Gemini 3000 (‘H at 300.15 MHz, "*C at 75.47 MHz, *'P at 121.105
MHz), Varian Inova 600 (*C at 150.87 MHz) or multinuclear Bruker 300 or 200 MHz
instruments (AM300WB and 200DPX). Samples were dissolved in CDCls, (CDj3),CO or
CeDg (Sigma-Aldrich), contained in 5 mm sample tubes. Chemical shifts are given in ppm
relative to internal tetramethylsilane using the residual solvent resonances as internal
references for 'H and '>C NMR spectra and external H;PO, for *'P NMR spectra. UV-Vis
and Near-IR spectra were recorded with a Varian Cary 5000 spectrometer. EPR spectra
were recorded with a Bruker EMX-8/2.7 (X-band) spectrometer. Electrospray mass spectra
(ES-MS) were obtained from samples dissolved in MeOH or CH,Cl, . ES-MS analyses
were carried out at the “Centre Regional de Mesures Physiques de 1’Ouest” (CRMPO,
Rennes, France) on a high-resolution MS/MS ZabSpec TOF Micromass spectrometer (8
kV) or on a Varian Platform II spectrometer via a 10 mL injection loop. Ions listed are the
most intense peaks in the isotopic envelope. Nitrogen was used as the drying and
nebulising gas. Electrochemical samples were dissolved in CH,Cl, containing 0.1 M
[NBuy]PFg as the supporting electrolyte. Cyclic voltammograms were recorded using a Pt
working electrode, Pt counter electrode with a saturated calomel electrode as the reference
electrode (Rennes), or using a Pt working electrode, Ag wire counter electrode with Ag
wire as the reference electrode (Adelaide). Potentials are given in V vs SCE, with

ferrocene or FeCp*, as internal calibrants {[FeCp,]/[FeCp,]" = +0.46 V (vs SCE) or

51



[FeCp*,]/[FeCp*,]" = -0.02 V (vs SCE)}. Elemental analyses were performed at the
“Service central d’analyses” (USR CNRS 59 at Lyon-Vernaison), at the “Centre Regional
de Mesures Physiques de 1’Ouest” (CRMPO, University of Rennes1), and at the “Campbell
Microanalytical Laboratory” (University of Otago, Dunedin, New Zealand).

Reagents. NaBPh, '‘BuOK, KF, DBU, Na and Cul (Aldrich) were commercial products
and were used as received. Me;Si(C=C),R (R = Ph, C¢HsMe-4)*°, H(C=C),R (R = Ph,
Ce¢HsMe-4)*, IC=CSiMes™, FeCl(dppe)Cp**°, RuCl(dppe)Cp**'®,  AuCl(PPhs)®,
Pd(PPhs),"!, Fe(C=CC=CSiMe;)(dppe)Cp* (7)*°, Ru(C=C),(dppe)Cp* [14***: n =1, R =
SiMe;s; 5 n =2, R = SiMes; 10**: n =3, R = SiMes; 6°*: n =2, R = Au(PPh;); 15**: n = 3,
R = Au(PPh3)] were prepared by the cited literature methods.

Synthesis of Fe(C=CC=CPh)(dppe)Cp* (2a)

To a suspension of FeCl(dppe)Cp* (100 mg, 0.16 mmol) and NaBPh, (66 mg, 0.19
mmol) in triethylamine (15 ml), a solution of HC=CC=CPh (24 mg, 0.19 mmol) in THF (1
ml) was added. The mixture turned slowly from dark green to orange. After one night at
room temperature, ‘BuOK (excess) was added to the solution before removal of the solvent
under reduced pressure. The solid residue was then extracted with toluene (3 x 10 ml) and
the solvent was removed under reduced pressure. The residue was extracted a second time
with diethyl ether (3 x 10 ml) and after removal of the solvent under reduced pressure, the
resulting orange powder was dried under vacuum to afford Fe(C=CC=CPh)(dppe)Cp* (2a;
97 mg, 85%). Anal. Calcd for C4sHasFeP,: C, 77.31; H, 6.21. Found: C, 76.59; H, 6.18. IR
(KBr): v(C=C) 2150, 2007, 1987 cm™. "H NMR (C¢Ds, 300 MHz): § 1.45 (s, 15H, Cp*),
1.77, 2.58 (2 x m, 4H, PCH,), 6.87-8.02 (m, 25H, Ph). *C NMR (C¢Ds, 75 MHz, ppm): &
8.89 (s, CsMes), 28.79-29.91 (m, dppe), 59.70 (s, C=CC=CPh), 80.98 (s, C=CC=CPh),
87.26 (s, CsMes), 100.06 (s, C=CC=CPh), 124.42-137.88 (m, Ph), 144.74 (t, Jcp = 38 Hz,
C=CC=CPh). *'P NMR (C¢Ds, 121 MHz): & 100.2 (s). ES-MS (m/z): caled for C4gHasFeP,
714.2268, found 714.2275 [M]".

Synthesis of Fe{C=CC=C(CcHsMe-4)}(dppe)Cp* (2b)
Similarly, from FeCl(dppe)Cp* (100 mg, 0.16 mmol), NaBPh, (66 mg, 0.19 mmol) and
HC=CC=C(C¢HsMe-4) (27 mg, 0.19 mmol) was obtained Fe{C=CC=C(CcHsMe-
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4)}(dppe)Cp* (2b; 93 mg, 80%) as an orange powder. Anal. Calcd for C47HycFePs: C,
77.47; H, 6.36. Found: C, 77.11; H, 6.36. IR (KBr): v(C=C) 2149, 1999 cm™. '"H NMR
(CgDg, 300 MHz): 6 1.47 (s, 15H, Cp*), 1.78 (m, 2H, PCH,), 1.97 (s, 3H, Me), 2.60 (m,
2H, PCH,), 6.76 (d, *Jun = 8.0 Hz, 2H, CH), 6.99-7.29 (m, 16H, Ph), 7.46 (d, *Juu = 8.0
Hz, 2H, CH), 8.01 (t, *Jun = 8.7 Hz, 4H, Ph). >C NMR (C¢Ds, 75 MHz, ppm): & 8.91 (s,
CsMes), 19.86 (s, Me), 28.79-29.21 (m, dppe), 59.79 [s, C=CC=C(C¢HsMe-4)], 80.20 [s,
C=CC=C(CeHsMe-4)], 87.20 (s, CsMes), 100.11 [s, C=CC=C(CsHsMe-4)], 122.77-137.88
(m, Ph), 142.98 [t, *Jcp = 38 Hz, C=CC=C(CsHsMe-4)], 154.70 (s, Ph). *'P NMR (CeDs,
121 MHz): & 100.3 (s). ES-MS (m/z): calcd for C47HssFeP, 728.2424, found 728.2427
[M]".

Synthesis of Ru(C=CC=CPh)(dppe)Cp* (4)

A methanolic (7 ml, containing 1% of distilled H,O) suspension of RuCl(dppe)Cp*
(100 mg, 0.15 mmol), Me;SiC=CC=CPh (33 mg, 0.16 mmol), KF (10 mg, 0.16 mmol) and
DBU (2 drops) was heated to the reflux point. After 1 h, the mixture was allowed to cool
and the yellow-green precipitate filtered off and washed with cold MeOH. The resulting
powder was then dissolved in DCM (containing 5% of NEt3) and passed through a basic
alumina column eluting with the same solvent. The yellow band was collected and the
solvent removed to give Ru(C=CC=CPh)(dppe)Cp* (4; 99 mg, 87%) as a bright yellow
powder. Anal. Calcd for CssHysPoRu: C, 72.71; H, 5.84. Found: C, 72.59; H, 6.00. IR
(CH,Cly): v(C=C) 2153, 2016 cm™. "H NMR (C¢Dsg, 600 MHz): § 1.59 (s, 15H, Cp*), 1.84,
2.60 (2 x m, 4H, PCH,), 6.87-7.89 (m, 25H, Ph). ?C NMR (C¢D¢, 150 MHz, ppm): & 9.88
(s, CsMes), 29.23-29.54 (m, dppe), 62.98, 82.34, 92.19 (s, C=C), 93.10 (s, CsMes), 125.47-
138.55 (m, Ph and C,). *'P NMR (C¢De, 121 MHz): & 80.3 (s). ES-MS (m/z): calcd for
C46H4sP,Ru 761.2040, found 761.2065 [M + H]".

Synthesis of Fe{C=CC=CAu(PPh3)}(dppe)Cp* (8)

To a suspension of Fe(C=CC=CSiMe;s)(dppe)Cp* (7) (400 mg, 0.56 mmol) in THF (10
ml), a solution of methanol (10 ml) containing sodium (65 mg, 2.81 mmol) was added.
After stirring for 20 min at room temperature, AuCIl(PPhs) (278 mg, 0.56 mmol) was added
to the reaction mixture and the solution turned dark red. After 4 h, the orange precipitate

was filtered off and washed with cold MeOH (3 x 10 ml) to afford
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Fe{C=CC=CAu(PPh3)}(dppe)Cp* as an orange powder (8; 452 mg, 74%). Anal. Calcd for
CssHssAuFePs: C, 63.52; H, 4.96. Found: C, 63.10; H, 5.23. IR (CH,Cl,): v(C=C) 2069,
1969 cm™. "H NMR (C¢Ds, 300 MHz): 6 1.53 (s, 15H, Cp*), 1.83, 2.73 (2 x m, 4H, PCH>),
6.88-8.19 (m, 35H, Ph). >C NMR (C4Ds, 150 MHz, ppm): & 10.45 (s, CsMes), 30.22-31.39
(m, dppe), 88.25 (s, CsMes), 88.84 (s), 94.18 (s), 104.06 (s), 123.26 [t, *Jep = 40 Hz,
C=CC=CAu(PPhs)], 126.30-140.40 (m, Ph). *'P NMR (C¢Ds, 121 MHz): 5 100.0 (s, dppe),
42.0 (s, PPh3). ES-MS (m/): caled for CssHssAuFeP; 1096.2453, found 1096.2525 [M]".

Synthesis of Fe(C=CC=CC=CSiMe;)(dppe)Cp* (9):

To a stirring solution of Fe {C=CC=CAu(PPhs;)}(dppe)Cp* (8) (250 mg, 0.23 mmol) in
a 1:1 mixture of THF / triethylamine (24 ml) was added IC=CSiMe; (128 mg, 0.57 mmol)
followed immediately by Pd(PPhs)s (26 mg, 0.023 mmol) and Cul (8 mg, 0.041 mmol).
The solution was stirred in the dark at room temperature overnight before solvent was
removed under reduced pressure. The residue was extract with triethylamine and directly
loaded on a basic alumina column which was eluted with triethylamine / hexane (1:1) and
the orange band was collected to afford Fe(C=CC=CC=CSiMe;)(dppe)Cp* (9; 93 mg,
55%) as an orange powder. Anal. Calcd for C4sHagFeP,Si: C, 73.56; H, 6.58. Found: C,
73.80; H, 7.47. IR (CH,CL): v(C=C) 2092, 1952 cm™. 'H NMR (C¢D, 300 MHz): & 0.13
(s, 9H, SiMes), 1.37 (s, 15H, Cp*), 1.69, 2.42 (2 x m, 4H, PCHy), 6.98-7.85 (m, 20H, Ph).
C NMR (C¢Ds, 150 MHz, ppm): & 0.35 (s, SiMes), 10.12 (s, CsMes), 30.23-31.08 (m,
dppe), 47.06, 69.29, 77.18, 94.34, 100.95 (s, C=C), 89.31 (s, CsMes), 127.53-138.60 (m,
Ph), 151.07 (t, “Jpc = 38 Hz, C,). *'P NMR (C¢Ds, 121 MHz): & 97.9 (s). ES-MS (m/z):
calcd for CysHygFeP,Si 734.2350, found 734.2388 [M]+.
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Chapter Three

Oxidative Dimerisation of Arylalkynyl-Ruthenium Complexes

3.1 Introduction

Extensive  studies of arylalkynyl-metal complexes Fe(C=CAr)(dppe)Cp',
M(C=CAr)(dppe)Cp* [M = Fe?, Ru’; Ar = C¢H4X-4, X = CFs, Br, Me, ‘Bu (M = Fe), NO,,
CN, F, H, OMe, NH;, (M = Fe, Ru)], trans-Cl(dppe),Ru[C=C(CsHsX-4) (X = NO,, CHO,
C(O)Me, F, H, OMe, NMe,]* and M(C=CR)(dppe)(n-C;H7) (M = Mo; R = ‘Bu, CO,Me,
Fc, C¢HsX-4, X = CO,Me, CHO, H, Me, OMe, NH,; M = W, R = Ph, C6H4-Me-4)5 have
been reported recently, resulting from their potential as redox-active components of

electronic®, magnetic’ and optical devices".

3.1.1 Properties of the 17-electron species [{M}(CCR)]" [{M} = Fe(dppe)Cp*,
Mo(dppe)(y-C7H7) and W(dppe)(n-C:H;)]

Ready 1-e oxidation of many neutral arylalkynyl-metal complexes occurs to give 17-e
mono-cations. Both neutral and charged species have been investigated by experimental
(IR, NMR, UV-vis), structural and theoretical (DFT) means®”. In particular, the neutral

metal-ligand fragment, containing M(II), is electron-rich and behaves as an electron-
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releasing group to the carbon-rich ligand. In the mono-cations [formally containing
M(IID)], the unpaired electron is largely metal-centred in the Fe, Mo and W complexes, but
more delocalised on the arylalkynyl ligand in the Ru cations. Paramagnetic '"H NMR
measurements have allowed the charge distribution in the aryl group to be determined,
while ionisation potential data correlate with electronic substituent parameters and are

related to the effect of the para substituent on their electronic properties.

Representative examples of substituted alkynyl-metal complexes have been oxidised to
17-e species, either chemically or electrochemically. Various spectroscopic measurements
and DFT studies showed that the HOMO is metal-centred, but a significant difference in
electronic structures of the Mo and Ru series appears to reside in the nodal properties of
the HOMO due to the C;7H7 ring attached to Mo or W vs. the Cp* ring tethered to Ru. DFT
calculations on models mimicking the 17-¢ radical cations [M(CCPh)(PPh3),Cp]” (M = Fe,
Ru) suggest a distribution of the unpaired electron between the metal centre, Cg and the
para C of the Ph group, with the Ru complex showing a considerably higher coefficient of
spin density on the arylalkynyl group™”.

In the course of these studies, attempts have been made to isolate the oxidised
compounds. Chemical oxidation of Fe(C=CCgHsX-4)(dppe)Cp* with [FeCp,]PFs has
given [Fe(CCCsH4X-4)(dppe)Cp*|PFs (X = NO,, CN, CFs, F, Br, H, Me, ‘Bu, OMe, NH,,
NMe,) and structural determinations of several of these salts were completed (Scheme
3.1)*. As expected from the theoretical calculations, there is a general expansion of the Fe
coordination sphere upon oxidation, but little change occurs within the arylalkynyl
fragment. The only exceptions are found for X = NH,, where the bond between the para
carbon and NH, substituent is shorter by 0.036 A, and for X = CN where the CN bond is
shorter by 0.022 A, changes resulting from m-bonding involving the substituents. Similar
chemical oxidation studies have been achieved on the M(C=CR)(dppe)(n-C;H7) (M = Mo;
R = Bu, C¢HsX-4, X = H, Me; M = W, R = Ph, C¢Hs-Me-4), few molybdenum salts being
isolated and characterised by X-ray determinations®®’, whereas no structural
determinations of the 17-e tungsten species were achieved, due to their slow

+5¢

decomposition into the carbonyl complex [W(CO)(dppe)(m-C;H7)] ™.
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In the ruthenium series, a major difference in reactivity is found. Electrochemical
oxidation showed that apparently reversible or quasi-reversible 1-e processes occur in the
range 0.05-0.40 V (vs SCE), the potentials correlating with the electronic properties of the
substituents®. Chemical oxidation of the neutral Ru(C=CCsH4X-4)(dppe)Cp* (X = NO,,
CN, F, H, OMe, NH,) with Ag[OT{] in dichloromethane resulted in rapid bleaching of the
colour of the solutions before they turned darker, often blue. However, it was not possible
to isolate any of the oxidised compounds, although in one case the vinylidene
[Ru{=C=CH(CcH4NO;,-4)}(dppe)Cp*]PFs could be characterised. IR spectroscopy
suggested that alkynyl-Ru(IIT) complexes were the first-formed products, but this was then
followed by the formation of mixtures of products. EPR studies of products formed by
oxidation with [FeCp,]PF¢ in CH,Cl,/1,2-dichloroethane glasses at 80 K indicated that a
single radical is formed, but the signal disappeared upon warming to room temperature. In

CH,Cl,, weak transient absorptions around 1300 nm were observed.

3.1.2 Dimerisation of 17-electron metal-alkynyl species

A few examples of unstable 17-electron alkynyl-metal complexes which dimerise are
available in the literature. The most well-known example is the dimerisation of
[M(CCH)(dppe)Cp*]PFs (M = Fe, Ru) to afford the stable bis(vinylidene) complexes
[{Cp*(dppe)M }»(u-C=CHCH=C)][PF¢],, which by simple deprotonation (with dbu or
KOBu'") gave the extensively studied {Cp*(dppe)M}2(u-C=CC=C) complexes containing
two metal centres linked by a butadiynyl bridge (Scheme 3.2)'°. In the iron case, the 17-¢
species generated by chemical oxidation of the neutral parent complexes were stable

enough at low temperature to be characterised by EPR spectroscopy. After stirring for
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several hours at low temperature, coupling of two radical cations occurred at Cg to give the

dimeric bis(vinylidene) products.
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Scheme 3.2

The other example of alkynyl-metal radical cation dimerisation was published in 1989
by Whiteley et al.''. Chemical oxidation of the neutral molybdenum complex
Mo(C=CPh)(dppe)(n-C;H7) afforded the stable radical cation [Mo(CCPh)(dppe)(n-
C;H,)]", whose X-ray structure determination has been completed. However, when the
radical cation was left in a stirred THF solution during 24 hours, a colour change of the
solution indicated further reaction had occurred to give the diamagnetic product [{(n-
C-;H7)(dppe)Mo} »(u-C=CPhCPh=C)][PFs], (Scheme 3.3). As before, this dimer was

formed by coupling of two 17-e molecules at Cg.
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> >
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3.2 Aims

The aim of the work described in this Chapter was to determine the structures of the
products issuing from the chemical oxidation of arylalkynyl-ruthenium complexes.
Therefore, some unstable 17-e arylalkynyl-ruthenium species were generated to give, by
further reaction, novel bimetallic products which were fully characterised. These
experimental results were rationalised by DFT calculations achieved by Gendron from the
Halet group in Rennes. Guillaume Grelaud from Rennes contributed to some parts of this

work, which has been recently published'.

3.3 Results and discussion

3.3.1 Oxidation of Ru(C=CPh)(PPh;),Cp (16)

In contrast to the above results where the 17-e species were stable and isolable, we have
now found that treatment of Ru(C=CPh)(PPh;),Cp (16; Scheme 3.4) with one equivalent
of [FeCp,]PFs in CH,Cl, solution at room temperature results in a rapid colour change
from orange to dark red. The *'P NMR spectrum suggested that a mixture of several
products had formed initially, but precipitation with diethyl ether afforded a single
compound, which could be recrystallised from CHCls. Purification of the original reaction
mixture by preparative t.l.c. (silica gel, acetone-ethyl acetate, 3/7) afforded a second
product, also obtained as dark red crystals from CHCIs;. These two compounds were
characterized as the mono- and bis-vinylidene complexes 17 and 18 by single crystal XRD
structure determinations carried out on the isomorphous AsF¢ salts formed by anion
exchange. The original salts are readily interconvertible by treatment with HBF4 or HPF,
or NaOMe, respectively, and have the acid-conjugate base relationship similar to that

found for precursor Ru(C=CPh)(PPh;),Cp and the vinylidene [Ru(=C=CHPh)(PPh;),Cp]"
13
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Figure 3.1 depicts the cationic fragments of these salts, which each contain two
Ru(PPh;),Cp fragments end-capping =C=CH(CcH4)CPh=C= (17) [Figure 3.1 (top)] or -
C=C(Ce¢H4)CPh=C= (18) [Figure 3.1 (bottom)] linkers. Table 3.1 gives selected bond

parameters for 17 and 18.
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Figure 3.1. ORTEP views of [Cp(PPh3),Ru{=C=CHCsH,CPh=C=}Ru(PPh;),Cp][AsF¢] >
17 (top) and [Cp(PPh;3);Ru{ C=C(CsH,)CPh=C=}Ru(PPh3),Cp]AsFs 18 (bottom).

Table 3.1. Selected bond parameters for 17, 18 and 22 (all as AsF¢ salts).

17 18 22°
Bond distances (A)

Ru(1)-P(1, 2) 2.339,2.379(2) 2.2855,2.2935(9) 2.3433, 2.3469(9)
Ru(2)-P(3, 4) 2361,2351(2  2.3475,2.3488(8)  2.3608,2.3313(9)
Ru(1)-C(cp) 2.227-2.305(6) 2.227-2.273(3) 2.258-2.297(4)
(av.) 2263 2244 2270
Ru(2)-C(cp) 2.227-2.277(6) 2.246-2.302(3) 2.238-2.284(3)
(av.) 2.260 2,265 2.260
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Ru(1)-C(1) 1.822(7) 2.007(3) 1.844(3)

C(1)-C(2) 1.313(9) 1.212(5) 1.329(5)
C(2)-C(3) 1.483(8) 1.442(4)

C(6)-C(9) 1.502(8) 1.504(4)

C(9)-C(10) 1.336(8) 1.309(5)

C(9)-C(91) 1.496(8) 1.489(5)

C(10)-Ru(2) 1.837(6) 1.870(3)

Bond angles (°)
P(1)-Ru(1)-P(2) 96.31(6) 101.54(3) 102.49(3)
P(1, 2)-Ru(1)-C(1) 90.2, 99.8(2) 88.01, 88.99(9) 95.20, 88.87(9)
P(3)-Ru(2)-P(4) 97.27(6) 95.87(3) 104.90(3)
P(3, 4)-Ru(2)-C(10) 97.7,94.3(2) 96.96, 93.89(9) 88.16, 88.61(10)
[CO]

Ru(1)-C(1)-C(2) 169.5(5) 177.6(3) 173.0(3)
C(1)-C(2)-C(3) 128.2(6) 175.1(4)

C(6)-C(9)-C(10) 122.7(6) 114.7(3)

C(6)-C(9)-C(91) 117.0(5) 117.9(3)

C(9)-C(10)-Ru(2) 168.3(5) 166.4(3)

“For 22: Ru(2)-CO(1) = 1.871(3), C(2)-C(41) = 1.503(4), C(2)-C(201) = 1.477(4) A; C(1)-
C(2)-C(41) = 115.4(3), C(1)-C(2)-C(201) = 123.4(3)".

As can be seen in Figure 3.1 (top), the bis-vinylidene cation in 17 consists of a central
1,4-CsHy4 group bearing XC=C=[Ru(PPh;3),Cp] (X = H, Ph) substituents. The ruthenium
atoms are pseudo-octahedrally coordinated by the PPhs [Ru(1)-P(1, 2) 2.339, 2.379(2),
Ru(2)-P(3, 4) 2.361, 2.351(2) A], Cp [Ru(1, 2)-C(Cp) av. 2.263, 2.260 A] and vinylidene
ligands [Ru(1)-C(1) 1.821(7), Ru(2)-C(10) 1.837(6)A]. The shortening of the latter bonds
from the normal Ru-C(sp) distance of ca 2.00 A [cf. 2.007(3) A for Ru(2)-C(10) in 18,
2.016(3) A in 16'"] is consistent with the presence of Ru=C double bonds expected for the
vinylidene formulation, and supported by the strong down-field shifts of the Ru=C
resonances to ¢ 352.1, 355.0 (both broad triplets). Within the organic ligand, the C(1)-
C(2) and C(9)-C(10) separations are 1.314(9) and 1.336(8) A, consistent with C=C double
bonds. Angles at C(1) and C(10) are 169.5(5) and 168.3(5)°, supporting their assignment as
C(sp) atoms. Atoms C(2) and C(9) are both C(sp®) atoms, with angles C(1)-C(2)-C(3) and
C(6)-C(9)-C(10) of 128.2(6) and 122.7(6)°, respectively.
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Deprotonation of 17 to give 18 results in small changes to the geometry about C(1),
consistent with the change in Ru(1)-C(1)-C(2) from vinylidene in 17 to alkynyl in 18.
Thus, Ru(1)-C(1) is 2.007(3) and C(1)-C(2) is 1.212(5) A, both consistent with the Ru-
C=C formulation. Angles at C(1) and C(2) are 177.6(3) and 175.1(4)°. In contrast, the
Ru(2)=C(10)=C(9) moiety differs little from that in 17: Ru(2)-C(10) 1.870(3), C(9)-C(10)
1.309(5) A and angles at C(10) and C(9) of 166.4(3) and 114.7(3)°, respectively. In the °C
NMR spectrum, the metal-bonded carbons are found as triplet resonances at 6¢ 354.3 and
121.4, assigned to C(1) and C(10), respectively. These values are also consistent with the
Ru=C=C (vinylidene) and Ru-C=C (alkynyl) formulations. The difference in the Ru-P
distances are also noteworthy, with Ru(1)-P(1, 2) 2.2855(9), 2.2935(8) A and Ru(2)-P(3, 4)
2.3475(8), 2.3488(8) A, the shorter bonds to Ru(l) resulting from more efficient back-
bonding from Ru to P and supporting the positive charge being resident upon Ru(2).

Spectroscopic properties of these complexes are consistent with their solid-state
structures. The IR spectra contain v(CC) bands at 1709s, 1625m cm™ (17) and 2061m,
1705w, 1614w (18), consistent with the presence of two vinylidene C=C groups in the
former, and one C=C triple bond and a vinylidene C=C group in the latter. The two
Ru(PPh;),Cp groups are different in each case, giving two Cp resonances at 6y 5.09, 5.23,
dc 95.08 (the two Cp resonances are accidentally equivalent) (17) or oy 4.33, 5.08, oc¢
85.43, 94.86 (18), the down-field shift of the latter confirming the presence of the neutral
alkynyl-ruthenium moiety. Carbons of the linker group are found at 6c 118.95, 126.79,
352.08, 355.03 (17) and at 5¢ 114.72, 121.42, 123.08, 354.32 (18), while the *'P NMR
spectra each contain two signals at op 42.5, 43.7 (17), and 42.5, 51.4 (18). In each case, the
large down-field chemical shifts are consistent with the presence of two vinylidene groups
in 17 and one vinylidene and one alkynyl group in 18. The ES-MS of both complexes
contain M" at m/z 1582; the lack of the expected M>" in 17 may be the result of facile

mono-deprotonation occurring in the source.

3.3.2 Oxidation of Ru(C=CCsH Me-4)(PPh;),Cp (19)

Careful oxidation of Ru{C=C(CsHsMe-4)}(dppe)Cp (19) with one equivalent of
[FeCp,]PFs afforded a dark red compound which is likely the bis(vinylidene)
[Ru{=C=C(CsHsMe-4)-n-CsH4[Ru(PPh;), {=C=CH(CsHsMe-4)]}(PPh;),Cp]}1(PF¢). (20,

Scheme 3.5). This material was not isolated, being rapidly deprotonated to the
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alkynyl(vinylidene) complex [Ru{=C=C(CcHsMe-4)-n-CsH4[Ru(PPh;),(C=CCsHsMe-
4)]1}(PPhs3),Cp]PFs (21), analogous to 18 but containing a substituted Cp group. The
structure is assigned on the basis of its IR [v(C=C) 2070, v(C=C) 1613 cm™'], "H NMR [5y
2.35, 2.38 (2 x Me), 3.56, 4.51 (CsHy), 5.38 (Cp)], °C NMR [3¢ 20.94, 21.06 (2 x Me),
79.49, 83.73, 114.32 (CsHa), 94.86 (Cp), 69.34 (Ru=C=C), 121.30 (Ru-C=C), 353.00
(Ru=C=)] and *'P NMR spectra [8p 40.8, 49.6 (2 x Ru(PPhs),)], and from the X-ray-

determined structure of its further decomposition product described below.
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Attempts to determine the structure of 21 by XRD methods were frustrated during
attempted recrystallisation by its ready conversion to the carbonyl cation
[Ru{=C=C(CsHsMe-4)-n-CsH4[Ru(CO)(PPh;),]} (PPh3),Cp][AsFs]> (22, Scheme 3.5), as
revealed by a strong v(CO) band at 1980 cm™ in the IR spectrum and an XRD structure
determination of crystals which were readily obtained from the attempted purification of

21.
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Figure 3.2. ORTEP view of [Ru{=C=C(CsH;Me)-n-CsH4/Ru(CO)(PPh3),]}
(PPh;3),Cp][AsFg], 22.

In the cation of 22 (Figure 3.2) the Ru(1)-C(1)-C(2) moiety (Ru(1)-C(1) 1.844(3), C(1)-
C(2) 1.329(5) A) closely resembles the Ru-vinylidene fragments present in 17 and 18.
Coordination about Ru(1) is completed by the Cp group and two PPh; ligands (Ru(1)-
P(1,2) 2.3433, 2.3469(9) A). Atom Ru(2) carries one CO (Ru(2)-CO 1.871(3) A) and two
PPh; ligands (Ru(2)-P(3,4) 2.3608(10), 2.3313(9) A), the larger Ru-P separations resulting
from competitive n-back-bonding into the CO ligand. In this case, however, the Cp group
is substituted by the 4-tolylvinylidene group attached to Ru(1) (C(12)-C(201) 1.477(4) A);
atom C(12) also carries the 4-tolyl group (C(12)-C(41) = 1.503(4) A). It is known that
vinylidene-ruthenium complexes are extremely susceptible to oxidation or reaction with
traces of water, with formation of the CO and corresponding aldehyde or acid'®, and it is
likely that a similar process is occurring here. The substituted Cp group would be a much
stronger electron donor than the unsubstituted Cp, increasing the electron density on the

Ru-vinylidene fragment and hence its susceptibility towards oxidation.

3.3.3 Supporting DFT calculations

DFT calculations were performed on the precursor Ru(C=CPh)(PPh;),Cp (16) in two
oxidation states (0/+1) in order to understand how oxidation affects the electronic

properties of this arylalkynyl-ruthenium compound. The geometries of compound 16 and
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its corresponding radical cation [16]  were first geometrically optimized. Pertinent
computed metric data are reported in Table 3.2 and compared to the available X-ray data
measured for the neutral complex'*. Computed data match reasonably well with the
experimental values, with the largest bond length deviations found for the Ru-C(Cp)
distances. Upon oxidation, a substantial contraction of the Ru-C, bond length (0.062 A)
and a lengthening (0.015 A) of the C,-Cp triple bond are computed. To a lesser extent,
some shortening of the Cg-C(Ph) bonds (up to 0.013 A) and on average some lengthening
of the Ru-C(Cp) bond (0.015 A) are noted.

Table 3.2. Selected computed bond parameters for 16 and [16]".

16 [16]"
Bond distances (A)
Ru-C(Cp) 2.339-2.373 2.339-2.375
(av. 2.349) [2.227-2.256(3)] (av. 2.364)
Ru-P, 2.352[2.303(1)] 2.404
Ru-P, 2.349 [2.285(1)] 2.394
Ru-C, 2.026 [2.016(3)] 1.964
Co-Cp 1.238 [1.215(4)] 1.253
Cp-C(Ph) 1.424 [1.456(4)] 1.411
Bond angles (°)
P,-Ru-P; 104.75 [100.5(3)] 102.59
Ru-C,-Cp 173.14 [178.0(2)] 176.00
Co-Cp-C(Ph) 178.07 [171.9(3)] 173.65

. 14 . . .
*Experimental data ™ are given in brackets for comparison.

These bond length changes can be interpreted by looking at the nodal properties of the
highest occupied molecular orbitals HOMO and HOMO-1 of the neutral compound, shown
in Figure 3.3. They are n-type in character, antibonding between the Ru atom and C, and
bonding between C, and Cg. These HOMOs are analogous to those generally computed for
arylalkynyl-metal complexes and result from an antibonding interaction between the “t;,”
orbitals of the metal atom with the m-type orbitals of the alkynyl ligand®®. As generally
observed for arylalkynyl-Ru compounds3, their spatial distribution is rather delocalised on
the Ru(C=C)Ph backbone in 16 (see Figure 3.3). It is noteworthy that the participation of
the phenyl ring in the HOMO (17 %) is quite important.

69



Figure 3.3. Plots of the HOMO (left) and HOMO-1 (right) of 16 (isocontour value: .05
[e/bohr’]"" ?). The Ru, C,, Cp and Ph percentage character is given.

The calculated spin distribution for [16]" is given in Figure 3.4. Its distribution is
straightforward from a glance at the nodal properties of the HOMO which is partially
depopulated with important contributions from the Ru, Cg and the C,0, Cpara atoms of the
phenyl ring. Interestingly, a small amount of spin density is also found on some carbon
atoms of the Cp ring (from 0.03 up to 0.07). The spin density of the related arylalkynyl-
iron complex [Fe(C=CPh)(dppe)Cp |* was also computed for comparison. In contrast to
[16]", the largest part of the spin density resides on the iron atom (0.86e vs 0.39¢) with a
substantial contribution on Cg (0.23e vs 0.27¢) but a very small contribution on the carbon
atoms of the phenyl ring with respect to that in [16]" (0.04e vs 0.09¢ and 0.05¢ vs 0.13¢ in

for the C,1m0, Cpara atoms of the phenyl ring, respectively).

Figure 3.4. Spatial distribution of computed spin density of [16]" (isocontour value: #0.005

[e/bohi’]). Atomic spin densities (electrons) are given.
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3.3.4 Discussion

The various studies mentioned above are all in agreement with the differing electronic
structures of the arylalkynyl-iron and -ruthenium based compounds, inasmuch as oxidation
of the iron systems affords monocationic species (radicals) in which the charge is metal-
centred. This allows the ready isolation of salts of the monocations, and such processes
have also been observed with the complexes {Fe(dppe)Cp*},{u-C=CXC=C} (X = C¢Ha,
CioHe-1,5, Ci4Hg-1,8) in their reactions with teng, which afforded the radical anion salts
[ {Fe(dppe)Cp*}2{u-CCXCC}] [teng] ™.

Studies of the complexes {M(dppe)Cp*}(u-C=CC=C){M'(dppe)Cp*} (M = M' = Fe,
Ru; M = Fe, M' = Ru) were also illuminating. Oxidation (both chemically and
electrochemically) afforded cationic species, spectroscopic measurements of which
showed that the charge was centred largely on the metal (M = M' = Fe) or the bridging
ligand (M = M' = Ru), but was distributed unequally in the oxidized mixed complex'’.
These findings were supported by DFT calculations. Similarly and as mentioned above for
[Fe(C=CPh)(dppe)Cp ]", charge rests on the iron centre in the range of oxidised
arylalkynyl complexes. In contrast, calculations on the ruthenium compounds such as 16

suggest that the HOMO is more delocalised along the arylalkynyl ligand.

Electrochemical oxidation of the ruthenium compounds affords unstable oxidised
species, i.e., the oxidation processes are often irreversible, in contrast to the situation found

with the iron analogues.

When the fate of the oxidised species was probed, initial experiments using silver(I) as
oxidant were unsuccessful’. However, when ferricinium salts are used, ready formation of
the oxidised products occurs and these proved to be stable enough to isolate. X-ray
structure determinations of the products showed that coupling had occurred at the sites
bearing the largest charge, namely the para position of the Ph group and Cp (see Figure
3.4). The products were the bis(vinylidene) and alkynyl(vinylidene) complexes 17 and 18
(Scheme 3.4).

Blocking the para position did not result in coupling at the Ru-CC- centre, probably for

steric reasons. Attempts to couple the tolyl complex alone afforded the derivative 20
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(Scheme 3.5), in which one of the Cp rings has been substituted, this site being prone to
electrophilic substitution under the appropriate conditions. Indeed, some spin density is
found on some carbon atoms of the Cp ring in [16]" (from 0.03 up to 0.07). While it was
not possible to isolate the initial coupling product 20 for NMR or XRD studies, because
extremely rapid oxidation of the more electron-rich vinylidene to a CO group occurred (the
resulting complex 22 retained the substituted Cp group), nevertheless the NMR parameters
of 22 and the deprotonated vinylidene 21 supported the postulated initial coupling and
subsequent deprotonation to give products with structures entirely analogous to those

found for 17 and 18 (Scheme 3.5).
3.4 Conclusion

In conclusion, we have demonstrated the thus far unreported oxidative coupling of
arylalkynyl-ruthenium complexes to form dinuclear vinylidenes, an unprecedented route
for alkyne coupling via the ruthenium intermediate. Further, these results demonstrate that,
in contrast to arylalkynyl-iron complexes, facile linking of two arylalkynyl ligands may
occur via coupling of the unpaired electrons on two cations. We note that previous
examples of coupling at Cg have been found with [M(CCH)(dppe)Cp*]" (M = Fe, Ru)'"’
and with [Mo(CCPh)(dppe)(-C7H7)]™"". In the present examples, where the new C-C bond
is formed between the electron-rich atoms Cg and Cpar, of the Ph group, coupling appears
to be directed by a combination of the high spin densities at Cg and C,,ra and steric factors
which preclude coupling between both Cg atoms. If the Cpar position is blocked, e.g., as in

the p-tolylethynyl complex, then attack by Cg proceeds at the Cp ring.
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Experimental

General experimental conditions are detailed in Chapter 2, Experimental section.

Reagents. The compounds Ru(C=CPh)(PPh;),Cp (16)"®, Ru{C=C(C¢HsMe-4)}(dppe)Cp
(19)" and [Fesz]PFézo were prepared by standard literature methods.

Synthesis of [Cp(PPh3),Ru{=C=CHC¢H;,CPh=C=}Ru(PPh;),Cp][PFs]. (17)

Dichloromethane (25 ml) was added to a mixture of Ru(C=CPh)(PPh3),Cp (792 mg, 1.0
mmol) and [FeCp,]PFs (314 mg, 0.95 mmol), resulting in an instantaneous darkening of
the solution. After 1 h, the solution was concentrated under vacuum and addition of hexane
(50 ml) precipitated a dark red solid. The solid was filtered off, washed with hexane (3 X
10 ml) and Et,O (3 x 10 ml), and redissolved in dichloromethane (25 ml). Addition of Et,O
(50ml) gave [Cp(PPh;3),Ru{=C=CHCsH4CPh=C=}Ru(PPh3),Cp][PF¢]> (17; 597mg, 35%)
as a dark red precipitate. X-ray quality crystals of the isomorphous AsFs salt were grown
from CHCIl;. Anal. Calcd for CogHgoF12P¢Ru,: C, 62.82; H, 4.30; M(cation), 1582. Found:
C, 62.07; H, 4.22. IR (Nujol/cm™): v(C=C) 1709s, 1625m, v(PF) 839m. '"H NMR (CDCl;):
0 5.09, 5.23 [2x s (br), 2x5H, 2 x Cp], 5.33 [s (br), 1H, =CH-), 6.89-7.31 [m (br), 70H, Ph
+ CgHyl. °C NMR (CDCls): & 95.08 (s, Cp), 118.95 (s, =CH-), 126.79 [s, =CPh(C¢H.)],
127.63-133.42 (m, Ph + CgH4), 352.08 [s (br), Ru=C=CPh(CeH4)], 355.03 [s (br),
Ru=C=CH-(C¢H,)]. *'P NMR (CDCls): & 42.5 (s), 43.7 (s), -147.6 (septet, 'Jpr = 710 Hz,
PF¢). ES-MS (m/z): 1582 [M]", 1320 [M - PPhs]", 1059 [M - 2PPh;]", 797 [M - 3PPhs]’,
690 [Ru(PPh3),Cp]", 429 [Ru(PPh3)Cp]".

Synthesis of [Cp(PPh3);Ru{C=CC¢H4CPh=C=}Ru(PPh;),Cp|PF; (18)

(a) Ru(C=CPh)(PPh3),Cp (79 mg, 0.1 mmol) and [FeCp,]PFs (31 mg, 0.095 mmol)
were dissolved in dichloromethane (15 ml) to give a dark solution. After 1 h, the solution
was concentrated under vacuum and addition of hexane (50 ml) allowed precipitation of a
dark red solid. The precipitate was filtered off and washed with hexane (3 x 10 ml) and
Et,O (3 x 10 ml). The residue was purified by preparative TLC (2/3 acetone/hexane), the
brown band (R¢ = 0.15) being collected to afford a pale brown solid which was purified by
a second preparative TLC (3/7 acetone/ethyl acetate). The dark brown band (R = 0.76)
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contained [Cp(PPh;),Ru{C=CCcH4CPh=C=}Ru(PPh;),Cp]PFs (18; 48 mg, 56%) isolated

as a dark red solid.

(b) Ru(C=CPh)(PPh3),Cp (79 mg, 0.1 mmol) and [FeCp,]PFs (31 mg, 0.095 mmol)
were dissolved in dichloromethane (15 ml) as above. After 1 h, the solution was
concentrated under vacuum and addition of hexane (50 ml) allowed precipitation of a dark
red solid. The precipitate was filtered off and washed with hexane (3 x 10 ml) and Et,O (3
x 10 ml). The solid was dissolved in MeOH (10 ml), 1ml of NaOMe solution (IM) in
MeOH was added, and the solution was heated at the reflux point overnight to give an
orange-brown precipitate. This was filtered off and washed with MeOH (3 % 5 ml) to give
[Cp(PPh;3),Ru{C=CC¢H4CPh=C=}Ru(PPh;),Cp]PFs (18; 55 mg, 64%). The colour
changed to dark red after dissolution in CDCIl; and evaporation of the solvent. X-ray
quality crystals of the isomorphous AsFg salt were grown from acetone/hexane. Anal.
Calcd for CogH79F¢PsRu,: C, 68.13; H, 4.61; M(cation), 1583. Found: C, 67.94; H, 4.71. IR
(Nujol/cm'l): V(C=C) 2061, v(C=C) 1705w, 1614w, v(PF) 839m. "H NMR (CDCl5): & 4.33
[s, 5H, CpRu(C=C)], 5.08 (s, 5H, CpRu=C=C), 6.52-7.49 (m, 70H, Ph). “C NMR
(CDCl3): 6 85.43 [s, CpRu(C=C)], 94.86 (s, CpRu=C=C), 114.72 [s, =CPh(C¢Hy)], 121.42
(t, *Jep = 25 Hz, Ru-C=C), 123.08 [s, =C(CsHy)], 127.21-139.07 (m, Ph), 354.32 (t, *Jep =
15 Hz, Ru=C=C). *'P NMR (CDCl3): 6 42.5 (s), 51.4 (s), -147.6 (sept, PF¢). ES-MS (m/z):
1582 [M]", 1320 [M - PPhs]", 1059 [M - 2PPhs]", 797 [M -3PPhs]", 690 [Ru(PPhs),Cp]’,
429 [RuPPh;Cp]".

Synthesis of [Ru{=C=C(CsHsMe-4)-n1-CsH4[Ru(CO)(PPh3),]}(PPh3),Cp][PF¢]. (22)
Ru{C=C(CsHsMe-4)}(PPh;3),Cp (100 mg, 0.12 mmol) and [FeCp,]PFs (41 mg, 0.12
mmol) were dissolved in 10 ml of THF at -78°C. After 1 h, the solution was slowly
warmed to room temperature over 5 h. Then hexane (50 ml) was added to the mixture and
the resulting precipitate was filtered off and washed with hexane (2 x 15 ml). The solid
was purified by preparative TLC (1/1 acetone/hexane), and the orange band (Ry = 0.45)
was collected to give [Ru{=C=C(CcHsMe-4)-n-CsHs[Ru(CO)(PPh;3),]}(PPh;3),Cp][PF¢]>
(22; 29 mg, 27%). Crystals suitable for X-ray study were obtained from
dichloromethane/benzene and by changing the anion from PFs to AsF¢. Anal. Calcd for
CooH76F1,0PgRu,: C, 60.93; H, 4.22; M(cation), 1524. Found: C, 60.16; H, 4.28. IR
(Nujol/em™): v(CO) 1980, v(C=C) 1607, 1596, v(PF) 833 cm™. 'H NMR (ds-acetone): &
2.47 (s, 3H, Me), 4.25 (s, 2H, Cp), 4.92 (s, 2H, Cp), 5.50 (s, SH, Cp), 6.82-7.61 (m, 64H,
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Ph). °C NMR (dg-acetone): & 20.49 (s, Me), 83.97 (s, CH, Cp), 94.98 (s, CH, Cp), 96.12
(s, Cp), 110.64 (s, C, Cp), 123.73 (s, Ru=C=C), 126.76-140.47 (m, Ph), 202.87 (t, *Jcp =
18 Hz, Ru-CO), 343.09 (t, *Jcp = 16 Hz, Ru=C=). *'P NMR (dg-acetone): & 39.6 (s, Ru=C),
44.2 (s, Ru-CO), -143.1 (septet, 'Jor = 705 Hz, PFs). ES-MS (m/2): calcd for Co;H740P4Ru,
762.17, found 762.163 [M]*".

Synthesis of [Ru{=C=C(CsHsMe-4)-1-CsH4[Ru(PPh3)(C=CCsHsMe-4)]}(PPh3),Cp]
PF (21)

(a) Ru{C=C(CsHsMe-4)}(PPh3),Cp (60 mg, 0.07 mmol) and [FeCp,]PFs (25 mg, 0.07
mmol) were dissolved in THF (8 ml) at -78°C. After 1 h, the solution was slowly warmed
to room temperature over 5 h. Then, NEt; (3 ml) was added to the solution, and after 1 h at
room temperature, hexane (50 ml) was added. The resulting precipitate was filtered off and
washed with hexane (3 x 15 ml) to give [Ru{=C=C(CsHsMe-4)-n-
CsHa[Ru(PPh;3),(C=CCsHsMe-4)]} (PPh3),Cp]PFs (21, 53 mg, 89%) as a brown powder.

(b) The product was obtained similarly from Ru{C=C(C¢HsMe-4)}(PPh;),Cp (100 mg,
0.12 mmol) and [FeCp,]PFs (41 mg, 0.12 mmol) and was purified by preparative TLC (1/1
acetone/hexane); the brown band (R¢ = 0.81) was collected to give [Ru{=C=C(CsH4Me-4)-
N-CsHa[Ru(PPh;),(C=CCsHsMe-4)]} (PPh3),Cp]PFs (21, 16 mg, 17%). IR (Nujol/cm'l):
v(C=C) 2070, v(C=C) 1613, v(PF) 837 cm”. '"H NMR (dg-acetone): & 2.35 (s, 3H, Me),
2.38 (s, 3H, Me), 3.56 (s, 2H, Cp), 4.51 (s, 2H, Cp), 5.38 (s, 5H, Cp), 6.95-7.78 (m, 68H,
Ph). °C NMR (dg-acetone): & 20.94 (s, Me), 21.06 (s, Me), 69.34 (s, Ru-C=C), 79.49 (s,
CsHy), 83.73 (s, CsHy), 94.86 (s, Cp), 104.3 (t, *Jep = 3 Hz, Ru=C=C), 114.32 (s, CsHy),
121.30 (t, “Jcp = 25 Hz, Ru-C=), 124.56-139.37 (m, Ph), 353.00 (t, *Jcp = 15 Hz, Ru=C=).
3P NMR (dg-acetone): & 40.8 (s, Ru=C), 49.6 (s, Ru-C=), -143.1 (septet, 'Jpr = 705 Hz,
PF¢). ES-MS (m/z): calcd for CooHg3P4Ru; 1611.353, found 1611.319 [M]+.
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Chapter Four

Reactivity of the 17-Electron Species [Fe(C=CC=CR)(dppe)Cp*]™
(R="Ph, Tol)

4.1 Introduction

Although electrochemical studies of diynyl organometallic complexes are known (see
Chapter 2) only a few examples of their chemical oxidation are described in the literature.
This is probably due to the difficulties of characterising such 17-e species and to their low
stability resulting from large delocalisation of the unpaired electron on the butadiynyl
bridge. In Chapter 2, 17-e iron and ruthenium diynyl complexes have been characterised
by EPR spectroscopy and revealed to be stable at low temperature (-78°C). However, it has
been noticed that upon increasing the temperature, the diynyl radical monocations either
decomposed or further chemical reactions occurred. This has been shown by simple colour
changes and precipitation in the reaction mixture with increasing temperature. When EPR
samples were left at room temperature for one hour, the EPR signatures of the 17-e species

were no longer present.
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4.1.1 Examples of oxidative dimerisation of diynyl complexes

Rigaut et al.! published the first example of the dimerisation of diynyl complexes upon
chemical oxidation. When the ruthenium complex trans-[RuCl(C=CC=CSiMes)(dppe).]
was treated with half an equivalent of ferrocenium salt (Scheme 4.1), a novel deep purple
binuclear dimer containing a CgH; bridge and a cyclic four-carbon centre was obtained as

the unique product in 45% yield after several crystallisations.

H
RN a | —
S g C P, P
Sp— _ ) 1/2 [Cp,Fe]PF, ‘ g / N\ //
Cl_Rll:_C:C_C:C_SlMe3 _— Cl—Ru_’----Cz(j:C . ===CT==C==Ru—C(l
{5 {5 > Y
H H \_/

P p = Ph,PCH,CH,PPh,

Scheme 4.1

The mechanism of this reaction is unknown but it is assumed that a 17-e species is
generated by electron transfer between the diynyl-ruthenium and the ferrocenium cation.
This reacts by [2 + 2]-cycloaddition between two C,-C;s bonds (the C, and Cg atoms being
sterically protected by the two bulky dppe ligands) of the electrophilic organoruthenium
radical and the neutral diynyl complex. Desilylation and protonation from the solvent

(THF) of the organometallic radical intermediates also occurred during this reaction.

Another oxidative dimerisation of diynyl complexes was found by the Bruce group” but
has not been yet published. The diynyl ruthenium complexes Ru(C=CC=CR)(dppe)Cp (R
= Ph 23, Fc 24) react with one equivalent of ferrocenium salt to afford deep purple
products characterised as dimers (Scheme 4.2). The crude mixtures containing the two
symmetrical (25a and 26a) and unsymmetrical (25b and 26b) dimers were characterised by
the usual spectroscopic methods, the *'P NMR spectra containing three signals with
relative intensities 1:2:1, the most intense peak being assigned to the symmetrical dimer
and the two others to the asymmetrical dimer. This indicates that the two different isomers

are present in the crude mixture in a 50:50 ratio.
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Scheme 4.2

The crude mixture has been purified by chromatography for R = Ph, the asymmetric
dimer 25b being obtained pure and its structure confirmed by an X-ray determination
while the symmetric dimer 25a decomposed during preparative t.l.c. For R = Fc, the crude
mixture was purified by successive crystallisations affording the pure symmetric dimer 26a
of which the structure was also confirmed by X-ray determination, while the
unsymmetrical dimer 26b could not be obtained pure. These dimers have unique
geometries incorporating in both cases, a four-carbon cyclobutene ring. In contrast with the
previous example where dimerisation occurred by coupling between one 17-e species and
one 18-e neutral, in this reaction, it is assumed that intermolecular radical coupling
occurred between two 17-e species. This hypothesis was rationalised by DFT calculations
carried out by the Halet group in Rennes. Figure 4.1 shows the atomic spin densities on the
carbon chain of the 17-e complex [23]PF¢. The atomic spin density is very large on C, and
C4 (0.22) and quasi-null on C; and C; (0.01 and -0.03 respectively) indicating that radical
couplings could occur according to three different pathways: C,-C,, C,-C4 and C4-Cy. The
C,-C4 and C4-C4 couplings would afford the symmetric and asymmetric dimers,

respectively, the C,-C, coupling probably being unfavourable because of steric hindrance.
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Figure 4.1. Calculated (left) and representation (right) of the atomic spin densities in
[23]PF;.

Recently, oxidative dimerisation of diynyl-molybdenum complexes has been reported
by Whiteley et al.’, when the 2,2’-bipyridine ligand of the stable 17-¢ diynyl complex
[Mo(C=CC=CSiMe;s)(bipy)(n-CsH7)]PF¢ (see Section 2.1.6) is replaced by a dppe ligand,
the 17-e species is not stable and dimerises to give a unique deep purple dicationic product
(Scheme 4.3). In comparison with the previous examples, the mechanism of this
dimerisation is similar to the dimerisation of the diynyl-ruthenium complexes [23]PF¢ and
[24]PFs, radical coupling between two molybdenum 17-e species occuring by Cg-Cg bond
formation. However, the molybdenum dimer does not contain a cyclobutene centre as

found in the ruthenium dimers.
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Scheme 4.3
4.1.2 Other examples of dimerisation of diynyl complexes

In 2009, Berke et al.* obtained the first crystal structure of a stable organotungsten
butatrienylidene complex, W(CO)(dppe),{C=C=C=C(SnMes)(p-CsH4/Bu)}. However,

when left in solution for 24 hours, this compound dimerised to give a biradical species with

81



two tungsten centres (Scheme 4.4). The authors supposed that the first intermediate of this
dimerisation reaction is a dimer with a cyclobutane centre formed by [2 + 2]-cycloaddition
between the terminal C,=Cs double bonds of two butatrienylidenes. Then, by stepwise
electron transfers, a biradical dimer with a cyclobutene centre is formed which presumably

undergoes an electrocyclic ring opening reaction to give the final product.
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W=c=c=c=q > (,T T‘H
H /C C \\\\H
(_C\ Ce¢HyBu
[W] = W(CO)(dppe), (‘/
/c
(W]
w
C¢H,Bu : ]\c
\
H—C\\ \C\ CeH,7Bu
/c—cEc—[W] |C|ﬁ | ~y
[W]_CEc—C\ D ) ﬁc,m\\H
\C—H C \C6H4tBu
/ Y
C
tBuCgH, . /
[W]

Scheme 4.4

4.2 Aims

Although the 17-e species [Fe(C=CC=CR)(dppe)Cp*]™" are sufficiently stable at low
temperature (-78°C) to be characterised by EPR spectroscopy, they quickly decompose or
further react when the temperature is increased (see Chapter 2). In order to characterise
further the products from the chemical oxidation of the neutral butadiynyl-iron complexes
and to elucidate their molecular structures, oxidation studies of compounds 2a and 2b were
carried out. Full characterisation of the products by the usual spectroscopic methods is
described in this Chapter. These results are supported by DFT calculations and are

compared with the results obtained for the analogous ruthenium examples.
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4.3 Results and discussion

4.3.1 Spectro-electrochemistry of Fe(C=CC=CPh)(dppe)Cp* (2a)

Before investigating the chemical oxidation reaction of the diynyl-iron species 2a and
2b, electrochemical studies were carried out and monitored by UV-Vis and Near-IR
spectroscopy. As references, the UV-Vis (Figure 4.2) and Near-IR spectra of the neutral
complex 2a were recorded in dichloromethane; however, the Near-IR range is not shown

below because no transitions were observed in this region for 2a.
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Figure 4.2. UV-Vis spectrum of 2a in dichloromethane.

In the UV-Vis spectrum of 2a, an intense high energy band is observed at 273 nm which
was attributed to 1 — 7 ligand-centred transitions. A less intense and broader band is
observed at 387 nm with a shoulder at 420 nm which was assigned to dn(Fe) — n*(CEC)
metal-to-ligand charge transfer (MLCT) transitions. This absorption gives the orange
colour to the neutral complex’. The UV-Vis spectrum of the analogous complex
Fe(C=CPh)(dppe)Cp* (11) containing a shorter carbon chain shows similar absorptions
(Table 4.1) to compound 2a, the MLCT band being higher in energy (350 nm) by 37 nm
for 11. This bathochromic shift of the MLCT band can be ascribed to electronic

delocalisation being larger in 2a, containing a C4 chain, than in 11, containing a C, chain.
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Table 4.1. UV-Vis spectral data for 11 and 2a in dichloromethane.

Compound A/nm (g x 10°/dm’.mol".cm™) Ref
Fe(C=CPh)(dppe)Cp* (11) 277 (14.5), 350 (13.6) 5
Fe(C=CC=CPh)(dppe)Cp* (2a) 273 (36.7), 387 (13.3) This work

Initially, electrochemical oxidation of 2a was carried out until no further changes were
observed in the UV-Vis range; selected spectra are shown in Figure 4.3. The 1 — ©°
transitions were not significantly affected during the oxidation process while the MLCT
transitions centred at 387 nm totally disappeared with the appearance of new broad and
low intense absorptions around 560 nm and 790 nm. These new absorptions can be
attributed to ligand-to-metal charge transfer (LMCT) transitions from the oxidised species
2a”, or to new species formed in the electrochemical cell upon oxidation. A single
isosbestic point was observed during the oxidation process suggesting that a clean reaction

occurred with formation of a unique new product.

25000

20000

.

15000 -

10000

e{dm® mol).cm

5000

230 350 450 550 630 750
Alnm)

Figure 4.3. Selected UV-Vis spectra during the oxidation of 2a.

In order to investigate the reversibility of the oxidation process in the electrochemical
cell, the mixture was then electrochemically reduced. Selected UV-Vis spectra recorded

during the reduction process are presented in Figure 4.4. This time, the 1 — © transitions
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centred at 273 nm are affected by the electrochemical process and decrease significantly
upon reduction while the MLCT band at 387 nm slightly reappears. Besides, low intensity
transitions centred at 560 nm disappear and absorptions in the far UV-range at 790 nm
increase. In the box (Figure 4.4), traces which do not go through the same point at ca 650
nm are observed; this indicates that new species are formed probably via subsequent

reactions.
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Figure 4.4. Selected UV-Vis spectra during the reduction of oxidised 2a.

Spectroelectrochemical analyses were also carried out in the Near-IR region and
selected spectra are shown in Figure 4.5. Upon oxidation and then reduction, a low energy
and very weak intensity band appears at 5500 cm’ which has been attributed to a
forbidden metal-centred ligand field (LF) electronic transition characteristic of Fe(III)
complexes’. When further reduced, the intensity of this LF transition decreases but it does

not totally disappear.
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Figure 4.5. Selected Near-IR spectra of 2a during the oxidation and reduction

processes.

Data recorded from the spectroelectrochemistry in the UV-Vis and Near-IR ranges
indicate that oxidation of the neutral compound 2a occurrs to give either the oxidised
complex 2a” or a new species via further reactions. Then, upon reduction, appearance of
new absorptions and the lack of isosbestic points in the UV-Vis range suggest that the
neutral complex 2a is only partially recovered and that (a) new species are(is) formed in
the electrochemical cell. The generated species 2a™ might slowly react with itself (under
the spectro-electrochemical conditions) to afford product(s) P (Scheme 4.5), which is(are)
probably dimer(s) as found for the ruthenium case. Spectro-electrochemical signatures of
this(these) new product(s) P together with it(their) oxidised and reduced parents were also
partially observed during the oxidation and reduction processes with the appearance of new

absorptions.

2a-¢

22 T2, P+

Scheme 4.5

86



4.3.2 Chemical oxidation of 2a and 2b, characterisations of the products

Guided by the EPR results (Chapter 2) and the spectro-electrochemical analyses carried
out on complex 2a, chemical oxidation reaction of 2a and 2b was achieved (using the
methyl end-group of 2b as a NMR probe to help for the characterisation of the products).
Formation of the 17-¢ species 2a” is expected at low temperature, and as observed by
EPR, further reactions occur to give new product(s) which is(are) characterised in this

section.

Chemical oxidations were achieved by reacting neutral complexes 2a or 2b with one
equivalent of ferrocenium salt as the oxidising agent, in THF at -78°C (Scheme 4.6). The
colour changed immediately from orange to deep green and after one hour at -78°C, the
solution was allowed to warm up slowly to room temperature over five hours. When the
temperature reached -35°C, the colour of the solution changed from deep green to deep
purple indicating a further chemical reaction had occurred. After one hour at room
temperature, pentane was added to the solution in order to precipitate the products. The
residue was then washed with pentane to afford a deep purple powder in 61 and 57% yields
for 2a or 2b, respectively, on the basis of the formulations [2][PFs] or hypothetical
[2]2[PFs)o.

T+ PRy

\ [Cp,Fe]PFg \ -35°C

Fe——(C=(C—C=C—R W Fe C(=Cc—(C=C—R ——— > "Deep Purple Product(s)"
Ph,P Pph, Ph,P Pph,
"Orange" "Deep Green"
2a:R =Ph [2a]PF,: R=Ph
2b: R =Tol [2b]PF¢: R = Tol
Scheme 4.6

High resolution mass spectra of the mixture from 2a confirmed the presence of dimers
with ions found at m/z 7142274 (z = 2; calculated: 714.2262 for [M]*"), 1429.4539
(calculated: 1429.4608 for [M + H]") and 1573.4097 (calculated: 1573.4172 for [M +
PFs]"). However, the only route to elucidate the exact dimeric structure was to obtain

crystals for X-ray analyses.
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Molecular structure

After many attempts, small thin purple crystals from the oxidation of 2a were obtained
by slow diffusion of pentane into a concentrated dichloroethane solution of the dimer
mixture. Crystals diffracted weakly due to their poor quality, although the X-ray structure
was solved with an acceptable R-factor: R = 0.083. An ORTEP view of one cation of the
symmetrical dimer [27a][PF¢], (the PF¢ anions were squeezed) is presented in Figure 4.6
while selected structural parameters are collected in Table 4.2. The asymmetric unit
incorporates half a molecule of [27a][PF¢], (the symmetry element being a C, axis passing
through the middle of the cyclobutene ring) and two and a half molecules of
dichloroethane. The crystal system is monoclinic P2/c with unit cell parameters: a =

16.7558(10), b = 12.3342(7), ¢ = 25.7292(12) A and B = 95.714(2)°.

Figure 4.6. ORTEP view of [{Cp*(dppe)Fe=C=C=,{u-C4(Ph),}][PF¢]: [27a] [PF§] >.
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Table 4.2. Selected structural parameters for [27a][PFs]..

Bond Distances (A) Bond Angles (°)

Fe-P(1) 2.2332(11) P(1)-Fe-P(2) 85.11(4)
Fe-P(2) 2.2427(11) C(1)-Fe-P(1) 90.39(13)
Fe-Cp*ent 1769 C(1)-Fe-P(2) 85.18(13)
Fe-C(1) 1.784(4) Fe-C(1)-C(2) 174.4(3)
C(1)-C2) 1.264(6) C(1)-CQ2)-C(3) 170.3(4)
C(2)-C(3) 1.344(6) C(2)-C(3)-C(4) 134.5(4)
C(3)-C(4) 1.479(6) C(2)-C(3)-C(3) 137.1Q2)
C(3)-C(3) 1.516(8) C(3)-C(4)-C(41) 130.8(4)

C(4)-C(4) 1.417(8) C(4)-C(3)-C(3) 88.0(2)

C(4)-C(41) 1.451(6) C(3)-C(4)-C(4") 91.9(2)
C(4)-C(4)-C(41) 137.202)

Firstly, the X-ray analysis confirmed the structure of [27a][PF¢], as a symmetrical
dimer with two Fe(dppe)Cp* fragments linked by a Cg ligand bearing a four-carbon
cyclobutene centre. The angles in the cyclobutene ring are close to perfect right angles
[88.0(2) and 91.9(2)°]; their sum is 360° which indicates that the Cy4 ring is planar. As
expected, the iron atoms adopt a pseudo-octahedral geometry but the bond lengths in the
Fe(dppe)Cp* fragments are significantly different in comparison with the neutral starting
material 2a. The Fe-P(1,2) distances [2.2332(11) and 2.2427(11) A] are clearly elongated
in comparison with the Fe-P(1,2) bond lengths in 2a [2.1808(4) and 2.1955(4) A] while the
Fe-Cp*cent 18 also slightly longer [Fe-Cp* cni(2a) = 1.746, Fe-Cp*cent([27a][PF¢]2) = 1.769
A]. The Fe-C(1) bond length significantly decreased [1.784(4) A] by ca 0.09 A in
comparison with the Fe-C(1) distance in 2a [1.8733(13) A] which is consistent with a
[Fe=C(dppe)Cp*]" double-bond formulation. Distances in the [27a][PFs], carbon chain
[Fe-C(1) = 1.784(4), C(1)-C(2) = 1.264(6) and C(2)-C(3) = 1.344(6) A] are very close to
the distances found in the allenylidene complex [Fe(=C=C=CPh,)(dppe)Cp*]PF¢ [Fe-C(1)
= 1.785(5), C(1)-C(2) = 1.257(7) and C(2)-C(3) = 1.361(7) A] previously synthesised by
Argouarch et al’. These bond lengths are characteristic of allenylidene derivatives with the
C(1)-C(2) distances being shorter than the C(2)-C(3) distances indicating a contribution
from the canonical form [M]{C=CC"(R)R’}®. The Fe-C(1)-C(2)-C(3) chain slightly
deviates from linearity with angles at C(1) and C(2) being 174.4(3) and 170.3(4)°.
Distances in the cyclobutene ring are consistent with the presence of three single bonds [2

x C(3)-C(4) = 1.479(6) and C(3)-C(3") = 1.516(8) A] and one C=C double bond [C(4)-
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”n"s

C(4") = 1.417(8) A]. No short contacts were observed in this structure; however, the two

Cp* rings are very close to each other with distances between two methyl groups being ca

3.7 A.

The difficulties encountered in crystallising dimer [27a][PF¢], could originate from the
presence of several isomers in solution as found in the ruthenium case, only one of which
crystallised. Indeed, when the purple powders from the oxidation reactions were analysed
by *'P NMR spectroscopy to investigate their composition and purity, the spectra (Figure
4.7) contained four different signals at 8 89.36, 90.06, 90.45 and 91.00 for the purple
powder from 2a, and at § 89.64, 90.32, 90.76 and 91.25 for the purple powder from 2b
with relative intensities being 16:58:16:10 and 14:64:14:8 (total intensity of 100),
respectively. The hexafluorophosphate anions were also observed as septuplets at o -

142.99 ('Jpr = 708 Hz) and -142.94 ('Jpr = 708 Hz) for R = Ph and R = Tol, respectively.
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Figure 4.7. "' P NMR spectra of the unknown purple products from the oxidation reactions of

2a (left) and 2b (right).

The *'P NMR spectra in the iron case were very similar to the ones from the ruthenium
case’, so it was assumed that a similar dimerisation of 2™ had occurred during the
oxidation. Indeed, there is a good agreement between the *'P NMR spectra and the dimeric
structures proposed in Scheme 4.7: the major peak could correspond to the symmetrical
dimer [27a/b][PF¢], where dimerisation occurred by coupling of the C3=C,4 triple bonds of
the carbon chain. The two other signals with equal intensities could be attributed to the
unsymmetrical dimer [28a/b][PFs], where this time, dimerisation occurred by coupling of
the C,;=C, and C;=C, triple bonds. The last peak of low intensity which was not observed

in the ruthenium case but is present in both iron examples, could correspond to a
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symmetrical dimer [29a/b][PF¢], where dimerisation occurred by coupling of two C,=C,
triple bonds; its low percentage in the reaction mixture could originate from its unfavoured
formation because of steric hindrance. Note that this last symmetrical dimer could also
result from a C,-C, coupling as recently reported by Whiteley et al. for related
molybdenum complexes (see Scheme 4.3).> Additionally, the *'P NMR chemical shifts are

consistent with the presence of cationic iron-cumulene fragments’.

[Cp,FelPF,
F
Ph,p” | THF, -78°C

2a: R =Ph
2b: R =Tol
— — 2%, 2PF4
ﬁ\ N T 2%, 2PF,
Ph,p—F \ @\ B T 2%, 2PF
Q/p/;c\ /
e N AN s
\ / / th C
c— PPh, C\ P\F //
|+ R + NS
C ) PPh, NC—
7 T ||
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C AN
\Fe/ \Fe/ \C\ /Fe\/ C\\
/N / \PPh \C Ph,P  PPhy C\
ph,Y PPy Ph,P 2 N \J 2
\ \ R
[27a][PFg],: R=Ph [28a][PF¢],: R=Ph [29a][PF4,: R =Ph
[27b][PF4],: R = Tol [28b][PF],: R = Tol [29b][PF4],: R = Tol

Scheme 4.7. Hypothetical structures proposed for the oxidative dimerisation of 2a and 2b.

However, this hypothesis was disproved by three different pieces of experimental and

theoretical evidence:

1. Attempts to purify the mixtures from 2a and 2b were carried out without any success,
fractional precipitations or crystallisations always affording exactly the same ratio of dimer
signals in the 3'P NMR spectra. Even when crystals of the dimer [27a][PF¢], from X-ray
analyses were redissolved for *'P NMR analysis, the spectrum was identical to the ones
previously obtained from the starting mixtures (Figure 4.7-left). Unlike the ruthenium
dimers which can be purified by chromatography, preparative t.l.c. carried out on the iron

dimer mixtures afforded a purple band which, after being collected, was shown by *'P
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NMR to be the starting mixture, no noticeable separation of one specific isomer or

decomposition being observed.

ii. The C=C triple bonds characteristic of the hypothetical dimers [28a/b][PF¢], and
[29a/b][PF¢]> were not observed either in the IR or *C NMR spectra (see Section 4.3.3). In
contrast to the ruthenium examples (Scheme 4.2) where the unsymmetrical dimers were
characterised by IR [for R = Ph: v(C=C) 2169 and v(CCC) 1933 cm™']% no bands were
observed in the 2000-2200 cm™ range for the iron cases. No signature resonances of C(sp)
nuclei (which usually are in the 60-100 ppm range) were found in the ?C NMR spectra of

the iron mixtures.

iii. DFT calculations of the three iron dimers (Scheme 4.7) made by Gendron from the
Halet group in Rennes disfavour the existence of dimers [28a/b][PF¢], and [29a/b][PFs]..
Relative energies, molecular orbital diagrams and orbital representations of the [27a][PFs],
and [28a][PF¢]» (“cis” and “trans”) dimers are represented in Figure 4.8. No calculations
were carried out for dimer [29a][PF¢], because it could not be simulated for steric
hindrance reasons. The symmetrical dimer [27a][PFs], in its optimised geometry (close to
the crystal structure geometry in Figure 4.6) was found to be 2.022 eV more stable than the
unsymmetrical dimer “cis-[28a][PFs],”, and 1.877 eV more stable than the trans isomer.
These values are very large in comparison with the values obtained for the analogous
ruthenium dimers [25a][PF¢], and [25b][PFs], (Scheme 4.2) where the symmetrical dimer
is more stable than the unsymmetrical dimer by 0.611 eV’. This dramatic difference
between the iron and ruthenium examples indicates that the formation and existence of the
unsymmetrical iron dimer [28a][PF¢], is largely disfavoured because of the very large
energy difference between these dimers, formation of the symmetrical dimer [29a][PFs],
being totally disfavoured. The stability difference between the iron dimers presumably
results from steric hindrance. Note the ruthenium complexes 23 and 24 contain Cp ligands
whereas the iron complexes 2a and 2b contain Cp* ligands which better sterically protect
the C, of the carbon chain (together with the bulky dppe ligands). Besides, the iron atom is
smaller than the ruthenium atom, so that steric protection afforded by the ligands towards

C, 1s increased in the iron case.
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Figure 4.8. Molecular orbital diagrams and frontier orbital representations of the dimers [27a] [PFg] >
and [28a][PFg], (“cis” and “trans”).

Theoretical and experimental results thus disprove the proposed hypothesis (Scheme
4.7) for the formation of three different isomeric dimers [27a/b][PF¢],, [28a/b][PF¢], and
[29a/b][PF¢], upon chemical oxidation of neutral complexes 2a and 2b. Based on the
crystal structure of the dimer [27a][PFs],, a new hypothesis was thus formulated: only
dimers [27a/b][PF¢], are formed during the oxidation reaction, however, different rotamers
of [27a/b][PFs], exist due to the rotation of the metallic fragments at the end of the carbon
chains. Equilibria or exchange of the different rotamers may explain the difficulties

encountered to purify and separate them.
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Exchange spectroscopy (EXSY)

In order to validate the rotamer hypothesis, an exchange '"H NMR spectroscopy
experiment was carried out. EXSY NMR is a 2D NMR method and pulse sequences used
to obtain EXSY spectra are identical to those for NOESY sequences. In the EXSY (or
NOESY) experiments, recorded spectra are symmetrical along the diagonal and correlation
spots indicate exchange situations (or spatial proximity). The presence of rotamers in the
iron case could be confirmed by the measurement of equilibria or exchange between the
different conformations of the dimers [27a/b][PF¢],. The EXSY experiment was achieved
with the dimer [27b][PF¢]s, the protons of Cp* groups being used as probes to observe the
exchange processes. Figure 4.9 shows the EXSY spectrum of dimer [27b][PF¢], in the Cp*
region. Circled spots clearly show that exchange occurred in solution between the Cp*
signals being in the range of 6 1.34-1.56 (the small peak in the middle being an impurity).
Correlation spots are also observed between the Me group of the tolyl and in the aromatic

region confirming the exchange phenomenon.
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Figure 4.9. EXSY spectrum of the dimer [27b] [PF],: Cp* region.
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The exchange processes which were observed using EXSY NMR clearly validate the
hypothesis of the formation of only the dimers [27a/b][PFs], by oxidative coupling. The
dimers from the oxidations of compounds 2a and 2b being “pure”, they were fully
characterised by the usual spectroscopic methods and their physical properties were

investigated.
4.3.3 Characterisation of the dimers [27a][PF¢]; and [27b][PF ¢/,

The *'P NMR spectra shown in Figure 4.7 were reinterpreted on the basis that different
rotamers were present, and the possible rotamers are presented in Scheme 4.8. The major
peak at 6 90.06 in the spectrum of the dimer [27a][PFs], (and at 6 90.32 for [27b][PF¢],)
probably corresponds to the rotamer [27al1][PF¢], (and [27b1][PF¢],) which from the X-ray
structure is the most stable. The Cp* ligands are on the same side fronting each other. The
two equivalent signals at & 89.36 and 90.45 (and at 6 89.64 and 90.76) could correspond to
rotamer [27a2][PF¢], (and [27b2][PF¢],) where one metal fragment has rotated by 180°
making the two dppe ligands inequivalent. The last peak at 6 91.00 (and & 91.25) could
correspond to rotamer [27a3][PF¢]> (and [27b3][PFs]2) where both metal fragments have
rotated by 180°, the two dppe ligands now being equivalent. This rotamer is probably
slightly disfavoured because of the bulky dppe ligands fronting on the same side which
induces large steric hindrance. In the "H NMR spectra, similar patterns containing the four
different peaks with the same relative intensities were observed for the Cp* protons at &
1.34 (x 2), 1.37 and 1.54 for rotamers [27a][PF¢],, and at & 1.34, 1.36, 1.38 and 1.54 for
rotamers [27b][PFs],. In these two examples, the dppe-CH, protons were found between o
2.40 and 3.65 as broad signals together with the Me of the tolyl groups (from rotamers
[27b][PF¢],) which were found between 6 2.40 and 2.50.
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Scheme 4.8. Selected rotamers of [27a/b] [PF] ».
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The energies of the different rotamers (in their optimised geometries) in the singlet state
have been calculated by Gendron, starting from the energy of the rotamer found in the
crystal structure (rotamer [27al][PF¢],). This lowest energy is -1152.954 eV: successively
changing the angle between the two metal fragments by 45, 90 and 180°, the last rotation
corresponding to rotamer [27a2][PF],, gives energies of -1150.164, -1151.976 and -
1152.848 eV, respectively. The energy of rotamer [27a3][PF¢], where the two metal
fragments rotated of 180° in comparison with rotamer [27a1l][PF¢],, was calculated to be -
1152.652 eV. The theoretical results show that the rotamer energies are considerably
dependent on rotation of the metal fragment end-caps, with AE values being between 0.106
and 2.790 eV, in comparison with the most stable rotamer [27al][PF¢],, for the five
examples calculated. The smaller gaps of 0.106 and 0.302 eV being between the three
proposed rotamers [27al][PF¢],, [27a2][PF¢], and [27a3][PF¢], suggests that the three

rotamers observed by *'P NMR spectroscopy might be the most stable conformations.

Dimers [27a][PF¢], and [27b][PFs], were further characterised by IR and BC NMR
spectroscopy. In the IR spectra (Figure 4.10), one strong band was observed at 1888 cm’
together with a medium band at 1968 cm™ for [27a][PFs], and [27b][PF], while the P-F
bands of the PFs anions were observed at v(PF) 839 cm™ in both cases. In the literature,
allenylidene v(CCC) bands in organometallic complexes [M]{=C=C=C(R)R’} can be
found over a large range between 1865 and 2200 cm™, depending on the metal, the ligands
attached to the metal atom and especially the nature of the R and R’ end groups®. However,
the v(CCC) band in [Fe(=C=C=CPh,)(dppe)Cp*][PFs]’ is found at 1896 cm™ which
suggests that the band at 1888 cm™ is V(CCC) of the dimers [27a/b][PF¢],. The medium
band at 1968 cm™ may be due to the restricted rotation in the allenylidene fragments giving

the different rotamers'’.
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Figure 4.10. IR spectrum of the dimer [27a] [PF] .

In the *C NMR spectrum of dimer [27a][PFs], (the *C NMR spectrum of dimer
[27b][PF¢], is similar and is not illustrated in this section), patterns analogous to the lp
NMR, containing four signals of specific intensities which are characteristic of the three
rotamers, are observed in the entire spectrum. The four signals corresponding to the C,
carbons (Figure 4.11) were found at 6 278.84, 281.05, 283.25 and 283.46 as triplets (the

two last triplets being superimposed) with “Jcp = 36 Hz in each case.
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Figure 4.11. 3¢ NMR spectrum of [27a][PFs],: C, pattern.
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Two similar patterns of singlets were observed at & 180.11, 180.63, 181.00, 181.95 and
146.67, 147.51, 147.91, 149.42 ppm (Figure 4.12) always including one intense peak, two
medium peaks of similar intensity together with one small peak. These resonances were
assigned to the C, and a quaternary aromatic carbon (for the patterns centred at 180 and
147 ppm respectively). The pattern corresponding to the Cg resonances was observed
around 205 ppm but unfortunately was overlapped by the carbonyl resonance of the
deuterated acetone. Chemical shifts observed for the C,, Cg and C, of the allenylidene

fragments are consistent with values previously obtained for iron allenylidene complexes’.
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Figure 4.12. "C NMR spectrum of [27a] [PF4]: C, and quaternary aromatic carbon

patterns.

Additionally, resonances of the Cp* ligands were also observed as singlets in patterns
(Figure 4.13) at 6 102.39, 102.56, 103.09 and 103.11 for the CsMes carbon atoms and at &
10.36, 10.43, 10.64 and 10.78 for the Me carbon atoms. The chemical shifts around 100

ppm for the Cp* ring carbon atoms are characteristic of cationic Fe(IT) complexes''.
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Figure 4.13. B¢ NMR spectrum of [27a] [PF¢]>: CsMes (left) and CsMes(right) patterns.
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In summary, using °C NMR and IR spectroscopy, the allenylidene fragments in the

dimers [27a][PF¢], and [27b][PFs], have been successfully characterised.
4.3.4 Supporting DFT calculations

With the aim of studying and understanding the oxidative coupling reaction affording
the iron dimers, DFT calculations were made by Gendron from the Halet group in Rennes.
DFT calculations for the ruthenium examples (Section 4.1.1) were extended to the similar
iron chemistry described in this Chapter. Atomic spin densities of the 17-e species
[Fe(C=CC=CPh)(dppe)Cp*]™ (2a™") were calculated, the values and representations of the
atomic spin densities being shown in Figure 4.14. Very large atomic spin density (0.70)
was found on the iron atom and is characteristic of Fe(III) complexes'?. The atomic spin
densities on the C4 carbon bridge were also surprisingly large on the C, (0.20) and C4
(0.17) atoms, which is very unusual for 17-e iron species. Additionally, the atomic spin
densities on the other carbon atoms of the chain were quasi-null (-0.06 and -0.05) whereas
small atomic spin density values were found on the o- and p-carbons of the phenyl end
group. In contrast to the [Fe(C=CR)(dppe)Cp*]"" complexes®, where the unpaired electron
is mostly localised on the iron atom and only weakly on the carbon chain, the unpaired
electron is strongly delocalised on the C4 chain of 2a™. Comparison with the ruthenium
example 23" shows no significant changes in the atomic spin densities of the carbon chain,
especially on the C, and C4 carbons which conserved quasi-similar values (0.22 to 0.20 for
C, and 0.22 to 0.17 for C4). However, the atomic spin density on the metal atom is

considerably increased when ruthenium is replaced by iron (0.33 to 0.70).
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Atomic spin densities:
Fe=0.70, C; =-0.06, C,=0.20, C; =-0.05,C,=0.17

Figure 4.14. Calculated (left) and representation (vight) of the atomic spin densities in
[2a] PF.
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These theoretical calculations support the experimental results obtained in this Chapter
and contribute to the proposed mechanism (Scheme 4.9) for the formation of the dimer
[27a][PFs], (and thus [27b][PFs],). The first step is a radical coupling between C4 of two
molecules of 2a”". Considering the atomic spin densities, the C4-C,4 radical coupling is not
the most favoured compared with the C,-C, and C,-C4 couplings. However, steric
hindrance from the bulky dppe and Cp* ligands prevent the C,-C, and C,-C4 couplings,
leaving the C4-C4 coupling as the most facile route. In comparison with the ruthenium
examples where both C,-C4 and C4-C,4 couplings occurred, the Cp* ligand in the iron cases
(which is replaced by Cp in the ruthenium examples), plays an important role in protecting
C, from radical coupling. After the C4-C4 coupling, formation of a bis-butatrienylidene
intermediate is proposed; this species is highly unstable, intramolecular cyclisation

occurring instantaneously to form the cyclobutene centre in dimer [27a][PF]s».
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[27a][PF¢],
Scheme 4.9. Proposed mechanism for the dimerisation of 2a™".

DFT calculations were also carried out on dimer [27a][PFs], of which the energy
diagram is shown in Figure 4.8 (Section 4.3.2) with selected frontier orbital representations
in Figure 4.15. Atomic percentages of the frontier molecular orbitals on the different atoms
in [27a][PF¢], are collected in Table 4.3. As expected, these indicate that the HOMOs
(245a, 244a and 243a) mostly have a metallic character with large percentages on the iron
atoms. In contrast, the LUMOs (246a and 247a) mostly have an organic character,
especially localised on the cyclobutene ring: the atomic percentages on four carbons Cs,

Cs, C7 and Cg sum to 39 and 37% for 246a and 247a, respectively.
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HOMO: -8.84 eV

Figure 4.15. Selected frontier orbital representations of dimer [27a] [PF¢] .

Table 4.3. Atomic percentage (%) in molecular orbitals of [27a][PF¢]».

Frontier orbitals for dimer [27a][PFs],

247a 246a 245a 244a 243a
E 7.26 -7.28 -8.45 -8.57 -8.70
occ 0 0 2 2 2
% Fe, 11 7 29 33 33
% Fe, 10 7 29 33 33
% Cp 0 0 1 3 2
% C, 9 6 1 0 0
% C, 0 0 8 2 2
% C; 9 6 1 0 0
% Cy4 0 0 7 2 2
% Cs 12 5 0 0 0
% Cs 6 13 0 0 0
% C 7 13 0 0 0
% Cg 12 8 0 0 0
%Ph; 2 6 0 0 0
%Ph, 4 6 0 0 0
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4.3.5 Electrochemistry

The cyclic voltammogram of the dimer [27b][PF¢], was recorded (using similar
conditions to section 2.3.4) in order to determine its redox potentials and to investigate
electronic communication in the molecule. Redox potentials of dimer [27b][PFs], are

collected in Table 4.4.

Table 4.4. Electrochemical potentials of [27b][PF¢]».
E'; (V) E" (V) E'; (V) E% (V)

[27b][PFq], -0.94 -0.59 +1.07 +1.25

In the CV of [27b][PF¢],, four redox processes were observed, with two oxidation
waves and two reduction waves. The reversibility of the two oxidation waves at E’; =
+1.07 and E% = +1.25 V could not be determined because of their positions relative to the
solvent front while the two reduction waves centred at E°; = -0.94 and E’; = -0.59 V were
fully reversible (iy/ic = 1). As the HOMOs have very strong metallic character, the two
oxidation waves are attributed to the two Fe(Il)” — Fe(II[)*" processes at the metal centres,
the species 27b°" and 27b*" being formed successively. The separation of two waves (AE =
0.18 V) indicates that some electronic communication exists between the two metal
centres. The two reduction processes were attributed to the reduction of the carbon chain
and more especially of the cyclobutene ring, due to the large contribution to the LUMO
character. Upon reduction, the monocationic and neutral dimers are successively formed at
the electrode surface. Fast decomposition of the dimer [27b][PFs], was observed during
the electrochemical experiment as indicated by the appearance of weak redox processes

which increased in intensity in successive runs.
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4.3.6 EPR spectroscopy

The electronic behaviour of the iron dimer [27a][PF¢], (dimer [27b][PF¢], was not
examined by EPR) was investigated by EPR studies. The species intermediate between the
different rotamer conformations during the exchange could be a triplet state which would
be EPR-active. Surprisingly, dimer [27a][PF¢],, which was fully characterised by NMR

spectroscopy, was EPR-active, as illustrated in Figure 4.16.
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Figure 4.16. EPR spectrum of the dimer [27a][PFg], in CH;Cl, at 67 K.

In the EPR spectrum, an intense signal characteristic of Fe(Ill) was observed with the
three g-tensors being at g; = 2.443, g, = 2.035 and g3 = 1.989 (Ag = 0.454 and gj, =
2.156). Additionally, the anisotropy Ag = 0.454 is very large indicating strong metallic
character of the SOMOs (because the unpaired electrons are mostly localised on the
metallic atoms). The half-field signal centred at g = 4.263 indicates the presence of a
biradical which is consistent with the structure of dimer [27a][PF¢], having a triplet state
(Figure 4.17). This triplet state could possibly be the intermediate in the equilibria between
the different rotamers, and has been trapped by freezing the dichloromethane solution at 67
K; however, its stability might be low due to the unstable cyclobutadiene ring formally

present in this mesomer. The triplet state could also exist as an open structure similar as the
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structure of the intermediate compound in Scheme 4.9, which might be more stable than

with a cyclobutadiene ring.
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Figure 4.17. Possible limit resonance structures for the singlet and triplet states in dimer
[27a/b] [PF]>.

In order to investigate the stability of the triplet state of dimer [27a][PFs], , the energy
of the triplet state of rotamer [27al][PF¢]> (which is the most stable in the singlet state
[E(singlet) = -1152.954 eV]) was computed by Gendron. The triplet state was found to be
0.952 eV less stable [E(triplet) = -1152.002 eV] than the singlet state, which is a large
difference. However, energies of other conformations (rotations of the end-capped metal
fragments) in the triplet state have not been calculated yet. Thus, the triplet state could be
more stable with energies close to the singlet state in other conformations as it has been
observed previously that the energies are strongly dependent on the orientations of the

metal fragments.

4.3.7 Conclusion

Investigations have been carried out on the oxidation of the new diynyl complexes 2a
and 2b synthesised in Chapter 2. These reactions afforded the new iron dimers
[27a/b][PF¢], containing two allenylidene fragments linked to a cyclobutene centre. Unlike
the ruthenium examples, where oxidation gave two different dimers, one symmetrical and

one unsymmetrical, only one symmetrical dimer resulting from C4-C4 radical coupling is
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formed in the iron cases. However, an equilibrium mixture of three rotamers was observed
and characterised, their interconversion being slow on the 'H NMR time scale. The
original dimers [27a/b][PF¢], also showed good electronic communication between the
two iron sites (K. = 1.3 x 10%). Surprisingly, replacing the metal atoms (Ru by Fe) in the
diynyl 17-e species does not significantly change the atomic spin densities on the carbon
chain. In contrast, replacing the Cp ligand by a bulkier Cp* dramatically changes the

reactivity of the diynyl 17-e species which is sterically protected from couplings to C,.

Structures for the rotamers were proposed and their relative stabilities are largely
dependent on the orientations of the metal end-caps. Additionally, a possible intermediate
in the rotamer exchange processes may be the triplet state which has been characterised by

EPR spectroscopy.

Other diynyl complexes of general formula M(C=CC=CR)(dppe)Cp* with M = Fe, Ru
and R = SiMe;, H, AuPPh; were also chemically oxidised in order to obtain dimers with
different R groups. However, in these reactions fast decomposition of the 17-e species was

observed and no products could be isolated and characterised.

Most of the results described in this Chapter were rationalised by DFT calculations

achieved by Gendron from the Halet group at the Université de Rennes 1.
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Experimental

General experimental conditions are detailed in Chapter 2, Experimental section.

Spectro-electrochemistry: Spectro-electrochemistry of complex 2a was carried out in
dichloromethane at room temperature with 0.2 M of [NBu"4]PF¢ (0.1 M for the Near-IR
range) as the supporting electrolyte using a platinum grid as the working electrode, one
platinum wire as the counter electrode and one silver wire as the reference electrode.

Reagent: [FeCp,]PFs' was prepared using the cited methods.

Synthesis of [{Cp*(dppe)Fe=C=C=},{p-C4Ph,}][PF]. ([27a][PF]2)

Fe(C=CC=CPh)(dppe)Cp* 2a (100 mg, 0.14 mmol) and [FeCp,]PFs (46 mg, 0.14
mmol) were dissolved in THF (10 ml) at -78°C when the colour changed immediately from
orange to deep green. After stirring 1 h at -78°C, the solution was slowly allowed to warm
up to room temperature over a period of 5 h. When the temperature reached -35°C, the
colour of the solution changed from deep green to deep purple. After stirring 1 h at room
temperature, pentane (60 ml) was added to the solution and the resulting precipitate was
filtered off and washed with pentane (3 x 10 ml) to afford [{Cp*(dppe)Fe=C=C=},{p-
C4Phy}][PFs], [27a][PF¢l. (74 mg, 61%) as a deep purple powder. Anal. Calcd for
CoHsgF12PFe,.CH,Cly: C, 61.91; H, 5.03. Found: C, 62.02; H, 5.24. IR (KBr): v(CCC)
1968, 1888; v(P-F) 839 cm™. 'H NMR (ds-acetone, 600 MHz): & 1.34, 1.37 (2 x s, 13H,
Cp*), 1.54 (s, 17H, Cp*), 2.51, 2.94, 3.44, 3.65 (4 x s (br), 8H, PCH>), 6.93-7.69 (m, 50H,
Ph). °C NMR (ds-acetone, 150 MHz): § 10.36, 10.43, 10.64, 10.78 (4 x s, CsMes), 29.57-
32.33 (m, dppe), 102.39, 102.56, 103.09, 103.11 (4 x s, CsMes), 126.75-135.52 (m, Ph),
146.67, 147.51, 14791, 149.42 (4 x s, Ph), 180.11, 180.63, 181.00, 181.95 (4 x s, C,),
202.59, 205.46, 205.62 (3 x s, Cp), 278.84, 281.05, 283.25, 283.46 (4 x t, 4 X 2Jep =36 Hz,
C,).>'P NMR (ds-acetone, 121 MHz): & 89.36, 90.06, 90.45, 91.00 (4 x s), -142.99 (septet,
'Jpe = 708 Hz, PFs). ES-MS (m/2): caled for CoyHgsP4Fe, 714.2262, found 714.2274 [M]*;
caled for CoyHgoP4Fe, 1429.4608, found 1429.4539 [M + H]'; caled for CoyHgsFePsFes
1573.4172, found 1573.4097 [M + PF¢]".
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Synthesis of [{Cp*(dppe)Fe=C=C=},{p-C4(CsHsMe)2}][PF]2 ([27b][PF¢]>)

Similarly, from Fe(C=CC=CC¢HsMe)(dppe)Cp* 2b (100 mg, 0.14 mmol) and
[FeCp2]PFs (45 mg, 0.14 mmol) was obtained [{Cp*(dppe)Fe=C=C=},{u-
C4(CsHaMe), } [[PF¢]2 [27b][PFe]> (70 mg, 57%). IR (KBr): v(CCC) 1968, 1888; v(P-F)
839 cm™. '"H NMR (ds-acetone, 400 MHz): 6 1.34 (s, 4H, Cp*), 1.36 (s, 4H, Cp*), 1.38 (s,
3H, Cp*), 1.54 (s, 19H, Cp*), 2.08, 2.28, 2.38 (3 x s, 6H, CsHaMe), 2.48, 2.97, 3.45, 3.64
(4 x m, 8H, PCH,), 6.84-7.67 (m, 48H, Ph). *C NMR (ds-acetone, 100 MHz): § 10.23,
10.27, 10.41, 10.55 (4 x s, CsMes), 21.91(m, CcHsMe), 29.27-32.61 (m, dppe), 101.99,
102.14, 102.71, 102.75 (4 x s, CsMes), 126.77-135.65 (m, Ph), 140.99, 143.32, 143.42,
143.64 (4 x s, Ph), 180.37, 180.62, 181.98, 181.70 (4 x s, C,), 200.10, 203.10, 203.16,
203.73 (4 x s, Cp), 278.07, 280.45, 282.58 (3 x t, 3 x “Jep = 36 Hz, C,). >'P NMR (ds-
acetone, 121 MHz): 6 89.64, 90.32, 90.76, 91.25 (4 x s), -142.94 (septet, Upr = 708 Hz,
PFy).
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Chapter Five

Syntheses, Characterisation and Properties of
[{Cp’(dppe)M}(C=CC=CC=C){M(dppe)Cp’}]" (n=0,1,2; M =
Fe, Ru; Cp’ = Cp, Cp¥)

5.1 Introduction

Mixed-valence complexes containing transition metals linked by organic bridges have
attracted much attention over the last few decades. In order to study and understand
electron transfer over nanometer distances, molecules with many different organic bridges
and different transition metal fragments have been studied. It has been demonstrated that
the strength of the electronic coupling is dependent on the organic bridges and the nature
of the transition metal fragments. The “C=C” units are one of the most widely used motifs
for the construction of rigid-carbon bridges, and often play the role of connectors between

the metal centres and organic or organometallic R groups (Scheme 5.1).

_ _ °t
[M[|—C=C—R—C=C—[M]

Scheme 5.1
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For symmetrical complexes (M = M’), many kinds of R groups have been studied,
including such aromatic groups as benzene (para-' or meta-substituted”), thiophene’,
naphthalene®, anthracene’, biphenyl® and dithienylethene7 which, together with the ethynyl
fragments, form good electron-conducting bridges and typically afford class II or class III
mixed-valence systems. Less conducting R groups such as saturated hydrocarbon bridges®,
silicon chains’ and carboranes'® have also been studied, most of the time affording weakly
coupled class II mixed-valence systems. A wide range of organometallic R groups have
also been studied such as ferrocene“, biferrocenelz, Pd(PEt3)213, Hg14 and other more
complex fragments'”; these systems have most of the time been described as class I (when
the organometallic R group acts as an insulator) or class II mixed-valence systems. A few
unsymmetrical mixed-valence complexes containing two different end-capping metal
fragments (M # M”) with R = 1,4-C¢H, have also been reported'®, and have been described
as class II mixed-valence systems. However, pure polyyne bridges are well known as one
of the most efficient linkers in promoting electronic interactions between two metal

fragments, the electronic coupling decreasing when the number of “C=C” units increases.

5.1.1 Mixed-valence complexes containing C; and Cy chains

Only a few examples of symmetrical mixed-valence complexes containing a C, bridge
have been prepared, fully characterised and studied. One of them, the dimanganese
complex [{(MeCsH,)(dmpe)Mn},(u-C2)]PFs, has been described by Berke et al.'”.
Extremely strong electronic coupling of the manganese end groups has been measured by
electrochemistry (K. = 8.6 x 10'%), which is consistent with [{(MeCsHs)(dmpe)Mn}(p-
C,)]PFs being a class III delocalised mixed-valence system. In contrast, the ruthenium
mixed-valence complex [{Cp(dppe)Ru},(n-C,)]PFs, which has been described by Bruce et
al.'®, also exhibits strong electronic interactions by electrochemistry (K. = 7 x 10");
however, the low energy band observed in the Near-IR range was attributed to a Ru(d)-
[Ru(d)/Cy(m)]* transition rather than an intervalence charge transfer (IVCT) transition on
the basis of DFT calculations. Therefore, electron transfer in [{Cp(dppe)Ru},(u-C,)]PFs
has not been interpreted based on Hush theory'® due to the non-innocent redox character of

the ethyndiyl ligand*> .

Symmetrical mixed-valence complexes containing a butadiyndiyl bridge of general

formula [{M},(u-C=CC=C)]"" (Scheme 5.2) have been widely studied with a large range
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of metal fragments such as Re(NO)(PPh3)Cp**', Fe(dppe)Cp***, Ru(PP)Cp’ [PP = (PPhs),,
dppe, dppm; Cp’ = Cp, Cp*]*, Mn(dmpe),I** and W(dppe),I**. Depending on the nature of
the metal, the butadiyndiyl unit is a more or less efficient bridge in promoting electronic
interactions between metal centres. These mixed-valence complexes generally exhibit
characteristic intense low energy bands in the Near-IR range which were attributed to
IVCT transitions. Most of these complexes were classified as class III delocalised mixed-
valence complexes where the unpaired electron is fully delocalised between the two metal
centres, giving very large electronic coupling parameters, especially in the ruthenium and
rhenium cases (Vg = 0.7 €V). Exceptions were observed for mixed-valence complexes
containing the Mn(dmpe),I and W(dppe),l fragments, which were classified as class II
mixed-valence systems. Electron localisation was observed on the very fast IR time scale

in both cases (107 s).

o

[M|—/C=C—C=C—[M]

Scheme 5.2

Unsymmetrical mixed-valence complexes of general formula [{M}(C=CC=C){M’}]""
with Fe, Ru and Re metal fragments®® have also been studied, affording weakly-coupled
class II mixed-valence complexes as predicted by the Hush model for unsymmetrical

1
systems' .

5.1.2 Mixed-valence complexes containing long polyyne carbon chains

Characterised mixed-valence complexes containing a carbon chain longer than C, are
extremely rare. To date, the mixed-valence complex containing the longest elemental
carbon chain is [{Cp*(dppe)Fe}2(u-C=CC=CC=CC=C)]"" (42" synthesised by Lapinte et
al.*” (Scheme 5.3). It contains a Cg bridge and the distance between the two iron centres is
12.6 A. Unfortunately, no crystal structure has been obtained. Even over a distance as great
as the Cg bridge, a large electronic coupling has been measured and 42" has been classified

as a class III mixed-valence system.
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The syntheses of mixed-valence complexes with Cg and Cg chains linking
Re(NO)(PPhs)Cp* end groups were attempted by Gladysz et al.**. However, they were
unsuccessful; mixed-valence species have been detected by IR spectroscopy [v(NO) bands
were consistent with the presence of radical cations], but these were unstable at low
temperature and quickly decomposed. The authors proposed that the radical cations are
much more susceptible to intermolecular reactions (with increasing length of the carbon

chain) and that a possible carbon-carbon radical coupling could occur to afford dimers.

Finally, an unsymmetrical mixed-valence complex containing a Ce chain, with the two
metal fragments Re(NO)(PPh3)Cp* and Fe(dppe)Cp* has been reported”. Unfortunately,
the [{Cp*(PPh3;)(NO)Re}(C=CC=CC=C){Fe(dppe)Cp*}]™ radical cation has only been
characterised by IR and EPR spectroscopy, no further measurements, especially in the
Near-IR range, being achieved. However, the EPR results suggest that the g-values are

typical for an iron-centred radical.
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5.2 Aims

As described above, mixed-valence complexes containing a C4 bridge have been widely
studied, together with, in the Fe(dppe)Cp* series, the mixed-valence system containing a
Cs chain (42"). However, studies on mixed-valence complexes containing odd number of
C=C motifs have been missing (apart from some complexes with a C, bridge) and
especially of compounds with a C4 bridge. Properties intermediate between analogous Cy4
and Cg complexes might be expected for a mixed-valence complex containing a C¢ bridge,
however, it could also have novel properties due to the C¢ ligand containing an odd number

of C=C triple bonds.

Syntheses and characterisation of new bimetallic hexatriynyl complexes containing the
metal fragments Fe(dppe)Cp*, Ru(dppe)Cp* and Ru(dppe)Cp are described in this
Chapter. In order to investigate electronic interactions between the two end-capping metal
fragments through the Cg bridge and the thermodynamic stability of the mixed-valence
states, electrochemical studies of the novel complexes were carried out. Chemical
oxidation of the new complexes was also carried out to generate novel radical cations, of
which some were stable enough to be isolable. The new stable mixed-valence complexes
were fully characterised and their physical properties investigated in order to study the
strength of electron transfer over such distances, for which EPR and Near-IR spectroscopy

were the most efficient methods.

Two-electron chemical oxidation was also investigated to give new dicationic species
with unusual magnetic properties. Finally, tetracyanoethene (TCNE) reacted with some of
the neutral hexatriynyl complexes to afford new compounds, which exhibited interesting

physical properties.
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5.3 Results and discussion

5.3.1 Syntheses of {Cp’(dppe) M}(C=CC=CC=C){M(dppe)Cp’} (M = Fe, Ru; Cp’ =
Cp, Cp¥)

In the literature, few methods are available for the preparation of symmetrical
hexatriynyl complexes; the most widely used is the reaction between a metal halide and the
TMS-protected triyne Me;Si(C=C);SiMe;'® *” in the presence of a desilylating agent such
as KF (Scheme 5.4). This method is very efficient because the bimetallic complex [M],(p-
C=CC=CC=C) generally precipitates out of solution and no further purification is needed.
The second method consists of a Cu(I)-catalysed cross-coupling reaction between a metal
diynyl [M](C=CC=CH) and the ethynyl [M](C=CH) (Scheme 5.4)°". The advantage of this
method is that unsymmetrical complexes [M](C=CC=CC=C)[M’] can be synthesised.
However, the hexatriynyl complex is not the only product: homocoupling of the ethynyl or
diynyl complexes afford binuclear compounds containing C4 and Cg chains, respectively,
so that separation and purification of the different products may be very difficult or even

impossible.

KF
@@ [M]—Cl + MeSi—C(=C—C=C—C=C—SiMe; ——— > [M]— C=C—C=C—C=C—M]

Cu(l)
(b) IM—C=C—C=C—H + H—(=C—M] ———>» [MI—C=C—(C=C—C=C—[M]

N
M]—C=C—C=C—M]
+

[M]—C=C—(C=C—C=C—C=C—[M]
Scheme 5.4. Methods for the preparation of [M] ,(u-C=CC=CC=C).

Syntheses of the symmetrical complexes {Cp*(dppe)Fe}.(u-C=CC=CC=C) (30) and
{Cp(dppe)Ru},(u-C=CC=CC=C) (31) were achieved via method (a) (Scheme 5.5). For 30,
two equivalents of 1 react with one equivalent of the silylated triyne Me;Si(C=C);SiMes in
the presence of KF in MeOH. After stirring one night at room temperature, the resulting
orange precipitate was filtered off and washed with methanol to afford 30 as a fine orange
powder in 75% yield. As with the ruthenium analogue {Cp*(dppe)Ru},(u-C=CC=CC=C)
(32)*%, complex 30 was insoluble or poorly soluble in all solvents tested (from apolar to
very polar). A similar synthesis was used for 31; instead of 1, the organoruthenium

precursor RuCl(dppe)Cp 33 was used and the mixture was heated under reflux during one
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hour. The resulting yellow precipitate was collected and washed with methanol to give the
biruthenium complex 31 in 80% yield as a yellow powder. In the ruthenium case, the
mixture was heated because the reactivity of RuCl(dppe)Cp is less than FeCl(dppe)Cp*, as
a result of the stronger Ru-Cl bond.

C=C—C(C=C—C=cC Fe,

Fe—Cl + MeSi— C=C—C=C—C=C—SiMe > Fe
Phyp” ’ ’ KF S / “ppn
2 PPh, 2 PPh, Ph,P, 2
L/ L/ 30
1

Q

\ MeOH, reflux S

Ru—Cl + MeSi— (=C—C(C=C—C=C—SiMe; ————> Ry——C=C—C=C—C=C—Ru
/ KF / /N
thfl’\/Pth thl’I\/Pth A Ph,P, Ph,
33
Scheme 5.5

Mixed iron-ruthenium bimetallic complexes [M](C=CC=CC=C)[M’] 34 and 35
(Scheme 5.6) were prepared by reacting the mononuclear TMS-protected hexatriynyl
complex with a metal chloride precursor in the presence of KF as the desilylating agent™.
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 was thus made from the ruthenium
hexatriynyl complex Ru(C=CC=CC=CSiMes)(dppe)Cp* (10) with 1.1 equivalents of
organoiron precursor 1 in the presence of KF in a 1:1 THF/MeOH mixture. After one night
at room temperature the orange precipitate was collected and washed with methanol to
give 34 as a fine orange powder in 61% yield. Similar solubility behaviour was observed
for 30, 32 and 34. The bimetallic complex {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp}
35 was prepared via the same method but starting from the TMS-protected organoiron
complex 9 and the organoruthenium precursor 33 in a 1:5 THF/MeOH mixture. After
stirring one night, the resulting precipitate was collected and purified on a basic alumina
column, eluting with a CH,Cl,/NEt; (5:1) mixture, when 35 was obtained as an orange

powder in 30% yield.

115



=

THF/MeOH

Fe—Cl + Me;Si— C=C—C=C—C=C /Ru E— /Fe\ C=C—(C=C—C=cC /Ru\
PhoP” ppp,) php PPhy KF Ph,P Ph php  DPh

W y \ “ \

1
e o o / THF/MeOH e . o

Fe C=C—C=C—C=C—SiMe; + Cl—Ru\ T /FC\ (=C—C=C—C=cC /Ru\
PhoP" bph, ph,p,  PPh PhoP" pph, ph,p_ PPhy

9 \J L/ 35 \J

33
Scheme 5.6

Mixtures of THF/MeOH were used for the syntheses of the mixed bimetallic complexes
34 and 35 because no reaction occurred in pure MeOH, while THF increases the solubility
of the protected hexatriynyl complexes 9 and 10. In the preparation of 35, the minimum of
THF was used to facilitate the precipitation of the product, which is unnecessary for 34

because of its poor solubility.

5.3.2 Characterisation of compounds 30, 31, 34 and 35

Unfortunately, characterisation of 30 and 34 has been complicated because of their
extremely poor solubility which makes NMR studies impossible; however, the IR spectra
in the solid state (powder or KBr) have been recorded. One single v(C=C) band was
observed at 2040 cm™ for 30 reflecting the symmetry of the complex, whereas in 34, three
v(C=C) bands were observed at 2110, 2050 and 1969 cm™. The most efficient method to
confirm the molecular formula of compounds 30 and 34 has been high resolution ES-mass
spectra, which displayed [M]" at m/z 1250.3952 (calculated: 1250.3753) and 1296.3453
(calculated: 1296.3447) for complexes 30 and 34, respectively.

Bimetallic complexes 31 and 35 were also characterised by the usual spectroscopic
methods. For the diruthenium complex 31 in CH,Cl,, the IR spectrum showed one v(C=C)
band at 2063 cm™. In the 'H NMR spectrum, the Cp resonance was observed at § 4.56 (s)
while the dppe-CH,; groups gave multiplets at 6 1.84-1.87 and 2.43-2.46. The Ru(dppe)Cp
fragment was also observed in the °C NMR spectrum, with Cp at & 83.16 (s), CH, of the
dppe between 6 28.23-28.53 as a multiplet and C, of the carbon chain as a triplet coupling
to the two phosphorus atoms of the dppe at & 102.64 (“Jcp = 28 Hz). The *'P NMR
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spectrum displayed one peak at 6 85.8 corresponding to the four equivalent phosphorus

atoms of the molecule.

The IR spectrum of the unsymmetrical compound 35 which contains Fe(dppe)Cp* and
Ru(dppe)Cp end-groups displayed v(C=C) bands at 2048 and 1920 cm™. The expected
resonances were observed for the two organometallic fragments in the NMR spectra with
the Cp* at 8 1.45 (‘"H NMR) and & 10.37, 88.25 (**C NMR), and the Cp at & 4.66 (‘H
NMR) and & 83.26 (*C NMR). Besides, resonances of the two C, atoms were found as
triplets at 0 102.32 (Jep = 26 Hz) and 124.91 (Jep = 41 Hz) corresponding to the Ru-C
and Fe-C atoms, respectively. In the *'P NMR spectrum, singlets from the two dppe
ligands were observed at & 84.8 and 99.6 for the ruthenium and iron respectively. The high
resolution ES-mass spectrum displayed [M]" at m/z 1226.2653 (calculated: 1226.2664).

Compounds 30 and 34 being poorly soluble, crystals could not be obtained and thus, no
X-ray studies have been achieved. However, to confirm their molecular structures,
reactions with a well-known reagent such as TCNE have been investigated and adduct X-

ray crystal structures determined.

Reactions of 30 and 34 with TCNE

The rich chemistry of TCNE has been extensively studied”®. TCNE is a useful reagent
which is very electron-deficient; thus it can be used as an oxidising agent, for example,
with  Fe(C=C-ant-C=N)(dppe)Cp* (ant = Ci4Hg) to give [Fe(C=C-ant-
C=N)(dppe)Cp*][TCNE], which contains a 17-e cation and the [TCNE]" radical anion®*.
TCNE also undergoes [2 + 2]-cycloaddition reactions with transition-metal alkynyl
complexes to give interesting products with polarised conjugated m systems™. These
products generally crystallise easily allowing X-ray investigations which can be used to
confirm the structure of the parent alkynyl complex. Addition of TCNE to the hexatriynyl
complex {Cp(PPhs),Ru},(n-C=CC=CC=C) has already been described'® (Scheme 5.7),
TCNE reacting with the central C=C triple bond to give a 1,2-bis(ethynyl)buta-2,3-diene
derivative, probably by ring-opening (retro-cyclisation) of an intermediate 1,2-
bis(ethynyl)cyclobutene. Here, TCNE reacts with the poorly soluble and incompletely

characterised complexes 30 and 34 to give similar ring-opened [2 + 2]-cycloadducts which
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could be fully characterised, thereby confirming the structures of the parent triyndiyl

complexes.

NC CN
\C=C/ (NC)G,
\ / / \ —C=C Ru
_ _ — NC N /c L “7een
R C=Cc—c=c—c=c—R,,, > Ru—C=c— ?
PPh, PPhy PhF ‘ \c CN)
PPh, (CN),
Scheme 5.7

When one equivalent of TCNE reacts with one equivalent of the Fe, complex 30 or the
Fe-Ru complex 34 in dichloromethane (Scheme 5.8), the colour of the solution changed
immediately from orange to deep purple. At the same time the insoluble precursor
dissolved. After purification by precipitating the purple product and successive washes
with  hexane, {Cp*(dppe)Fe}, {u-C=CC[=C(CN),]JC[=C(CN),]C=C}  (36) and
{Cp*(dppe)Fe} {C=CC[=C(CN),]C[=C(CN),]C=C} {Ru(dppe)Cp*} (37) were isolated as
deep purple powders in 82 and 87% yields, respectively. It is assumed that the first product
in this reaction is a TCNE salt which immediately undergoes a [2 + 2]-cycloaddition to
form a cyclobutenyl complex, which in turn, opens to give the butadienyl adducts 36 or

37* (Scheme 5.8).
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Scheme 5.8
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The TCNE adduct 37 has been characterised by the usual spectroscopic methods while
36 has only been partially characterised as yet (IR, *'P NMR, mass and X-ray analysis). In
the IR spectrum of 36, v(C=N) and v(C=C) bands were observed at 2206 and 1950 cm™
respectively, while the *'P NMR spectrum (Figure 5.1) displayed two well-separated broad
doublets at & 97.7 (*Jpp = 7 Hz) and 92.9 (*Jpp = 7 Hz). The two phosphorus atoms of each
dppe ligand are no longer equivalent because of twisting of the cyanocarbon fragment
about the central C-C bond, and form an AB quartet. In the high resolution ES-mass
spectrum, [M]" was found at m/z 1378.3873 (calculated: 1378.3870).

-97.68

/97.76

..................................

Figure 5.1. *'P NMR spectrum of 36.

For 37, the IR spectrum displayed a v(C=N) band at 2209 cm™ together with a strong
v(C=C) band at 1956 cm™. The two fragments Fe(dppe)Cp* and Ru(dppe)Cp* were
observed by NMR spectroscopy: in the "H NMR spectrum: two Cp* singlet resonances
were found at 6 1.07 (FeCp*) and 1.26 (RuCp*) [Figure 5.2 (b)] while the CH, groups of
the dppe ligands were observed between 6 1.95-2.14 and at 6 2.52 and 2.59 as multiplets.
The *C NMR spectrum showed very interesting features, indeed, Cp* resonances were
observed at 6 10.32, 10.40 [Figure 5.2 (c)] for the methyl groups and at 6 96.26, 96.46
[Figure 5.2 (d)] for the ring carbons with signals corresponding to the Fe(dppe)Cp*

fragment being broad with low intensity. Three CN resonances were observed at & 114.19,
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115.68 and 117.02, the second peak being broad and probably including two CN groups.
Unfortunately, only one C, resonance was found at 6 205.64 as a very broad signal which
precluded determination of “Jcp. In the >'P NMR spectrum [Figure 5.2 (a)], an AB quartet
was observed at & 79.3 (d, 2Jpp =14 Hz) and 74.2 (d, 2Jpp = 14 Hz) which was attributed to
the dppe ligand of the Ru(dppe)Cp* fragment, the first signal being broad. No signals were
found for the Fe(dppe)Cp* fragment between & 90-100 ppm range, as expected in

comparison with 36.

>
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|

(c) 3C NMR

24 2] 3 L1 n n b ) n L 1A
11 tpom) 11 (powm)

e (d) BCNMR ¢ 3

10 %

C (&i( dppc )Ru QQMC;( dppe R

C:Mes(dppe)Fe
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Figure 5.2. Selected NMR spectra of 37.

Significant chemical shifts in the NMR spectra of the TCNE adducts in comparison
with related neutral Fe(II) and Ru(Il) complexes are observed in the *'P NMR spectra
[6{Fe(I)(dppe)Cp*} = 100 vs d{Fe(dppe)Cp*(36)} = 97.7 , 92.9 and &{Ru(Il)(dppe)Cp*}
~ 80 vs &{Ru(dppe)Cp*(37)} = 79.3, 742 ppm] and in the 'H NMR spectra
[6{Cp*(dppe)M(ID)} = 1.50 vs d{Fe(dppe)Cp*(37)} = 1.07 and {Ru(dppe)Cp*(37)} =
1.26 ppm]. This is due to the strong electron-withdrawing ability of the cyanocarbon
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fragment which dramatically affects the electron-rich metal fragments through the C=C
triple bonds. However, it seems that this electron-withdrawing ability affects the metal
centres in 36 and 37 differently. In the symmetrical compound 36, the 3'P NMR resonances
suggest that intramolecular charge transfer occurs between the electron-rich Fe(dppe)Cp*
moieties and the electron-poor cyanocarbon centre, which indicates that the mesomeric

form 36B (Scheme 5.9) has a strong contribution to the formulation of 36.

CN CN
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\J 36A L/ 2 36B L./ 2
Scheme 5.9

The same phenomenon probably results in the broadening and decrease in intensity of
all the NMR resonances from the Fe(dppe)Cp* moiety in comparison with the resonances
of the Ru(dppe)Cp* fragment in 37 (Figure 5.2). Indeed, NMR signals of the Fe(dppe)Cp*
fragment were not observed in the *'P NMR spectrum while in the 'H and C NMR
spectra, Cp* resonances were found to be very broad and abnormally weak, especially for
the quaternary carbons [Figure 5.2 (d)]. These observations also suggest that the only C,
resonance found in the °C NMR spectrum corresponds to Ru-C, whereas that of Fe-C,
cannot be observed. As the Fe(dppe)Cp* moiety is more electron-rich than its ruthenium
analogue [Fe(dppe)Cp* is easier to oxidise than Ru(dppe)Cp*], the electron-withdrawing
effect of the cyanocarbon has more effect on the iron than on the ruthenium centre. The
very low intensity of some of the Fe(dppe)Cp* NMR signals also suggests that 37 is
slightly paramagnetic, perhaps as a result of intramolecular electron transfer between Fe
and the cyano ligand (Scheme 5.10). However, this intramolecular electron transfer has not
been further characterised, molecule 37 being silent in EPR at 67K while no absorptions

were observed in the Near-IR range (see Sections 5.3.6 and 5.3.8).

121



¢
CN NC ,CN .
NC = = | NC ,CN
it =1
[ ] i
C/ . /C C
c G
4 N Y N\
N N\ ) et/ AN
“PPh o\ Fe R{
Ph,R 2 AP Ph,R 72 PhaP pph
A 37B
Scheme 5.10

Finally, when the bimetallic complex 34 was reacted with a large excess of TCNE (10
equivalents) in dichloromethane (Scheme 5.11), the salt [37][C3(CN)s] was obtained as a
dark brown solid in 51% yield after purification by preparative TLC. Compound
[37][C3(CN)s] is formed by oxidation of 37 with concomitant formation of
pentacyanopropenide anion C3(CN)s. Decomposition of the [TCNE]™ radical anion to
form the C3(CN)s anion in the presence of dioxygen is well known®. The proposed
mechanism for the formation of [37][C3(CN)s] is illustrated in Scheme 5.11, excess of
TCNE oxidising 37 to give [37][C2(CN)4] salt, which in the presence of dioxygen (during
purification on silica gel) is converted into air-stable [37][C3(CN)s]. The added C(CN)
group might come from the large excess of TCNE. However, the oxidation of 37 by TCNE
should not be favoured: TCNE potentials are at E01 =-0.83 and EOZ = +0.26 V whereas 37
oxidation potentials are at E”; = +0.35 and E’, = +0.88 V (see Section 5.3.3). Therefore,
the key step of this synthesis is the reaction of the [TCNE]™ radical anion with dioxygen
which drags the reaction coordinate towards the final product [37][C2(CN)4].
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Compound [37][C3(CN)s] 1s paramagnetic and difficult to characterise. However, the IR
spectrum displayed v(C=N) and v(C=C) bands at 2199 and 1957 cm™, respectively, while
the v(CCC) band characteristic of the pentacyanopropenide anion®® was found at 1506 cm’
' In the high resolution ES-mass spectrum, [M]" was found at m/z 1424.3601 (calculated:
1424.3570). Paramagnetic [37][C3(CN)s] has also been characterised by EPR and Near-IR
spectroscopy (see Sections 5.3.6 and 5.3.8).

The IR v(C=C) bands of the compounds synthesised in this section are summarised in
Table 5.1. As expected, the two symmetrical complexes 30 and 31 displayed only one
v(C=C) band corresponding to the M-C=C triple bonds, the central v(C=C) vibration being
IR-inactive. For the unsymmetrical complexes 34 and 35, the three different v(C=C)
vibrations are found in the range of 1920-2110 cm™, overlapping with each other in the
case of compound 35 where only two bands are observed. When the Cg bridge is modified
by cycloaddition of TCNE to the central C=C triple bond, reduction of bond order for the
M-C=C triple bonds is observed. In the symmetrical examples 30 and 36, the v(C=C)
vibrations decrease by 90 cm™ whereas in the unsymmetrical examples 34 and 37,
reduction of bond order is also observed with the strong and broad v(C=C) band in 37
being at 1956 cm™, which probably contains the two M-C=C vibrations. Upon oxidation of
the TCNE adduct 37, no changes were observed in the v(C=C) stretches with a strong and
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broad band found at 1957 cm™ in [37][C3(CN)s]. This broad band might also incorporate
the two different v(C=C) vibrations existing in [37][C3(CN)s].

Table 5.1. IR v(C=C) bands for the neutral complexes and [37][C3(CN)s] synthesised in

this section.

Compound Ve=c (cm™)
{Cp*(dppe)Fe},(C=CC=CC=C) 30 2040°
{Cp(dppe)Ru},(C=CC=CC=C) 31 2063°
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 2110, 2050, 1969°
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp} 35 2048, 1920
{Cp*(dppe)Fe}2[u-C=CC {=C(CN),} C {=C(CN),}C=C] 36 1950°
{Cp*(dppe)Fe} C=CC {=C(CN),} C {=C(CN),} C=C- 1956°
{Ru(dppe)Cp*} 37

[{Cp*(dppe)Fe} C=CC(=C(CN),)C(=C(CN),)C=C 1957°
{Ru(dppe)Cp* } ][C3(CN)s] [37][C3(CN)s]

K Br. °CH,Cl,. “Powder

Molecular structures

Suitable crystals of 31 for X-ray analyses were obtained by slow diffusion of hexane
into a benzene solution. An ORTEP view of 31 is illustrated in Figure 5.3 and key
structural parameters are collected in Table 5.2. The crystal structure of 31 was difficult to
solve because finding a lower symmetry space group than P4,/n (tetragonal system) was
unsuccessful, resulting in an R-factor of 0.072. The unit cell contains one molecule of 31
and half a molecule of benzene with parameters: a = 35.6390(18), b = 35.6390(18), ¢ =
9.3223(8) A.
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Figure 5.3. ORTEP view of {Cp(dppe)Ru}>(n-C=CC=CC=C) 31.

Table 5.2. Selected structural parameters for 31.

Bond Distances (A) Bond Angles (°)

Ru(1,2)-P(1,3) 2.2460(18),2.247(2)  P(1,3)-Ru(1,2)-P(2,4)  81.75(7), 82.38(8)
Ru(1,2)-P(2,4) 2.2563(19),2.261(2) C(1,6)-Ru(1,2)-P(1,3)  84.98(19), 83.9(2)

Ru(1,2)-Cp(1,2)cent 1.883, 1.895 C(1,6)-Ru(1,2)-P(2,4)  88.81(18), 86.6(2)
Ru(1,2)-C(1,6) 1.991(6), 1.996(7) Ru(1)-C(1)-C(2) 171.8(6)
C(1)-C(2) 1.217(9) C(1)-C(2)-C(3) 168.3(7)
C(2)-C(3) 1.385(9) C(2)-C(3)-C(4) 172.8(8)
C(3)-C(4) 1.213(9) C(3)-C(4)-C(5) 175.7(7)
C(4)-C(5) 1.376(10) C(4)-C(5)-C(6) 178.0(8)
C(5)-C(6) 1.221(9) C(5)-C(6)-Ru(2) 177.5(6)

As expected, bond lengths in the Ru(dppe)Cp fragment are typical while angles confirm
the pseudo-octahedral geometry of the metal atoms. Distances along the carbon chain
confirm its hexatriynyl nature with C=C triple bond lengths being between 1.213(9)-
1.221(9) A and C-C single bond distances being 1.385(9) and 1.376(10) A. However, the
Ru-Cg-Ru chain deviates significantly from linearity with the angle between the Ru(1)-

C(1) and C(6)-Ru(2) bonds being 34° as illustrated in Figure 5.3.

Crystals of 35 suitable for X-ray analysis were difficult to obtain, although slow
evaporation of a dichloromethane/triethylamine solution afforded poor quality material
which gave a large R-factor: R = 0.118. Complex 35 crystallises with two independent

molecules in the asymmetric unit, the crystals being monoclinic P2;/c with unit cell

125



parameters: a = 30.502(3), b = 16.4366(8), ¢ = 26.640(2) A, B = 106.197(8)°. An ORTEP

view of a molecule of 35 is shown in Figure 5.4 while selected structural parameters of the

two independent molecules are collected in Table 5.3.

Figure 5.4. ORTEP view of {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp} 35.

Table 5.3. Selected structural parameters for 35 (Italicised values refer to the second

molecule).

Bond Distances (A)

Bond Angles (°)

Ru(1)-P(1)
Ru(1)-P(2)
Ru(1)-Cpeent
Ru(1)-C(1)
Fe(2)-P(3)
Fe(2)-P(4)
Fe(2)-Cp*cent
Fe(2)-C(6)
C(1)-C(2)
C(2)-C(3)
C(3)-C4)
C(4)-C(5)
C(5)-C(6)

2.262(3), 2.239(5)
2.249(3), 2.235(4)
1.887, 1.898
1.990(10), 2.007(11)
2.194(3), 2.177(3)
2.173(4), 2.185(4)
1.735, 1.745
1.888(12), 1.891(12)
1.221(13), 1.211(15)
1.390(14), 1.352(17)
1.201(14), 1.259(16)
1.355(15), 1.360(16)
1.232(15), 1.214(14)

P(1)-Ru(1)-P(2)
C(1)-Ru(1)-P(1)
C(1)-Ru(1)-P(2)
P(3)-Fe(2)-P(4)
C(6)-Fe(2)-P(3)
C(6)-Fe(2)-P(4)
Ru(1)-C(1)-C(2)
C(1)-C2)-CB)
C(2)-CR)-C4)
C(3)-C(4)-C)
C(H-C(5)-C(6)
C(5)-C(6)-Fe(2)

81.92(10), 83.28(15)
85.5(3), 85.6(4)
84.2(3), 87.5(3)

85.28(13), 85.34(13)
86.3(4), 85.5(4)
86.1(4), 83.3(4)

175.1(10), 177.1(11)

178.4(13), 175.7(15)

179.0(15), 178.4(15)

177.0(14), 177.8(14)

176.4(13), 177.1(13)

175.4(11), 177.7(11)




The Ru(dppe)Cp and Fe(dppe)Cp* fragments show expected bond lengths and angles
for neutral Ru(Il) and Fe(I) complexes, both metal atoms adopting a pseudo-octahedral
geometry with M-P, M-C(1,6) bond distances being in the usual ranges for iron [Fe(2)-
P(3,4): 2.173(4)-2.194(3); Fe(2)-C(6): 1.888(12) and 1.891(12) A] and ruthenium [Ru(1)-
P(1,2): 2.235(4)-2.262(3); Ru(1)-C(1): 1.990(10) and 2.007(11) A]. In contrast to 31 where
the C¢ chain is significantly bent, the carbon chain in compound 35 is close to linear with

angles being between 175.1(10)-179.0(15)°.

X-ray diffraction studies have also been carried out on crystals of 36, 37 and
[37][C5(CN)s] confirming their structures and that TCNE has added to the central C=C
triple bond to form the ring-opened products. These X-ray studies also support the
structure assignments of the insoluble parent complexes 30 and 34. Complex 36
crystallised from a dichloromethane/pentane solution, the unit cell incorporating one
molecule of 36 together with one molecule of CH,Cl, and half a molecule of 1,2-
bis(diphenylphosphino)ethane oxide, formed during work-up as an impurity, but in this
case also helping with the crystallisation process. The crystal is triclinic P-1 and an
ORTEP view of 36 is given in Figure 5.5 while important parameters are collected in Table

5.4.

Figure 5.5. ORTEP view of {Cp*(dppe)Fe}»{u-C=CC[=C(CN),]C[=C(CN)»]C=C} 36.
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Table 5.4. Selected structural parameters for 36.

Bond Distances (A)

Bond Angles (°)

Fe(1)-P(1,2)
Fe(2)-P(3,4)
Fe(1,2)-Cp*(1,2)cent
Fe(1,2)-C(1,6)
C(1,6)-C(2,5)
C(2,5)-C(3,4)
C(3)-C(4)
C(3,4)-C(31,41)
C(31,41)-C(32,42)
C(31,41)-C(33,43)

2.1966(7), 2.2012(8)
2.2140(8), 2.1909(7)

1.750, 1.756
1.840(3), 1.840(3)
1.242(4), 1.243(4)
1.392(4), 1.385(4)

1.509(3)
1.386(4), 1.388(4)
1.432(4), 1.436(4)
1.443(4), 1.431(4)

P(1,3)-Fe(1,2)-P(2,4)
C(1,6)-Fe(1,2)-P(1,3)
C(1,6)-Fe(1,2)-P(2,4)
Fe(1,2)-C(1,6)-C(2,5)
C(1,6)-C(2,5)-C(3.4)
C(2,5)-C(3,4)-C(4.3)

C(2,5)-C(3,4)-C(31,41)

85.27(3), 85.54(3)
87.15(8), 89.51(8)
86.76(8), 85.33(8)
174.3(2), 174.6(2)
174.2(3), 177.0(3)
117.4(2), 118.8(2)
126.3(2), 125.6(2)

The electron-withdrawing cyanocarbon group significantly affects bond lengths around
the metal centres, Fe-P [2.1909(7)-2.2140(8) A] distances being longer than in typical
neutral Fe(IT)(dppe)Cp* fragments while the Fe-C(1,6) distances [1.840(3) A] are slightly
shorter. The C=C triple bonds are also slightly longer [1.242(4) and 1.243(4) A]. These
changes in the bond lengths suggest a contribution from mesomer 36B to the molecular
structure (Scheme 5.9). For the organic part of the chain, C(3)-C(4) [1.509(3) A] and
C(3,4)-C(31,41) [1.386(4) and 1.388(4) A] distances are consistent with single and double
bonds, respectively. It is interesting to note that the dihedral angle between the two planes

containing the C=C(CN), fragments is very close to a right-angle with a value of 89.80°.

Crystals of complex 37 were obtained from a saturated dichloromethane solution, and
by slow diffusion of hexane into a concentrated benzene solution for [37][C3;(CN)s].
Compound 37 crystallised with one molecule of 37 and one molecule of dichloromethane
in the unit cell and is orthorhombic P2,2,2;. The unit cell of [37][C3(CN)s] contains one
molecule of [37][C3(CN)s] and is monoclinic P2;/c. ORTEP views of the two complexes

are given in Figure 5.6 while selected structural parameters are collected in Table 5.5.
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Figure 5.6. ORTEP views of
{Cp*(dppe)Fe}{C=CC[=C(CN),]C[=C(CN),] C=C}{Ru(dppe)Cp*} 37 (top) and
[{Cp*(dppe)Fe}{C=CC[=C(CN),] C[=C(CN),] C=C}{Ru(dppe)Cp*}][C3(CN)s]

[37][C3(CN)s] (bottom).
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Table 5.5. Selected structural parameters for 37 and [37][C3(CN)s].

37 [37][C3(CN)s]
Bond Distances (A)
M(1)-P(1) 2.262(3) 2.2985(12)
M(1)-P(2) 2.233(3) 2.2866(12)
M(1)-Cp*eent 1.846 1.895
M(1)-C(1) 1.882(9) 1.924(5)
M(2)-P(3) 2.247(3) 2.2517(13)
M(2)-P(4) 2.22003) 2.2752(12)
M(2)-Cp*cent 1.820 1.801
M(2)-C(6) 1.900(9) 1.895(5)
C(1,6)-C(2,5) 1.257(13), 1.215(12) 1.248(6), 1.229(6)
C(2,5)-C(3,4) 1.396(13), 1.393(13) 1.372(6), 1.391(6)
C(3)-C(4) 1.517(14) 1.516(6)
C(.4)-C(31,41) 1.367(13), 1.389(13) 1.376(6), 1.370(6)
C(31,41)-C(32,42) 1.448(14), 1.442(14) 1.431(5), 1.439(6)
C(31,41)-C(33,43) 1.405(14), 1.408(13) 1.429(7), 1.432(7)
Bond Angles (°)
P(1)-M(1)-P(2) 84.00(10) 81.74(4)
C(1)-M(1)-P(1) 86.7(3) 83.12(13)
C(1)-M(1)-P(2) 87.103) 95.55(13)
M(1)-C(1)-C(2) 174.4(8) 168.0(4)
P(3)-M(2)-P(4) 84.02(10) 83.11(4)
C(6)-M(2)-P(3) 87.5(3) 85.29(14)
C(6)-M(2)-P(4) 87.5(3) 93.79(13)
M(2)-C(6)-C(5) 170.7(9) 169.4(4)
C(1,6)-C(2,5)-C(3.4) 167.8(10), 168.4(10) 172.1(5), 170.3(5)
C(2.,5)-C3.4)-C(4.3) 117.4(9)., 118.6(9) 118.7(4), 117.0(4)
C(2,5)-C(3,4)-C(31,41) 123.9(9), 122.0(10) 125.3(4), 125.0(4)

In the molecule of 37, the ruthenium and iron atoms are equally disordered between the
two metal sites and distances about the metal atoms are similar, so that it is not possible to
differentiate between the iron and ruthenium atoms. In the cation of [37][C3(CN)s], the
metal atoms are also disordered, site occupancies for M(1) and M(2) refining to 0.790(2)
for Ru(1) and Fe(2), with those for Fe(l) and Ru(2) being the complement. The major
metal contribution in both Cp*(dppe)M fragments can be deduced from the bond lengths
(M-P, M-C and M-Cp*..¢) at the major iron site being slightly shorter than at the major
ruthenium site. However, the structural parameters of the neutral and oxidised compounds

37 and [37][C5(CN)s] are not significantly different, although in both cases the average M-
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P distances (Fe and Ru) are elongated in comparison with typical M(II)-P average
distances. Average M-C(1,6) bond lengths are shorter, due to the electron-withdrawing
cyanocarbon ligand as found for 36. In the two structures, the metal atoms have a pseudo-
octahedral geometry with the C(1,6)-M-P(2,4) angles [95.55(13) and 93.79(13)°] in
[37][C3(CN)s] being larger than the usual values (87°). Similarly to 36, the C(3)-C(4)
[1.517(14) and 1.516(6) A] and C(3,4)-C(31,41) [1.367(13), 1.389(13) and 1.376(6),
1.370(6) A] distances are consistent with single and double bonds, respectively. Finally,
the dihedral angles between the two C=C(CN), planes are significantly different in the
neutral and oxidised species, at 86.57 and 77.8(1)°, respectively.

5.3.3 Electrochemistry

Cyclic voltammograms of the novel hexatriynyl complexes were recorded under
conditions similar to those described earlier in Chapter 2 (Section 2.3.4) and compared
with some related complexes in Table 5.6. The electronic interaction between the metal
end-groups has been measured for the symmetrical bimetallic complexes by calculation of
AE and the comproportionation constants K. which determine the thermodynamic stability
of the mixed-valence species. However the use of AE and K, values to assess the degree of
electronic communication between metals must be approached very judiciously’’. For
example, K. for {Cp*(dppe)Fe}(u-C=CC=C) 38 (1.6 x 10'%) is larger than K, for the
ruthenium analogue {Cp*(dppe)Rul,(u-C=CC=C) 39 (9.7 x 10'°), but the electronic
coupling parameter is larger in [39]PFs (Va = 0.63 V) than in [38]PFs (Va, = 0.47 V),
which indicates that electronic communication between metals is better in the ruthenium
complex than in the iron system. CVs of the bimetallic complexes {Cp*(dppe)Fe}.(u-
C=CC=CC=C) 30 and {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*} 34 were recorded
using their oxidised forms [30]PFs and [34]PF¢ synthesised in Section 5.3.4, because the

very poor solubility precluded electrochemical investigations of the neutral complexes.
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CVs of the two symmetrical complexes 30 and 31 each contained three well-separated
and fully reversible 1-e processes (Figure 5.7). The large separations of the two first
oxidation waves [AE(30) = 0.55 and AE@31) = 0.44 V], and the very large
comproportionation constants (K. = 2.1 x 10° for 30 and 2.9 x 10’ for 31) reveal strong
electronic interactions between the two metal centres through the hexatriynyl bridge in
each complex. The AE values are considerably larger than 250 mV, so that the 35-¢ species

30 and 31" can be considered as class III delocalised mixed-valence complexes™.

T(ni)
Tipa)

E(V) E(V)

Figure 5.7. Cyclic voltammograms of 30 (left) and 31 (right).

Mixed-metal complexes 34 and 35 also show three fully reversible oxidation waves
(Figure 5.8) in their respective cyclic voltammograms. The first oxidation waves at E’; = -
0.32 and -0.28 V are attributed to the Fe(dppe)Cp* fragments while the second oxidation
waves at E%, = +0.27 and +0.36 V correspond to the Ru(dppe)Cp* and Ru(dppe)Cp
fragments, respectively. Unfortunately, as these compounds are unsymmetrical, electronic
interactions between metal centres cannot be approximated with the use of the K, values,
which are relatively large (K. = 1.0 x 10" for 34 and 7.0 x 10'° for 35) and indicate that
the mixed-valence targets are thermodynamically very stable. However, electronic
interactions between metal centres can be approximated by comparing the oxidation
potential of the Fe(dppe)Cp* unit in the bimetallic compounds 34 and 35 with the
monometallic complex 9 (E°, = +0.08) containing a SiMe; end-group instead of a
ruthenium fragment. Bimetallic complexes 34 and 35 are easier to oxidise than the
monometallic complex 9 by approximately 0.38 V, indicating that the ruthenium centres
are strong electron-donating groups in comparison to SiMes, and also reveals that

electronic communication between the two metal fragments in complexes 34 and 35 exists.
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Figure 5.8. Cyclic voltammograms of 34 (left) and 35 (right).

The electrochemical behaviour of the TCNE adducts 36, 37 and [37][C3(CN)s] was
investigated (Figure 5.9) to measure the effects of the cyanocarbon group cyclo-added to
the carbon chain. As expected, the CVs of 37 and [37][C3(CN)s] were identical; although
pentacyanopropenide anion is electrochemically active (E’,q = -1.82 and EopOX = +1.18
V)*, it was not observed in the studied range. For the symmetrical complex 36, two 1-¢
oxidation processes are observed at E°, = +0.28 and E’, = +0.48 V, with the separation
between the two waves being AE = 0.20 V, giving K, = 2.4 x 10°. Cycloaddition of TCNE
to the central C=C triple bond of the C¢ chain thus significantly changes the
electrochemistry. The cyanocarbon group, which is strongly electron-withdrawing,
captures some electron density from the electron-rich Fe(dppe)Cp* units, so that 36 is
harder to oxidise than 30 (by 0.70 V). This indicates a strong contribution of the
mesomeric form 36B, the positively charged Fe(dppe)Cp* moiety being more difficult to
oxidise than in the neutral configuration. Strong decreases of AE [AE(30) = 0.55 vs AE(36)
= (.20 V] and the comproportionation constant (K. = 2.1 x 10° for 30 vs 2.4 x 10’ for 36)
values are observed, suggesting that the mixed-valence species is thermodynamically very
much less stable for 36 than for 30. It can also be suggested that electronic communication
through the modified Cq bridge in 36 does not completely disappear and is still significant
(the two waves are well-separated). Comparison of 34 and 37 shows a similar result:
complex 34 is easier to oxidise than 37 (by 0.67 V) which also suggests a strong
contribution from the mesomeric form 37B, and the K, value slightly decreasing (K. = 1.0
x 10" for 34 vs 9.6 x 10® for 37). In the CV of 37, a third wave close to the solvent front
was observed at -1.31 V, although its reversibility could not be measured. This 1-e process
was attributed to reduction of the cyanocarbon fragment on the bridge, the C(CN), groups
stabilising the resulting anionic species. This process was not observed in compound 36,

probably because it was masked by the solvent front.

134



L1 15

1

I(jLA)
I(jA)

1 ¢

B4 15

0l 04 08 14 BT S T i 0.5 1 L5
E(V) E(V)

Figure 5.9. Cyclic voltammograms of 36 (left) and 37 (right).

Comparisons of electrochemical properties of the different bimetallic hexatriynyl
complexes synthesised in this Chapter with other related complexes suggest that when the
length of the carbon chain increases, the AE and the K. values decrease, which indicates
that the thermodynamical stability of the mixed-valence species decreases (possibly
together with the electronic communication between metal fragments). This observation is
also true for unsymmetrical bimetallic complexes; for example, diynyl complex
{Cp*(dppe)Fe} (C=CC=C){Ru(dppe)Cp*} 40 is easier to oxidise than hexatriynyl complex
34 by 0.27 V, AE decreasing by 0.18 V. Additionally, when an organic unit such as SiMej
is replaced by an electron-rich metal fragment, the oxidation potentials decrease
considerably. Metal fragments can be ranked by ease of oxidation: Fe(dppe)Cp* >
Ru(dppe)Cp* > Ru(dppe)Cp which is consistent with iron being easier to oxidise than
ruthenium, and an increase in electron donor power of the Cp* ligand over Cp. Finally,
when the organic Cq bridge is modified by addition of TCNE, the oxidation potentials
increase significantly by ca 0.7 V as a result of the strong electron-withdrawing properties

of the cyanocarbon.

5.34 Synthesis and characterisation of [{Cp’(dppe) M}(C=CC=CC=C)
{M(dppe)Cp’}|"* (M = Fe, Ru; Cp’ = Cp, Cp*; n=1, 2)

Guided by the electrochemical data and with the aim of studying the behaviour and
physical properties of mixed-valence complexes containing two metal fragments linked by
a Cg chain, 35-e species have been generated by simple chemical oxidation using
[FeCp2]PF; as the oxidising agent. A symmetrical dication containing a C¢ chain bridging

two Fe(dppe)Cp* fragments has also been synthesised and studied.
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Syntheses of the mixed-valence complexes [30]PF¢, [31]PF¢, [34]PFs and [35]PF¢ were
achieved via the same method in each case (Scheme 5.12). Neutral bimetallic complexes
were reacted with one equivalent of [FeCp,]PF¢ in a THF or dichloromethane solution at -
78°C. After stirring during one hour, the temperature was allowed to warm up slowly to
room temperature. During this warming process, the deep red mixed-valence complexes
[31]PF¢ and [35]PF¢ further reacted to give other products (as shown by a colour change
from deep red to deep blue or purple) (see Chapter Six). The two other salts [30]PF4 and
[34]PFs were more stable and could be isolated by precipitation with pentane or hexane.
Then, after several washes with the precipitating solvents, the mixed-valence complexes

[30]PF¢ and [34]PFs were obtained as dark brown powders in 77% yield in both cases.

o+ PE¢

R R R R R R R
R)@\[R R@“ CH,Cl, or THF R@R R%“"

R M—(c=c—c=c—c=c—M R | [Fecp)pry, ——————> R M—C=c—C=c—Cc=c—M_ R

/N o N\
thli\/Pth Ph,P \jth 78°C Ph,P” ppp, Php, PPhy
30: M=M'=Fe, R =R' = Me [30]PF5: M =M =Fe, R =R' = Me
31:M=M'=Ru,R=R' =H [B1]PF;: M=M'=Ru,R=R'=H

34: M=Fe, M =Ru, R=R'=Me [34]PF,: M =Fe, M' = Ru, R =R'=Me
35:M=Fe,M'=Ru, R=Me,R'=H [35]PFs: M=Fe, M'=Ru,R=Me,R'=H
Scheme 5.12

The stable paramagnetic mixed-valence complexes were characterised by IR
spectroscopy with the v(C=C) bands at 2005, 1818 and 2014, 1881, 1824 cm’ for [30]PF;
and [34]PFg, respectively (IR data are described in more detail in Section 5.3.5). In the
high resolution ES-mass spectra, [M]" ions were found at m/z 1250.3755 (calculated:
1250.3753) for [30][PF¢] and 1296.3596 (calculated: 1296.3447) for [34][PF].

A second oxidation affording the dicationic salt [30][PF¢], was achieved by reacting the
monocationic salt [30]PFs with one equivalent of [FeCp,]PF¢ in dichloromethane at -78°C
(Scheme 5.13). When reaction was complete and after purification, [30][PFs], was

obtained as a dark green powder in 83% yield.

o+ PR, 2%, 2PF4
>/‘\\ / E CH,Cl, ; E
/Fe\—CEc—CEc—CEC /Fe + [FeCpyJPFy ———— Fe\—CEC—CEC—CEC—Fe
PhoP” ppp pn,p PPhy -78°C Ph,HP™  ppp, pn,p PPhy
L/ [30]PF; \ L/ (OI[PFql: \
Scheme 5.13
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The IR spectrum of [30][PFs], is complex and displayed several bands in the v(C=C)
region at 2162, 2062, 2008, 1947 and 1826 cm’! (see Section 5.3.5). However, NMR data
displayed original features: in the 3P NMR spectrum resonances of the four equivalent
phosphorus atoms of the dppe ligands were surprisingly found as a broad singlet at  11.1
(Figure 5.10) and the PF¢ anion as a septuplet at 6 -145.4 ("Jor = 710 Hz). In the '"H NMR
spectrum, the Cp* protons were observed at 6 0.78 (s) while the dppe-CH, were multiplets
at 6 2.76 and 4.32. These NMR chemical shifts are unusual for the Fe(dppe)Cp* fragment,
neutral or not, indicating that compound [30][PFs], exhibits paramagnetic behaviour.

Magnetic studies of the dication [30][PF¢], are described in Section 5.3.9.

-11.13
127.
\-136
145
-154
162

iy
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Figure 5.10. *’P NMR of [30][PF].

Indeed, in the dication [30][PF¢], an equilibrium may exist between the singlet and
triplet states (Figure 5.11), the unpaired electrons being spin-opposed (singlet, s = 0,
[30A][PF¢]» and [30B][PF¢]») or spin-aligned (triplet, s = 1, [30C][PF¢]>). A singlet-triplet
equilibrium can exist if the singlet-triplet energy gap (AGsr) is small enough. As the NMR
spectra were recorded at room temperature, this suggests that the singlet-triplet exchange
rate might be fast on the NMR time scale. The diamagnetic form [30A][PF¢], probably

makes only a small contribution to the electronic configuration of [30][PFE¢], the *'P NMR
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of such diamagnetic dicationic species being at ca 90 ppm® 22 Other related dicationic
complexes such as [{Cp*(dppe)Fe}z(p—CECCEC)][PF6]222b, [{Cp*(dppe)Fe}(C=CC=C)
{RuL,Cp’}][PFe]> (L, = 2PPhs, dppe; Cp’ = Cp, Cp*)*® and [{Cp*(dppe)Fe}(C=CC=C)
{Re(NO)(PPh;)Cp*} ][PFs]o**® show similar paramagnetic behaviour.

+eo +e AGST +e +
[Fe]—C=C—C=C—C=C—[Fe =< =~  [Fe]—C=C—C=C—C=C—[Fe
4_ [30B][PF], + _F [30C][PF,], +
S=0 s=1
+ I +
[Fe]=C=C=C=C=C=C=[F¢]
[30A][PF¢],
IH\
—’/ \‘—
L ____ N ,_

Figure 5.11. Singlet-triplet states equilibrium for [30][PF¢]>.

Molecular structures

X-ray studies were carried out on the two stable mixed-valence complexes [30]PF and
[34]PF¢ together with the stable dicationic species [30][PFs],. Complex [30]PF¢
crystallised by slow diffusion of pentane into a concentrated solution in dichloromethane.
The asymmetric unit contains half a molecule of [30]PF¢ and 2.5 molecules of
dichloromethane (the symmetry element is a C, axis passing through the central carbon-
carbon bond). The crystal is monoclinic P2/c. Crystallisation of [30][PFs], was achieved
via the same method as for [30]PF¢ but using toluene instead of pentane. Similarly, the unit
cell incorporates half a molecule of [30][PF¢], and crystals are monoclinic P2,/n (the
symmetry element is an inversion centre in the middle of the central carbon-carbon bond).
ORTEP representations of [30]PFs and [30][PFs], are given in Figure 5.12 and key

parameters are collected in Table 5.7.
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Figure 5.12. ORTEP view of [{Cp*(dppe)Fe},(u-C=CC=CC=C)]PFs [30] PFs (top) and
[{Cp*(dppe)Fe}x(u-C=CC=CC=C)] [PFs] [30][PFs] (bottom).
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Table 5.7. Selected structural parameters for [30]PF¢ and [30][PFs]».

[30][PFs] [30][PFs]>
Bond Distances (A)
Fe-P(1) 2.2114(7) 2.2331(6)
Fe-P(2) 2.2251(8) 2.2514(7)
Fe-Cp*cent 1.767 1.778
Fe-C(1) 1.822(3) 1.811(2)
C(1)-C(2) 1.251(4) 1.255(3)
C(2)-C(3) 1.342(3) 1.325(3)
C(3)-C(3) 1.237(5) 1.246(5)
Bond Angles (°)

P(1)-Fe-P(2) 84.97(3) 82.54(2)
C(1)-Fe-P(1) 85.72(8) 87.07(8)
C(1)-Fe-P(2) 87.09(8) 89.35(8)
Fe-C(1)-C(2) 174.1(2) 175.6(2)
C(1)-C(2)-C(3) 177.0(3) 179.1(3)
C(2)-C(3)-C(3) 176.47(18) 179.8(4)

The iron fragments have the expected pseudo-octahedral geometry and the carbon
chains between the two metallic centres are close to linear for both structures. Bond
lengths in the two oxidised species are significantly different in comparison with typical
neutral Fe(I) distances, with Fe-P and Fe-Cp* ., distances increasing while the Fe-C(1)
distances decrease. The character of the carbon chain is also affected after chemical
oxidation, the single and triple bonds being shortened and lengthened, respectively, which
indicates that the contribution of the cumulenic form is more important upon oxidation.
Possible resonance forms of the radical cation in [30]PF¢ are represented in Scheme 5.14.
Small differences in bond lengths in the monocation [30]PFs and the dication [30][PF¢],
are also observed, the cumulenic character being slightly larger in [30][PFs],. However,
these slight differences in the structures of [30]PF¢ and [30][PF¢], are hardly significant.
As expected, these observations are consistent with changes occurring in the electronic
structure of Cp*(dppe)Fe-Cs-Fe(dppe)Cp* upon oxidation. The electron density is weaker
at the metal centres resulting in less back-bonding to the phosphorus atoms (M-P distances
increase) and an increase of the cumulenic contribution, confirmed by the shortening of the

M-C and C-C bond lengths and the elongation of the C=C triple bonds in the bridge.
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[Fe]—C=C—C=C—C=C—[Fe]

[30A]PF,
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[Fe]=C=C—C=C—C=C—Fe]
[30B]PF,
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[Fe]=C=C=C=C—C=C—[Fe]
[30C]PF,

+ .
[Fe]=C=C=C=C=C=C—[Fe]
[30D]PF,

Scheme 5.14. Selected resonance structures for [30] PF.

Crystals of the mixed iron-ruthenium complex [34]PFs were obtained by slow diffusion
of hexane into a dichloromethane solution. It crystallised with two half-molecules in the
asymmetric unit (the symmetry element being a C, axis passing through the central C=C
triple bond) in which the iron and ruthenium atoms are disordered 50:50, the
hexafluorophosphate anion also being heavily disordered, resulting in a high resolution
parameter R = 0.082. The unit cell is monoclinic C2/c. A molecule of [34]PF; is shown in

Figure 5.13 while selected structural parameters are collected in Table 5.8.

o

Figure 5.13. ORTEP view of [{Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*}] PFs
[34]PFs.
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Table 5.8. Selected structural parameters for [34]PF¢ (Italicised values refer to the second half

molecule).
Bond Distances (A) Bond Angles (°)
M-P(1,3) 22393(13), 2.2491(12) _ P(1,3)-M-P(2,4) 84.38(5), 84.60(4)
M-P(2.4) 22497(13), 2.2521(12)  C(1,6}-M-P(1,3)  84.51(14), 83.51(13)
M-Cp*(1,2)eent 1.821, 1.829 C(L6)-M-P(24)  87.45(14), 87.39(13)
M-C(1,6) 1.871(5), 1.853(4) M-C(1,6)-C(2,5) 175.7(4), 176.2(4)
C(1,6)-C(2.5) 1227(6), 1.231(6)  C(1,6)-C(2.5)-C(3.4)  177.4(5), 177.7(3)
C(2,5)-C(3.4) 1.340(6), 1.333(6)  C(2.3)-C(3.4)-C(43)  177.9(7), 179.2(3)
C(3)-C(4) 1.239(9), 1.225(9)

As expected, the metal sites adopt a pseudo-octahedral geometry while the carbon
bridges are close to linear with angles in the range 175.7(4)-179.2(3)°. As described above,
bond lengths are affected by the oxidation process: M-P and M-Cp* .. distances are longer
and M-C(1,6) distances shorter than typical neutral M(II) bond lengths. However, bond
lengths around the metal atoms are the average of iron and ruthenium distances and
generally longer than those in the analogous diiron complex [30]PF¢, where the Fe-C(1,6)
are shorter [1.822(3) and 1.811(2) versus 1.871(5) and 1.853(4) A].

5.3.5 IR spectroscopy

IR spectroscopy, used as a probe, is known to be an efficient method to measure the
extent of the electron delocalisation in mixed-valence systems. Indeed, if the IR stretching
mode for a given mixed-valence compound occurs at a frequency intermediate between
those of the corresponding unoxidized and dioxidized species, then it can be concluded that
the intramolecular electron transfer rate is fast on the IR time scale (107" s)m. The v(C=C)
bands of the hexatriynyl-bimetallic complexes and their oxidised species synthesised in

this Chapter are summarised in Table 5.9.
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Table 5.9. IR v(C=C) band stretchings for [ {Cp’(dppe)M } (C=CC=CC=C)
{M(dppe)Cp’}]"" (M = Fe, Ru; Cp’ = Cp, Cp*;n =0, 1, 2).

Compound ve=c (cm™)
{Cp*(dppe)Fe}(u-C=CC=CC=C) 30 2040°
{Cp(dppe)Ru}»(n-C=CC=CC=C) 31 2063°
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 2110, 2050, 1969°
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp} 35 2048, 1920°
[{Cp*(dppe)Fe}»(u-C=CC=CC=C)]PF4 [30]PF 2005, 1818¢
2008, 1829
[{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*}|PFs [34]PF, 2014, 1881, 1824°
[{Cp*(dppe)Fe},(u-C=CC=CC=C)][PFs]. [30][PFs]. 2162, 2062, 2008,
1947, 1826°

*KBr. "CH,CL. ‘Powder. “Grind crystals in KBr.

IR spectra of the three redox states of [{Cp*(dppe)Fe}.(u-C=CC=CC=C)][PFs], (n =0,
1,2) 30, [30]PF¢ and [30][PF¢],, respectively, are compared in Figure 5.14. As expected,
the IR spectrum of the neutral complex {Cp*(dppe)Fe}.(n-C=CC=CC=C) 30 exhibits only
one strong V(C=C) band which is assigned to the two M-C=C triple bonds, the central
v(C=C) vibration being forbidden by symmetry. Upon 1-e¢ oxidation of 30, if the mixed-
valence complex 30" is fully delocalised on the IR time scale, the symmetry should be
conserved and only one v(C=C) band should be observed. However, if the system is
localised on the IR time scale (the electron transfer rate is slow on the IR time scale), the
symmetry would be broken and three v(C=C) bands should be observed: the Fe-C=C, [Fe-
C=C]"" and the central v(C=C) vibration are all allowed and should all appear™ **. The
mixed-valence complex [30]PFs which has been characterised as fully delocalised on the
X-ray time scale (structure centro-symmetric) exhibits two strong v(C=C) vibrations at
2008 and 1829 cm™ in the IR spectrum (in CH,Cl,). Observation of two v(C=C) bands in
the IR spectrum of [30]PF¢ is unexpected as it has been predicted that either one or three
v(C=C) bands should be observed for the delocalised or localised systems, respectively.
These two v(C=C) bands could be due to different conformations in solution; however, the
IR spectrum recorded in KBr using powdered crystals is similar [v(C=C) at 2005 and 1818

cm’'], so this hypothesis can be dismissed. The strong symmetric v(C=C) vibration at 1829
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cm” could be assigned to both Fe-C=C triple bonds and the higher energy v(C=C) band at
2008 cm™ to the forbidden central v(C=C) vibration. The apparent removal of the
degeneracy might be explained by the observation of a vibronic coupling43 between the
intramolecular electron transfer and some of the molecular vibrational states. This
hypothesis can be confirmed or not by observation of the vibronic coupling in absorption

spectroscopy (see Section 5.3.7 and 5.3.8).

The IR analysis of the dication [30][PFs],, recorded in KBr using powdered crystals,
displayed a complex spectrum [Figure 5.14 (c)] with many v(C=C) bands of different
intensities at 2162, 2062, 2008, 1947 and 1826 cm™. This unexpected and complex IR
v(C=C) spectrum is difficult to interpret. However, the two strong bands at 2162 and 1947
cm™, together with others in the 1826-2162 region, seem to indicate that there is no
reduction in the C=C bond order in comparison with [30]PFs. An identical phenomenon
has been described for the dication [{Cp*(dppe)Fe}(u-C=CC=C)][PF¢],**’, which
suggests that there is no or only a weak contribution from the cumulenic resonance

3c

structure [30A][PFs], (Figure 5.11), in contrast with the related ruthenium®® and

rhenium®'® examples.
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Figure 5.14. IR spectra for [{Cp*(dppe)Fe};(u-C=CC=CC=C)][PF¢], {(a) n = 0, 30 in
KBr; (b) n =1, [30]PFs in CH,Cly, (c) n = 2, [30][PFg], in KBr (the spectrum in CH,Cl,
was flat)} in the 1800-2250 cm™ region.

As expected, in the IR spectrum of the unsymmetrical neutral complex 34, where the
symmetry is broken in comparison with the diiron complex 30, three v(C=C) bands
corresponding to the three different C=C triple bonds in the molecule are observed. The
V(C=C) band at 2110 cm™ can probably be assigned to the central C=C triple bond due to
its high vibrational energy in comparison with the other two at 2050 and 1969 cm™, which
might correspond to the two M-C=C triple bonds. Upon oxidation, in [34]PF¢, reduction of
bond order is observed for the three C=C triple bonds which are found at 2014, 1881 and
1824 cm’', the first one being assigned to the central C=C triple bond. This suggests that IR
spectroscopy does not reveal charge localisation on one or the other metallic site on the IR

time scale, which is unexpected for an unsymmetrical mixed-valence system.
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5.3.6 EPR spectroscopy

The paramagnetic behaviour of the 35-e species described in this Chapter was
investigated by EPR spectroscopy, which by measuring the signal anisotropy in these
cases, is a very useful method to approximate the degree of delocalisation of the unpaired
electron in the mixed-valence complexes. EPR spectroscopic data for the stable and
isolable mixed-valence complexes [30]PF¢, [34]PF¢ and [37][Cs(CN)s], together with the
mixed-valence complex [{Cp*(dppe)Ru}»(u-C=CC=CC=C)|PF; [32]PFs and some related
complexes, are shown in Table 5.10. Data for the unstable mixed-valence complexes
[31]PF¢ and [35]PF¢ were also collected by generating the EPR-active species “in-situ” at -
78°C in dichloromethane; however, when the samples were left at room temperature for
one hour, the colour of the solutions changed and the mixed-valence complex signals were
no longer present. All the EPR spectra were recorded in frozen dichloromethane solutions

at 67K.
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Surprisingly, the EPR spectra of [30]PFs, [32]PFs and [34]PF¢ were very similar in
shape and values. For example, the EPR spectra of the diiron complex [30]PF¢ is shown in
Figure 5.15. In the three spectra, very intense signals with a unique shape (which has never
been observed before for this kind of complex) are displayed, where g; = g. These g-
tensor values are unexpected because usually it is observed that g; # g, and the g, and g3
values are very close. These special features for the mixed-valence complexes [30]PFg,
[32]PF¢ and [34]PFs seem to be due to the presence of the Cg bridge coupling with
M(dppe)Cp* fragments, as shown by comparison with other related complexes in Table
5.10. The very weak signal anisotropies (Ag = 0.137, 0.172 and 0.164 for [30]PF, [32]PF,
and [34]PFg, respectively) suggest that these mixed-valence systems have a large electronic
delocalisation. The anisotropy in the diiron complex [30]PFs (Ag = 0.137) is larger than in
the C4 compound [38]PFs (Ag = 0.060), but is also surprisingly larger than that found in
the Cg mixed-valence complex [42]PF,, where Ag = 0.109*. This indicates that electron
delocalisation in [30]PF¢ does not have the anticipated average value of complexes [38]PFs
and [42]PFe, which contain shorter (Cs) and longer (Cg) carbon chains, respectively. In
contrast, the anisotropy in the unsymmetrical complex [34]PF¢ (Ag = 0.164) is weaker than
in the related complex containing a C4 chain [40]PFs (Ag = 0.187), suggesting there is
larger electron delocalisation in the Cg¢ complex [34]PFs. Additionally, the anisotropy
found for [34]PF¢ is between those of the diiron [30]PF¢ (smaller) and the diruthenium
[32]PF¢ (larger). However, the signal anisotropy, which reflects delocalisation of the
unpaired electron, should be larger in an unsymmetrical system such as [34]PFs in
comparison with its symmetrical analogues [30]PF¢ and [32]PFs. On the other hand, these
anisotropy values are also unexpected because Ag ([30]PFs) < Ag ([32]PF¢) (0.137 <
0.172), which contradicts the fact that electronic coupling in ruthenium should be larger

than in iron analogue complexes”®®>’.
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Figure 5.15. EPR spectrum of [30] PFs measured at 67K in CH,Cl, glass.

The EPR spectrum of the symmetrical mixed-valence complex [31]PFs is shown in
Figure 5.16 and exhibits an intense signal characteristic of Ru(Ill) species, with g; = 2.253,
g = 2.047, g3 = 1.985 and Ag = 0.268. The weak signal anisotropy suggests strong
delocalisation of the unpaired electron between the two metal centres. However, the
anisotropy of the analogous complex [32]PFs, containing Cp* instead of Cp, is weaker
which is probably due to the more electron-donating Cp* groups increasing the electronic

delocalisation in the molecule.
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Figure 5.16. EPR spectrum of [31] PFs measured at 67K in CH,CI, glass.

The mixed-valence complex [35]PFs displayed an EPR signal which is more
characteristic of an Fe(IIl) species with parameters g; = 2.263, g, = 2.055 and g3 = 1.991

suggesting that the unpaired electron is more localised on the iron atom. However, the
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anisotropy Ag = 0.272 is relatively small, which indicates that there is good electron

delocalisation in [35]PFs.

In contrast, the EPR spectrum of the unsymmetrical mixed-valence complex
[37][C3(CN)s] (Figure 5.17), containing a modified Cs bridge, is dramatically different
from the spectra of the mixed-valence complexes described above. Indeed, the EPR signal
is characteristic of an Fe(Ill) species with parameters g; = 2.480, g, = 2.023 and g3 =
1.974. The anisotropy Ag = 0.506 is very large and can be compared with the anisotropy of
mononuclear iron complexes such as Fe(C=CPh)(dppe)Cp* (11) where Ag = 0.489". The
large anisotropy suggests that the unpaired electron is mostly localised on the iron site and
that electron delocalisation in [37][C3(CN)s] is very weak. EPR investigations were also
carried out on the neutral TCNE adduct 37 which showed a slight paramagnetic behaviour
in the NMR studies but, unfortunately, 37 is EPR silent at 67K which could be due to the

relaxation time; EPR measurements at 4K will be made on 37 in the future.
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Figure 5.17. EPR spectrum of [37][C3(CN)s] measured at 67K in CH,CI, glass.

EPR investigations showed that electron delocalisation in the mixed-valence complexes
studied in this section (apart from [37][C3(CN)s]) and for the unsymmetrical complexes
such as [34]PFs and [35]PF¢ is strong. Replacing Cp* by Cp increases the signal
anisotropy as seen in diruthenium complexes [32]PF4 and [31]PFs, and the mixed-metal
complexes [34]PFs and [35]PFs. Surprisingly, successive replacement of an iron by a

ruthenium atom in [30]PF¢, [32]PF¢ and [34]PF; slightly increases the anisotropy.
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EPR study of a single crystal of [30]PF,

In order to investigate further the EPR characteristics of the mixed-valence complex
[30]PF and to understand the unusual g-tensor values where g; = g, EPR measurements
on a single crystal of [30]PF¢ were carried out with the collaboration of Dr. Cador, to
determine the orientations and values of the three g-tensors. This experiment was carried
out by recording EPR spectra of the single crystal over 10° rotations using a goniometer
and along the three a, b and ¢ axes of the crystal unit cell. Figure 5.18 shows the EPR
spectra obtained during a full rotation (360°) along one axis, while Figure 5.19 is a plot of
values of the g-tensors (actually g?) in the three different planes against the rotation angles.

The g values have a sinusoidal relation to the rotation angles.

n J 360°

2000 3000 3100 3200 3300 3400 300
H/Oe
Figure 5.18. EPR spectra of the [30] PFs single crystal, full rotation (0 to 360°) along one

axis.
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Figure 5.19. Summary of the EPR orientation experiment.

Afterwards, the three g-tensors were calculated using the following equations*’:

In the a*b plane (considered as the xy plane):

g’ =(gg),, sin’ ¢+2(gg),, singcos p+(gg),, cos’ ¢
In the a*c plane (considered as the xz plane):

g’ =(gg),. sin’ 0+2(gg)_sinfcosO+(gg)..cos” O
In the bc plane (considered as the yz plane):

g’ =(gg),,sin’ 0+2(gg),. sinOcos O +(gg).. cos’ O

The values of the three g-tensors are: g; = 2.229, g, = 2.040 and gz = 1.990 with Ag =
0.239 and gjs, = 2.081. These values are significantly different from the g-tensors found for
[30]PF¢ in dichloromethane glass where g; = g, = 2.133 and g3 = 1.996 (Ag = 0.137 and
Ziso = 2.087). Such a difference between the EPR data in frozen solution and in the single
crystal state is unusual. However, it seems that g; and g, have become averaged in the
frozen solution [(2.229 + 2.040)/2 = 2.134] whereas g3 did not significantly change [1.996
(in CH,Cl, glass) vs 1.990 (single crystal)]. Indeed, the gis, values in CH,Cl, glass: 2.087,

and in the single crystal state: 2.081, are almost identical. In order to rationalise the EPR
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data, DFT calculations on [30]PFs were carried out by Gendron, giving values of the g-
tensors of g; = 2.241 g, = 2.030 and g3 = 1.979 (Ag = 0.262 and gis, = 2.083). These
theoretical values are in very good agreement with the g values obtained with the single
crystal, but contrast with the g values obtained for the CH,Cl, glass measurement (apart for
the g3 and gjs, values). At this stage, a satisfactory explanation for these differences is not

available.

Orientations of the three g-tensors in the [30]PF¢ molecule were determined in the EPR
experiment with the single crystal and are illustrated in Figure 5.20. The larger tensor g

deviates slightly from the Fe-Cp* .y axis.

3

e

[ _e¢¥

N g, — &

I & "“

Figure 5.20. Orientations of the three g-tensors in [30] PF.

9,

5.3.7 UV-Vis spectroscopy

The stable mixed-valence complexes [30]PFs and [34]PFs together with the stable
dicationic [30][PF¢], have also been studied by UV-Vis spectroscopy. Spectra recorded in
dichloromethane are shown in Figure 5.21 while absorption values are collected in Table
5.11. Unfortunately, spectra of the neutral species 30 and 34 could not be recorded for

comparison because of their very poor solubility.
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Figure 5.21. UV-Vis spectra of [30] PFs and[30] [PF¢] > (top) and [34] PFs (bottom) in

CH,Cl,.

Table 5.11. UV-Vis data for [30]PFs, [30][PFs]> and [34]PFs in CH,CL.

Compound

A/nm (e x 10°/dm’.mol " .cm™)

[{Cp*(dppe)Fe} (i-C=CC=CC=C)]PF, [30]PFs 254 (51.1), 352 (41.5), 378 (40.1),

464 (8.3), 510 (7.0), 578 (5.0)

[{Cp*(dppe)Fe}-(u-C=CC=CC=C)][PFs], 264 (68.4), 364 (55.9), 388 (72.7),

[30][PF¢].

684 (86.1)

[{Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*}] 270 (52.3), 338 (39.4), 368 (34.0),

PF¢ [34]PF;

452 (5.4), 496 (5.5), 558 (4.6)
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The UV-Vis spectra of [30]PFs and [34]PF¢ are very similar in shape and consist of
related absorptions. Firstly, intense high energy bands are observed at 254 and 270 nm for
[30]PFs and [34]PFs respectively, and are assigned to m — n transitions. Intense
absorptions are also observed at 352, 378 and 338, 368 nm for [30]PFs and [34]PFg
respectively, which are assigned to metal-to-ligand charge transfer MLCT transitions.
Finally, three absorptions are found at 464, 510, 578 for [30]PF¢ and at 452, 496, 558 nm
for [34]PF¢, and are assigned to ligand-to-metal charge transfer LMCT transitions. It is
interesting to note that these three medium absorptions in both mixed-valence complexes
[30]PFs and [34]PFg, are separated by ca 2100 cm’ (Figure 5.22). This value of 2100 cm’
is very close to the v(C=C) values observed in the IR spectra of [30]PFs and [34]PF¢ (see
Section 5.3.5), and it is tempting to suggest that these three absorptions could arise by

vibronic coupling as described previously™ .
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Figure 5.22. UV-Vis spectra of [30] PFs and [34] PFs in CH,Cl,: 13000-25000 em’!

region.

Additionally, rather small (between 10-20 nm) hypsochromic shifts of the mixed-
valence complex absorptions (apart for the m — m transitions at high energies) are
observed when one iron atom in [30]PFs is replaced by ruthenium in [34]PFs. In
comparison, the spectrum of [30][PF¢], presents similar absorptions in the high energy
range at 264 and 364, 388 nm which are more intense than the ones found in the spectra of
the mixed-valence complexes. These are assigned to ®1 — m and MLCT transitions,
respectively. However, a very intense band (¢ = 86100 dm’.mol”.cm™) is observed at
lower energy (684 nm) which gives the deep green colour to the complex, is assigned to

LMCT transitions. In comparison with the UV-Vis spectrum of the monocation [30]PFg,
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small bathochromic shifts (ca 10 nm) of the 1 — n and MLCT transitions are observed in

the spectrum of [30][PFs]..

UV-Vis spectra of 37 and its oxidized form [37][C3(CN)s] were also recorded, details
being given in Figure 5.23 and Table 5.12. In both spectra, the intense high energy band at
266 nm is attributed to the 1 — 7 transitions. Then, three bands forming a major part of
each spectrum are observed at 436, 488, 550 for 37and at 424, 448, 594 for [37][C3(CN)s].
The two first high energy absorptions in both cases were attributed to MLCT transitions,
while the low energy absorptions at 550 and 594 nm (for 37 and [37][C;(CN)s],
respectively), were attributed to LMCT transitions. Upon oxidation, the MLCT transitions
centred at 436 and 488 nm in 37 are shifted toward higher energies to give, in
[37][C3(CN)s], the two bands at 424 and 448 nm, which are also slightly more intense. In
contrast, a bathochromic shift of the LMCT band from 550 in 37 to 594 nm in

[37][C5(CN)s] 1s found upon oxidation, together with a decrease in band intensity.
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Figure 5.23. UV-Vis spectra of 37 and [37][C3(CN)s] in CH,ClL,.
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Table 5.12. UV-Vis data for 37 and [37][C3(CN)s] in CH,Cl,.

Compound A/nm (g x 10°/dm’.mol.cm™)

{Cp*(dppe)Fe} C=CC(=C(CN),)C(=C(CN),) 266 (61.4), 436 (16.8), 488 (21.6),

C=C{Ru(dppe)Cp*} 37 550 (16.0)
[{Cp*(dppe)Fe} C=CC(=C(CN),)C(=C(CN),) 266 (50.8), 424 (27.1), 448 (25.4),
C=C{Ru(dppe)Cp*} ][C3(CN)s] [37][C5(CN)s] 594 (8.1)

5.3.8 Near-IR spectroscopy

Mixed-valence complexes such as [30]PF¢ and [34]PF¢ have typical signatures in the
Near-IR region, the spectra generally exhibiting low-energy bands of varying intensity
corresponding to the inter-valence charge-transfer (IVCT) transitions, from which the
electronic coupling V,, can be measured. The Near-IR spectra of [30]PFs and [34]PFg,
recorded in dichloromethane at room temperature, are shown in Figure 5.24. The two
experimental spectra display very intense absorptions with a complex shape (several

transitions) which can be deconvoluted to several Gaussian functions.
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Figure 5.24. Near-IR spectra of [30] PFs (top) and [34] PFs (bottom) in CH,Cl.

In the two spectra, the experimental curves fit well with the simulated curves which are

the sum of three Gaussian functions: Bands A, B and C in both cases. Another Gaussian,
Band D, was used in both simulated spectra to give a better fit in the high energy region;

however, Band D originates from the Visible range and is not considered to be a Near-IR

transition. Characteristic values of the different Gaussian functions are collected in Table

5.13.
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Table 5.13. Near-IR data for [30]PFs and [34]PF¢ in CH,Cl,.

Compound  Band Vimax/Cm| (AVin)exp Rum” (AV12)heo”
(e x 107/dm’®.mol™.cm™) (cm™) (A) (cm™)
[30][PFs] A 6130 (26.5) 960 10.01 3763
B 8135 (7.2) 1000 4335
C 10140 (1.2) 1050 4840
[34][PFq] A 8050 (23.4) 980 10.01 4312
B 9874 (5.0) 980 4776
C 11698 (1.4) 980 5198

“Evaluated from X-ray structures. "Values calculated from Equation 5.1.

In both cases, the lower energy and very intense bands (Band A) at v 6130 and 8050
cm™ for [30]PFs and [34]PFs, respectively, are attributed to the IVCT transitions. The
observed full widths at half-height are (Avi2)exp [30]PFs = 960 and (Avy)2)exp [34]PFs = 980
cm™, which are significantly narrower than the values calculated from Hush’s theory'

(Equation 5.1): (Avi2)meo [30]PFs = 3766 and (Av1/2)theo [34]PFs = 4318 em™,
AV = (2310Vman) Equation 5.1

This clearly confirms that the interpretation of the results based on class II mixed-
valence systems cannot apply to [30]PF¢ and [34]PFs, an interpretation based on class III
delocalised mixed-valence systems being more likely. However, for [34]PFg, this contrasts
with the Hush theory where for unsymmetrical mixed-valence systems, the redox centres

are weakly coupled and class I model should apply.

From a first interpretation, it was thought that the two other bands, B and C, might
originate from coupling with the ligand-field (LF) transitions. However, considering the
hypothesis of the vibronic coupling® *” between the electron transfer and the vibrational
states of the molecule which might have been observed by IR and UV-Vis spectroscopies,
the Near-IR spectra have been deconvoluted with Bands B and C originating from the
vibronic coupling, the separations between the three bands A, B and C in the calculated

spectra being 2005 and 1824 cm’ for [30]PFs and [34]PF, respectively, and correlating
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with the selected v(C=C) bands observed in the IR spectra (Table 5.9). For the diiron
complex [30]PF, the vibration centred at 2008 cm™ in the IR spectrum thus originates
from vibronic coupling. The only remaining v(C=C) band at 1829 cm™ can be assigned to
the two equivalent Fe-C=C triple bonds, which indicates that [30]PFs is delocalised on the
IR time scale. This is in good agreement with the Near-IR observations where the IVCT is
very intense and (Avip)eyp 1S significantly narrower than (Avi;)meo, thus mixed-valence

[30]PF¢ can definitely be considered as a class I1I system.

In the spectrum of [30]PF, the experimental Band A is narrower than the Gaussian one,
this kind of low-energy cut-off being characteristic of borderline class II-III mixed-valence
systems and may suggest a strong electronic coupling in the mixed-valence system™.
However, this low-energy cut-off could also arise from vibrational progressions or other

band overlaps and cannot be used a priori as an indicator of strong coupling®.

In contrast, the experimental spectrum of [34]PF is slightly larger in the low energies

than the simulated one. This could be attributed to a fifth low-intensity band at ca 6500 cm’

1 c

. . . 1 . .
, which could arise from the presence of another redox isomer'® in solution such as

[34B]" represented in Scheme 5.15 (considering that [34A]" is the major redox isomer in

solution).

Fe CEC—CEC—CEC_/RU.\ EEE e /FE\ C(=C—C=C—C=cC Ru
Ph,P Ph Ph,P PPh, Ph,P PPh Ph,P PPh,
2 2 2 2
[34A]" \J L/ \

[34B]"
Scheme 5.15. Redox isomers of [34] .

The electronic coupling parameters for the mixed-valence complexes [30]PF¢ and
[34]PFs were calculated and are listed in Table 5.14 together with literature data from
related mixed-valence complexes containing shorter (C4) or longer (Cg) carbon chains. For
[30]PFg, the electronic coupling term was calculated from Equation 5.2, which applies to
class III mixed-valence systems, as V,, = 0.38 eV. This result correlates well with V,, of
the related diiron complexes [38]PF¢ containing a C4 chain (V,, = 0.47 eV), and [42]PF,
containing a Cg chain (V,, = 0.32 eV). Indeed, electronic coupling should exponentially
decay with increasing chain length between the two metal sites™.

Vab = Vimax/2 Equation 5.2
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In contrast, the case of [34]PFs is more complicated because typically, in non-
symmetric mixed-valence systems, the redox centres are only weakly coupled and the
Hush model should apply. In this case, the electronic coupling V,, should be calculated

from Equation 5.3 which applies to class II mixed-valence complexes.
Vab = 0.0205(€ maxVmaxAvi2)">/Rym: Equation 5.3

However, since the IR data (Section 5.3.5), the very large IVCT extinction coefficient (&
max = 23300) of the mixed-valence complex [34]PF¢ and the band width at half-height,
which is narrower than Hush theory predicts, are all consistent with strong electron
delocalisation, the results obtained using Equation 5.3 should be regarded with caution.
Indeed, none of the unsymmetrical mixed-valence C4 complexes based on Fe, Ru or Re*
show such an intense IVCT transition. The electronic coupling for [34]PF; calculated from
Equation 5.3, where Ryp is the through-space metal-metal distance of 10.096 A
(assuming that the -electron-transfer distance is approximately the same as the
crystallographic MM through-space distance), gives a value of 872 cm™ (0.11 eV). When
the electronic coupling parameter is calculated from Equation 5.2 (in the case of a class III
system), a very large value of 0.50 eV is found. These electronic coupling values are very
large for an unsymmetrical complex and are significantly higher than the value found for
the analogous complex [40]PFs (V. = 0.038 eV) which contains a C4 bridge. Besides, in
[40]PFs, the IVCT band width at half-height (Avi/)ex, = 1400 cm'l, is larger than the one
observed in the hexatriynyl complex [34]PFs, where (Avi/)exp = 980 cm’™.

The Near-IR results obtained for the unsymmetrical mixed-valence complex [34]PF; are
unexpected: the IVCT transition is very intense and the strength of the electronic coupling
does not seem to obey the electronic coupling decay as a function of chain length:
Van([34]PFs) > Vi ([40]PFe). By comparing the (Avip)ep and Vy, values, which in both
cases are greater for [34]PF¢, the Near-IR studies show that the electronic coupling in
[34]PF¢ is stronger than that in its C; analogue [40]PF¢. This unexpected result is
supported by the EPR observations: Ag ([34]PF¢) < Ag ([40]PF¢) and by IR spectroscopy
where [34]PF¢ was shown to be delocalised on the very fast IR time scale. Further Near-IR
investigations on the mixed-valence complex [34]PF; are in progress in order to clarify this

result with more precision (class II or III) by studying solvent effects on the IVCT bands.
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Near-IR studies were also carried out on the TCNE adducts 37 and [37][C3(CN)s] with
the aim of observing electron transfer between the cyano-ligands and the metal sites. This
was also probed by NMR spectroscopy for 37. Unfortunately, 37 is silent in the Near-IR
range and no transitions were observed. However, it cannot be concluded that this type of

transition does not exist in 37; it might be of very low intensity and could be hidden.

In the Near-IR spectrum of the unsymmetrical mixed-valence complex [37][C3(CN)s]
(Figure 5.25), a very weak and broad low-energy band was observed around 8000 cm™.
This band was deconvoluted using two Gaussian functions: bands A and B, with the
parameters listed in Table 5.15. Band A, which is very low in intensity and energy is
assigned to a LF transition, whereas the broad Band B, which is also low in intensity and
centred at 8000 cm™ is assigned to the IVCT transition. The observed and calculated full
widths at half-height (Avi;)e, = 3500 and (Avin)meo = 4299 of the IVCT band are not
significantly different, which is in good agreement with Hush’s theory for class II mixed-
valence systems. Therefore, the electronic coupling parameter of [37][C3;(CN)s] was
calculated from Equation 5.3 which applies to class Il mixed-valence systems to give V,, =
0.030 eV. This value is consistent with [37][C3(CN)s] being a weakly-coupled class 11
mixed-valence complex, which is to be expected for an unsymmetrical molecule. The
cyanocarbon bridge also disfavours the electronic coupling in comparison with the all-

carbon Cg bridge in [34]PFg, where V,, = 0.11 eV (using Equation 5.3).
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Figure 5.25. Near-IR spectrum of [37][C3(CN)s] in CH,Cl,.
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Table 5.15. Near-IR data for [37][C3(CN)s] in CH,Cl,.

Compound Band Vimax/Cm’” (AVin)ep R (AVID)iheo Vab
(¢/dm’mol’.em™)  (cm™) (&) (cm™) eV
[37][Cs(CN)s] A 5000 (50) 1100 8.613 3398
B 8000 (360) 3500 4299 0.030°

“*Evaluated from X-ray structures. "Values calculated from Equation 5.1. “Value calculated

from Equation 5.3.

Near-IR investigations allowed the determination of the electronic coupling parameters
of the mixed-valence complexes described in this Chapter. The bridge types (pure carbon
or chemically modified by addition of TCNE) and the nature of the metals (Fe or Ru)
considerably affect the electronic coupling parameter V,,, which is larger in the ruthenium
complexes than in the iron analogues. The unsymmetrical mixed-valence complex [34]PF,
showed an unexpectedly large V,, (0.11 from Equation 5.3 and 0.50 from Equation 5.2),

indicating that strong electronic delocalisation exists in this complex.

5.3.9 Magnetic behaviour of the dicationic complex [30][PF/,

Guided by the NMR studies (Section 5.3.4) which revealed the paramagnetism of
[30][PF¢]», the magnetic properties of the dicationic diiron complex [30][PF¢], were
investigated by EPR spectroscopy in collaboration with Dr. Cador, and rationalised by
DFT calculations carried out by Gendron. An EPR experiment at 67K was first carried out
in the solid state with the single crystal used for the X-ray structure determination and no
signals were observed. However, when the crystal was dissolved in a few drops of
dichloromethane and the solution frozen at 67K, an intense signal was observed in the EPR
spectrum (Figure 5.26). This signal is characteristic of a Fe(IIl) species with parameters g;
= 2.224 g, = 2.045 and g3 = 1.992 (Ag = 0.232 and gj;, = 2.087), the half-field signal
centred at g = 4.259 indicating the presence of a biradical species which confirms that the
EPR-active species is in the triplet state (Figure 5.11). The signal at g* = 2.139 was
attributed to paramagnetic impurities. Unlike the analogous dicationic complex
[{Cp*(dppe)Fe}»(u-C=CC=C)][PF¢]> [38][PFs],, which is EPR silent*®, [30][PF], is
EPR-active at 67K in a CH,Cl, glass but not in the single crystalline phase. This
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observation is very unexpected for this type of compound and DFT calculations were
carried out in order to obtain the relative energies of the singlet and triplet states, and to

determine whether exchange between the two states is possible (small AGgr).
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Figure 5.26. EPR spectrum of [30] [PFs] ; measured at 67K in CH,Cl; glass.

Figure 5.27 presents the energy diagrams and frontier orbitals of the singlet and triplet
states (with the angle between the two iron sites T = 180°, which is similar to the X-ray
structure geometry). The calculated energy difference found between the singlet and triplet
states when the angle between the metal fragments is T = 180° is AE = 0.03 eV in favour of
the triplet state which signifies that the singlet and triplet states have almost the same

energies in this configuration.
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Figure 5.27. Energy diagrams and frontier orbital representations of the [30][PFs], singlet and triplet
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states (t = 180°).

However, the energy difference between the singlet and triplet states dramatically
changes with relative orientation of the metal fragments, as found for the rotamers of
[27][PFs]» (see Chapter 4). For example, when the angle between the two metal fragments
is T = 45°, the energy difference is AE = 0.15 eV in favour of the triplet state, which is
significantly different to AE = 0.03 eV for T = 180°. In this configuration, the triplet state is
much more stable than the singlet state. On the basis of these theoretical results, we
propose that the single crystal is EPR-silent because [30][PF¢], is in the singlet state (the
singlet state presumably being the only configuration to crystallise). However, when the
crystal is dissolved in dichloromethane, the end-capping metal fragments can rotate about
the C¢ axis to give different conformations (different t) which, when the solution was
frozen at 67K, are EPR-active because the triplet state is now accessible. Therefore, the

EPR signal of the solution arises from the triplet state. While this hypothesis has not yet
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been verified, it is presently the only viable explanation of the difference between the EPR

spectra obtained in solution and from a single crystal.

5.4 Conclusion

New symmetrical and unsymmetrical bimetallic complexes containing C¢ chains have
been synthesised and characterised (Scheme 5.16). The symmetric diiron complex
{Cp*(dppe)Fe}(u-C=CC=CC=C) 30 and the asymmetric mixed iron-ruthenium complex
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 both have poor solubility and therefore
could not be fully characterised. However, they react with the electron-deficient cyano-
alkene TCNE to afford the ring-opened adducts 36 and 37, together with the mixed-
valence complex [37][C3(CN)s], which was obtained when a large excess of TCNE was
used. These products were fully characterised by the usual spectroscopic methods which in

turn allowed confirmation of the structures of the parent complexes.

The electrochemical behaviour of these new hexatriynyl complexes was investigated
and revealed that their mixed-valence states were thermodynamically stable, as shown by
the very large K. values (from 2.9 x 107 for 31 to 7.0 x 10" for 35). The diiron system 36
containing the Cq bridge modified by addition of one TCNE molecule to the central C=C
triple bond also exhibits two well-separated waves with K, = 2.4 x 10°, indicating that
electronic interactions between the two metallic sites, through the cyanocarbon bridge,

exist.

R R R R'
R R R' / R'
R /M—CEC—CEC—CEC—M'\ R’
PhP ppp, php, PP

30: M=M'=Fe, R=R'=Me

31: M=M'=Ru,R=R'=H

34: M=Fe,M'=Ru,R=R'=Me
35: M=Fe,M'=Ru,R=Me,R'=H

Scheme 5.16

Guided by the electrochemical observations, 1-e chemical oxidations were carried out
on the new bimetallic complexes to afford novel mixed-valence complexes which were all

characterised by EPR spectroscopy. The EPR analyses showed weak anisotropy (Ag
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between 0.137-0.272) in all mixed-valence complexes (apart from [37][Cs;(CN)s])
suggesting good electron delocalisation between the two metal fragments through the Cg
bridge. Surprisingly, the EPR spectra of the complexes [30]PFs, [32]PFs and [34]PFs,
exhibit very similar shapes which are characteristic of the C¢ chain bridging two
Cp*(dppe)M fragments (M = Fe, Ru). However, in the case of [30]PF,, different spectra
were obtained depending on whether a single crystal or a CH,Cl, glass was used for data

collection. Unfortunately, no explanation for this interesting difference is available yet.

The first crystal structures of mixed-valence complexes containing a chain longer than
C4 were obtained for [30]PFs and [34]PFs, the two other mixed-valence complexes
containing the Ru(dppe)Cp motif [31]PFs and [35]PFs being unstable above -10°C.
Complexes [30]PFs and [34]PF¢; were fully characterised by the usual spectroscopic
methods which suggested that very strong electronic couplings exist between the metal
centres. As expected, the symmetrical complex [30]PFs was determined to be a class III
delocalised mixed-valence system. The electronic coupling parameter V,, correlates well
with those of the previously described analogues [38]PFs and [42]PFs, which contain a
shorter C4 chain and a longer Cg chain, respectively. However, the low-energy cut-off of
the IVCT band characteristic of borderline class II-III mixed-valence systems, and the
larger EPR anisotropy value of [30]PF; than found for both [38]PFs and [42]PFg, slightly
contradict the previous observation. New features which have not been observed in the
mixed-valence systems [38]PF¢ and [42]PF¢ are also found in the novel [30]PFs complex
containing an odd number of C=C triple bonds: a vibronic coupling between the
intramolecular electron transfer and some of the molecular vibrational states was
characterised, together with induced changes in the [30]PF¢ properties (IR, UV-Vis and
Near-IR).

Unexpected results were also observed for the unsymmetrical complex [34]PFs, which
was expected to be a weakly coupled class II mixed-valence system, but behaved as a class
IIT mixed-valence complex. All the spectroscopic data collected on the mixed-valence
complex [34]PFs: IR (no charge localisation on the IR time scale), Near-IR (large V) and
EPR (weak anisotropy) are consistent with strong electronic delocalisation existing in this
molecule. The most surprising observation is that electronic coupling in [34]PF is stronger
than in the analogous [40]PF containing a Cy4 chain, this feature strongly contrasting with

the electronic coupling decay as a function of chain length. As found for the diiron
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complex [30]PFs, vibronic coupling has also been observed in [34]PF¢. Additionally, the
unsymmetrical TCNE adduct [37][C3(CN)s] exhibits a large, weak intensity IVCT band at
low energies, which is in good agreement with Hush’s theory. Compound [37][C3(CN)s] is

thus classified as a weakly-coupled class Il mixed-valence complex with V,, = 0.030 eV.

Finally, the novel dicationic complex [{Cp*(dppe)Fe}.(u-C=CC=CC=C)]|[PFs].
[30][PF¢]» was synthesised by chemically oxidising [30]PF¢ and was structurally
characterised by X-ray analysis. This complex showed interesting paramagnetic behaviour,
being EPR-silent as a single crystal but EPR-active in a CH,Cl, glass. In order to explain
this new phenomenon, it is proposed that only the singlet state crystallised, but after
dissolving the crystal in dichloromethane, rotation of the end-capping metal fragments
around the Cg axis occurred, different conformations having a more stable triplet state,
resulting in an EPR-active sample. This hypothesis was supported by DFT calculations
carried out by Gendron on the singlet-triplet energy differences in two different

orientations.
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Experimental

General experimental conditions are detailed in Chapter 2, Experimental section.

Reagents: Tetracyanoethene (Aldrich) was used as received. Me;Si(C=C);SiMes’' and
RuCl(dppe)Cp>* were prepared using the cited methods.

Synthesis of {Cp*(dppe)Fe},(n-C=CC=CC=C) (30)

To a solution of FeCl(dppe)Cp* 1 (300 mg, 0.48 mmol) and KF (28 mg, 0.48 mmol) in
MeOH (25 ml) was added Me;SiC=CC=CC=CSiMe; (53 mg, 0.24 mmol). After stirring at
room temperature overnight, the orange precipitate was filtered off and washed with cold
MeOH (3 x 10 ml), acetone (3 x 10 ml), and then hexane (20 ml) to afford
{Cp*(dppe)Fe}(u-C=CC=CC=C) 30 (224 mg, 75%) as a very poorly soluble orange
powder. IR (KBr): v(C=C) 2040 cm™. ES-MS (m/z): caled for C7gH7gFe Py 1250.3753,
found 1250.3952 [M]".

Synthesis of {Cp(dppe)Ru},(p-C=CC=CC=C) (31)

A methanolic (25 ml) suspension of RuCl(dppe)Cp 33 (200 mg, 0.33 mmol),
Me;SiC=CC=CC=CSiMe; (73 mg, 0.33 mmol) and KF (39 mg, 0.67 mmol) was heated
under reflux for 1 h, after which the mixture was allowed to cool. The yellow precipitate
was filtered off and washed with cold MeOH (3 x 10 ml) to give
{Ru(dppe)Cp}(LC=CC=CC=C) 31 (158 mg, 80%). X-ray quality crystals were obtained
from benzene/hexane. Anal.Calcd (CgsHssPsRu,.0.5CsHg): C, 68.76; H, 4.96. Found: C,
68.97; H, 5.16. IR (CH,Cl,): v(C=C) 2063 cm™. "H NMR (C¢De): & 1.84-1.87, 2.43-2.46 (2
x m, 2 x 2H, 2 x CHa), 4.56 (s, 5H, Cp), 6.85-7.90 (m, 40H, Ph). *C NMR (C¢Ds): &
28.23-28.53 (m, dppe), 83.16 (s, CsHs), 96.93 (s), 102.64 (t, Ru-C=, “Jep = 28 Hz), 127.55-
142.91 (m, Ph). *'P NMR (C¢Dg): & 85.8. ES-MS (positive ion mode, MeOH-NaOMe,
m/z): 1202 [M]".
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Synthesis of {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*} (34)

Ru(C=CC=CC=CSiMe;)(dppe)Cp* 10 (92 mg, 0.12 mmol), FeCl(dppe)Cp* 1 (81 mg,
0.13 mmol) and KF (7 mg, 0.12 mmol) were dissolved in a 1:1 mixture of THF / MeOH
(10 ml). After stirring at room temperature overnight, the orange precipitate was filtered
off and washed with cold MeOH (3 x 5 ml), acetone (3 % 5 ml), and then hexane (10 ml) to
afford {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*} 34 (94 mg, 61%) as a very poorly
soluble orange powder. IR (Powder): v(C=C) 2110, 2050, 1969 cm™. ES-MS (m/z): calcd
for C73H73P4sFeRu 1296.3447, found 1296.3453 [M]+.

Synthesis of {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp} (35)

To a solution of Fe(C=CC=CC=CSiMe;)(dppe)Cp* 9 (22 mg, 0.030 mmol) in THF (1
ml) was added MeOH (5 ml). Immediately after, RuCl(dppe)Cp 33 (20 mg, 0.033 mmol)
and KF (2 mg, 0.030 mmol) were added. After stirring at room temperature overnight, the
brown precipitate was filtered off, washed with cold MeOH (3 x 5 ml), dissolved in a 5:1
CH,Cl,/NEt; mixture and passed through a basic alumina column eluting with the same
solvent. The orange band was collected and the solvent removed to afford
{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp} 35 (11 mg, 30%) as an orange powder.
Anal. Calcd (Cs3HgsFePsRu): C, 71.51; H, 5.59. Found: C, 71.08; H, 5.96. IR (CH,Cl,):
V(C=C) 2048, 1920 cm™. 'H NMR (C¢Dg): & 1.45 (s, 15H, Cp*), 1.75, 1.93 (2 x m, 4H,
PCH,), 2.55 (m, 4H, PCH,), 4.66 (s, 5H, Cp), 6.90-8.01 (m, 40H, Ph). °C NMR (C¢Dg): &
10.37 (s, CsMes), 28.33-28.64 (m, dppe), 30.24-31.29 (m, dppe), 54.00, 56.7 (s, C=C),
83.26 (s, CsHs), 88.25 (s, CsMes), 97.34, 103.86 (s, M-C=C), 102.32 (t, Ru-C=, “Jep = 26
Hz), 124.91 (t, Fe-C=, “Jep = 41 Hz), 127.30-143.00 (m, Ph). *'P NMR (C¢Ds): & 84.8 (s,
Ru(dppe)Cp), 99.6 (s, Fe(dppe)Cp*). ES-MS (m/z): caled for C;3HgsFePsRu 1226.2664,
found 1226.2653 [M]".

Synthesis of {Cp*(dppe)Fe},{n-C=CC[=C(CN),]C[=C(CN),]C=C} (36)
{Cp*(dppe)Fe}(u-C=CC=CC=C) 30 (50 mg, 0.040 mmol) and TCNE (5 mg, 0.040
mmol) were dissolved in dichloromethane (5 ml). After stirring for 2 h at room
temperature, pentane (50 ml) was added to the solution. The resulting precipitate was
filtered off and washed with pentane (3 x 5 ml) to afford {Cp*(dppe)Fe},{p-
C=CC[=C(CN),]JC[=C(CN);]JC=C} 36 (45 mg, 82%) as a deep purple powder. IR
(CH,Cl,): v(C=N) 2206, v(C=C) 1950, v(C=C) 1599 cm™. *'P NMR (CDCl;, 121 MHz): &
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97.7 (d (br), “Jpp = 7 Hz) and 92.9 (d (br), Jpp = 7 Hz). ES-MS (m/2): caled for
C84H78F62N4P4 13783870, found 1378.3873 [1\/[:|Jr

Synthesis of {Cp*(dppe)Fe}{C=CC[=C(CN),|C[=C(CN);]C=C}{Ru(dppe)Cp*} (37)

{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 (44 mg, 0.034 mmol) and TCNE (4
mg, 0.034 mmol) were dissolved in dichloromethane (5 ml). After stirring for 2 h at room
temperature, hexane (50 ml) was added to the solution. The resulting precipitate was
filtered off and washed with hexane (3 x 10 ml) to afford
{Cp*(dppe)Fe} { C=CC[=C(CN),]C[=C(CN),]C=C} {Ru(dppe)Cp*} 37 (42 mg, 87%) as a
deep purple powder. Anal.Calcd (CgsH7sFeN4P4Ru): C, 70.83; H, 5.52; N, 3.93. Found: C,
71.14; H, 6.00; N, 3.77. IR (CH,Cl,): v(C=N) 2209, v(C=C) 1956, v(C=C) 1604 cm™. 'H
NMR (CDCls): 6 1.07 (s, 15H, Cp*Fe), 1.26 (s, 15H, Cp*Ru), 1.95-2.14 (m, 4H, 2 x CHy),
2.52, 2.59 (2m, 4H, 2 x CH,), 6.78-7.74 (m, 40H, Ph). °C NMR (CDCls): & 10.32 (s,
CsMes), 10.40 (s, CsMes), 29.07-30.46 (m, dppe), 96.26 (s, CsMes), 96.46 (s, CsMes),
114.19, 117.02 (2 x s, 2 x CN), 115.68 (s(br), 2 x CN), 122.51 (s), 127.33-139.41 (m, Ph),
205.64 [t(br), M-C=]. *'P NMR (CDCls): & 79.3 [d (br), “Jpp = 14 Hz, Ru(dppe)], 74.2 [d,
2Jpp = 14 Hz, Ru(dppe)]. ES-MS (m/z): calcd for CgsHssFeN4sPsRu 1424.3570, found
1424.5621 [M]".

Synthesis of [{Cp*(dppe)Fe}{n-C=CC[=C(CN),]C[=C(CN),]C=C}{Ru(dppe)Cp*}]
[C3(CN)s] [37][C3(CN)s]

{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 (41 mg, 0.032 mmol) and TCNE (40
mg, 0.32 mmol) were dissolved in dichloromethane (8 ml). After stirring for 2 h at room
temperature, the solvent was removed under reduced pressure. The residue was then
purified by preparative TLC (acetone/hexane, 1:1) and the brown band (Ry = 0.50) was
collected to afford [{Cp*(dppe)Fe} { C=CC[=C(CN),]C[=C(CN),]C=C}
{Ru(dppe)Cp*} ][C5(CN)s] [37][C3(CN)s] (26 mg, 51%) as a dark brown powder. IR
(CH,CLy): v(C=N) 2199, v(C=C) 1957, (C=C) 1592, V(CCC) 1506 cm™. ES-MS (m/z):
calcd for Cg4H7sFeN4P4Ru 1424.3570, found 1424.3601 [M]+.
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Synthesis of [{Cp*(dppe)Fe}(n-C=CC=CC=C)|PFs ([30]PFs)

When {Cp*(dppe)Fe},(u-C=CC=CC=C) 30 (180 mg, 0.144 mmol) and [Cp,Fe]PF¢ (47
mg, 0.144 mmol) were dissolved in dichloromethane (15 ml) at -78°C, the colour changed
immediately from orange to dark brown. After stirring 1 h at -78°C, the solution was
allowed to slowly warm up to room temperature over 5 h. Then, pentane (60 ml) was
added to the solution; the resulting precipitate was filtered off and washed with toluene (3
x 10 ml). The residue was dissolved in dichloromethane (10 ml), the solution was filtered
via cannula and the solvent removed under reduced pressure to afford [ {Cp*(dppe)Fe}.(p-
C=CC=CC=C)]PF¢ [30]PFs (154 mg, 77%) as a dark brown powder. Anal. Calcd
(C3H73F6Fe,Ps.CH,Cly): C, 64.07; H, 5.44. Found: C, 63.89; H, 5.65. IR (KBr): v(C=C)
2005, 1818, v(P-F) 839 cm’. ES-MS (m/z): caled for CssH7gFe Py 1250.3753, found
1250.3755 [M]".

Synthesis of [{Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*}|PFs (|34]PF¢)

{Cp*(dppe)Fe} (C=CC=CC=C){Ru(dppe)Cp*} 34 (44 mg, 0.034 mmol) and
[CpoFe]PFg (11 mg, 0.034 mmol) were dissolved in dichloromethane (6 ml) at -78°C, the
colour changed immediately from orange to dark brown. After stirring 1 h at -78°C, the
solution was removed from the cold bath and allowed to slowly warm up to room
temperature over 5 h. Then, hexane (60 ml) was added to the solution and the resulting
precipitate was filtered off and washed with hexane (3 x 5 ml). The residue was dissolved
in dichloromethane (10 ml), the solution was filtered via cannula and the solvent removed
under reduced pressure to afford [{Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*}]PFs
[34]PF¢ (32 mg, 77%) as a dark brown powder. Anal.Calcd (C7;sH73FsFePsRu.CH,Cl,): C,
62.17; H, 5.28. Found: C, 62.65; H, 5.69. IR (CH,Cl,): v(C=C) 2014, 1881, 1824 cm™. ES-
MS (m/z): calcd for CsgH7sFeP4sRu 1296.3447, found 1296.3596 [M]+.

Synthesis of [{Cp*(dppe)Fe}(n-C=CC=CC=C)|[PF¢], ([30][PFs]2)

When [{Cp*(dppe)Fe},(u-C=CC=CC=C)]PFs [30]PFs (120 mg, 0.086 mmol) and
[CpoFe]PF¢ (28 mg, 0.086 mmol) were dissolved in dichloromethane (10 ml) at -78°C, the
colour changed immediately from dark brown to dark green. After stirring 1 h at -78°C, the
solution was allowed to slowly warm up to room temperature over 5 h. Then, pentane (60
ml) was added to the solution; the resulting precipitate was filtered off and washed with
toluene (3 x 10 ml) to afford [{Cp*(dppe)Fe}(un-C=CC=CC=C)][PF¢]> [30][PFs], (110
mg, 83%) as a dark green powder. Anal.Calcd (C73H7gF12Fe Pg): C, 60.80; H, 5.10. Found:
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C, 61.08; H, 5.21. IR (KBr): (C=C) 2162, 1947, v(PF) 839 cm™. 'H NMR (CD-Cl,): &
0.78 (s, 30H, Cp*), 2.76 (m, 4H, 2 x CH,), 4.32 (m, 4H, 2 x CH,), 6.48-7.60 (m, 40H, Ph).
3P NMR (CD,CL): 8 11.1 [s (br)], -145.4 (septet, Jor = 710 Hz, PFy).
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Chapter Six

Synthesis of New Tetrametallic Complexes with a Square
Core by Oxidative Dimerisation of
{M(dppe)Cp’(C=CC=CC=C){M(dppe)Cp’} (M = Fe, Ru;
Cp’ = Cp, Cp*): Potential QCA Models

6.1 Introduction

Over the last decade, the synthesis and study of square complexes containing
four metal centres linked by conjugated m systems have attracted much interest. In
these higher dimensional systems, the metal centres and conjugated m bridges
might be considered as quantum dots and tunnelling junctions, respectively, of
molecular QCA devices (similar to a pair of identical mixed-valence complexes;
see Section 1.4.1). However, even if the synthesis of such complexes is most of the
time very challenging', many examples of square molecules containing four metal
centres have been reported. Some of these have already been identified as possible
candidates for the construction of QCA devices® due to their redox-active metal
centres. Examples are complexes synthesised by Cotton et al.” containing four
dimolybdenum units [Figure 6.1 (a)] and by Lau et al.®, who proposed a
tetranuclear analogue of the well-known and often studied Creutz-Taube complex”

[Figure 6.1 (b)].
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(a) (b)

Figure 6.1. Possible QCA molecules: (a) with dimolybdenum centres: [cis-
Mo (N,N -di-p-anisylformamidinate),] (trans-O,CCH=CHCQ,), and (b) the

Creutz-Taube square [(cyclen) Ruy(pz)4] ’ cation.

However, there are only a few examples where electron transfer has been
studied: in most cases the comproportionation constant K. of the different mixed-
valence states is too small to allow their generation'. Rare examples of electron
transfer investigations in square molecules have been published by Oshio et al.,
who used cyanide anions to bridge Fe(bpy),® and/or Ru(bpy),’ metal centres. The
homo- and hetero-, mono- and di-oxidised mixed-valence species [Fe(I);Fe(II)]"",
[Fe(Il),Fe(1ID),]°", [Ru(ID),Fe(IDFe(IID)]°" and [Ru(I),Fe(Il),]°" have been
generated under spectroelectrochemical conditions to probe intramolecular electron
transfer by Near-IR spectroscopy. These complexes exhibited average IVCT
transitions and the Hush model applies®; therefore, they have been classified as
class II mixed-valence-systems. Interestingly, electronic coupling in the iron and
ruthenium heterometallic system [Ru(II),Fe(IIl),]°" was found to be stronger than
that in the homometallic system [Fe(I);Fe(Ill),]°", which is unexpected’. The
authors proposed that this might be due to the asymmetric bridging ligands CN’,
which have the potential to propagate not only magnetic but also electronic

interactions.
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To our knowledge, only two examples of isolated square four-metal, mixed-
valence complexes containing two mobile electrons have been published to date.
These were studied as potential candidates for QCA devices. Both contain four
ferrocene centres, that studied by Jiao et al.'’ incorporating a Co(m*-C4)(n’-CsHs)
core [Figure 6.2 (a)] whereas the complex studied by Nemykin et al.'’ contains a

porphyrin centre [Figure 6.2 (b)].

Figure 6.2. Candidates for molecular QCA cells (neutral species): (a) {(n’-
CsHs)Fe(’-CsHy)}o(n’-Cy)Co(p’-CsHs). (b) 5,10,15,20-
tetraferrocenylporphyrin(2-).

Both  [{(’-CsHs)Fe(n’-CsHs)}a(m*-C4)Co(n’-CsHs)]**  and  [5,10,15,20-
tetraferrocenyl-porphyrin(2-)]*" mixed-valence systems have been synthesised by
chemical oxidation of the neutral parent complexes and characterised. Charge
localisation has been probed by IR and Mossbauer spectroscopy while in the Near-
IR range, IVCT transitions were observed. The IVCT bands were analysed using
Hush theory and the dioxidised tetraferrocenyl complexes were classified as
characteristic class I mixed-valence systems. Therefore, the authors concluded
that these square systems were excellent candidates for molecular QCA devices.
However, the behaviour of such complexes on surfaces has not yet been studied,

the challenge probably resulting from difficulties in deposition on surfaces™.
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The synthesis of bimetallic molecules containing a planar square cyclobutene
centre by chemical oxidation of their monometallic butadienyl parents has been
described in Chapter 4. The square geometry of these complexes and their charge
configurations (+2) are very attractive features for possible QCA models. On this
basis, we proposed to synthesise tetrametallic complexes such as those illustrated
in Figure 6.3, containing a cyclobutene centre for the square geometry and two
positive charges either partially or fully delocalised, for the binary information unit
of the QCA cell. In such complexes, the metal atoms are formally in the M(II) state
and are expected to be more stable than the above mixed-valence examples, the
binary information being encoded by the charge configuration. Further
investigation of their physical properties would then determine if they are

candidates for molecular QCA devices.

['V']\\C Pl N C//['V']
\\C C//C C\\C //
N\ N
[0 - - |
C/ \C C/ \C
c/ \\C C// N
W .
M7 S m” N
"0" "1"

[M] = Ru(dppe)Cp, Fe(dppe)Cp*
Figure 6.3. Possible molecular QCA models.
6.2 Aims

The aim of the work described in this Chapter was to synthesise new
tetranuclear complexes for possible QCA models. Guided by the results obtained
in Chapter 4 on the radical coupling of the 17-e diynyl species which gave dimers
containing a cyclobutene core, we thought that similar coupling of the mixed-
valence complexes synthesised in Chapter 5 might occur. Indeed, the mixed-
valence complexes [31]PF¢ and [35]PF¢ are unstable above -10°C, further reaction

occurring (see Chapter 5); the analogous complexes [30]PFs and [34]PFs were
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stable and isolable at room temperature. Intermolecular radical coupling between
two mixed-valence molecules could afford the symmetrical tetrametallic target

complexes needed for possible molecular QCA applications (Scheme 6.1).

+

M]

\\C /[M]
\\C C//C
ot N,
"Dimerisation" C—C
2 M—C=C—C=C—C=C—[M] = |l
c—=C
C/ \C
4 \¥
+
M] 7 \[M]

[M] = Ru(dppe)Cp, Fe(dppe)Cp*

Scheme 6.1. Expected product from the dimerisation of
{Cp (dppe) M} (C=CC=CC=C){M(dppe)Cp’} (M = Fe, Ru; Cp’ = Cp, Cp*):
application for QCA models.

The products resulting from the reactions of the mixed-valence complexes
[31]PFs and [35]PFs occurring above -10°C are characterised in this Chapter, their
physical properties also being investigated. The experimental results were

rationalised by DFT calculations carried out by Gendron from the Halet group.

6.3 Results and discussion

6.3.1 Syntheses and structures of the tetranuclear complexes [43][PF¢],
and [44][PF6]2

In order to obtain the tetranuclear complexes, the neutral parent complexes 31
and 35 were treated with one equivalent of [FeCp,]PF¢ in THF at -78°C to give
unstable mixed-valence complexes [31]PF¢ and [35]PFs (Scheme 6.2). The colour
changed immediately from yellow (31) or orange (35) to deep red which indicated
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the formation of the mixed-valence species [31]PF¢ and [35]PFs. After one hour at
-78°C, the solution was allowed to warm up to room temperature over five hours.
When the temperature reached -10°C, the colour of the solution changed from deep
red to deep blue (31) or purple (35) indicating that a further reaction had occurred.
After one hour at room temperature, hexane was added to the solution to
precipitate the products, which were washed with hexane to afford deep blue

{[31]PF¢}, (92% yield) and purple {[35]PF¢}, (65%) powders.

+ PF¢
R R R R

& B | =%

Ry—(=c—c=c—c=c—M_ R __[CPFePFq Ry—C=C—C=Cc—Cc=c—M_ R 10¢ {B1PFg} ) M=Ru, R=H  "Deep Blue"
\ AN

780 7\ {[35]PF¢},: M =Fe, R =Me "Deep Purple"
PP pp, Phop PP THE, -78°C thL/pphz thp\j”‘z
31:M=Ru,R=H "Yellow" [31]PFg: M=Ru,R=H
35:M =Fe, R=Me "Orange" [35]PFg: M =Fe, R = Me
"Deep Red"
Scheme 6.2

The dimeric formulations were confirmed by high resolution mass spectrometry
of the dications at m/z 1201.740 (z = 2; calculated: 1201.661 for [M]*") and m/z
1226.2818 (z = 2; calculated: 1226.2664 for [M]*") for {[31]PFs}, and {[35]PF¢}»

mixtures, respectively. Well-resolved ion clusters were obtained (Figure 6.4).
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Figure 6.4. Mass spectra: [M]*" patterns for {[31]PFs} (top) and {[35] PFy);
(bottom).
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Molecular structures

After many attempts, deep blue crystals of {[31]AsF¢}, were obtained by slow
diffusion of benzene into a concentrated solution in dichloromethane, the more
bulky [AsFg] anions facilitating crystallisation. The crystals obtained were very
prone to desolvation when out of the mother liquor, although the X-ray structure
was solved with a R-factor of 0.077. An ORTEP view of the unsymmetrical
dication [43][AsFs], is presented in Figure 6.5 (the phenyl rings of the dppe and
the AsF¢ anions have been omitted for clarity) while selected key parameters are
collected in Table 6.1. The unit cell incorporates one molecule of [43][ AsFs],, two
molecules of dichloromethane and four and half molecules of benzene. The crystal
system is triclinic P-1 with unit cell parameters: a = 17.2467(7), b = 20.2846(7), ¢
=22.0628(9) A, 0. =98.452(3), B = 94.541(4) and y = 95.517(3)°.

Figure 6.5. ORTEP view of [{Ru(dppe)Cp}{u-C12}][AsFs] > [43] [AsFs] > (phenyl

groups have been omitted for clarity).

186



L8T

el (O-(21)D-(£)D
(9T Tyl (OI-(2DD-(#)D
($)¥'98 (©0-(2DO-4)D
(LS 'LLT (Hg-(1D)2-(01)D
(®)T°0LT (6)2-(0DD-(11)D
(9)8'88 (£)2-(6)2-(1)D
(L)S'8ET (£)2-(6)2-(01)D
(L)9TET #)2(6)2-(01)D (1DovT'1 (1D2-(01D
(LOLLT (Og-(8)D-(L)D 0DTLE'T 0DI(6)D
(6)8°9L1 (9)0-(L)D-(8)D (IDYETT (8)0-(L)D
(6)S9LT (L)D(9)2-($)D 0DEYE'T (L)2-(9)D
(®)F9LI (£)D-($)D-(9)D (01)6TT'1 (9)2-($)D
(9)£°€6 (TDO-1)D-(6)D 0DYY'1 (TDI (1D
(9)0'9¢1 (T (1)D-($)D 0DTSH'1 (6)2-(1)D
(L)90€1 (6)-(1)D-($)D (01)T8¢'1 ($)2-(1)D
916 (2DD(£)2-(6)D (01)LOS'T (TDI(£)D
(L8 PET (TDD(£)2-(2)D (01)9SH'1 (6)2-(£)D
(9)8°¢€1 (6)0-(£)0-(0)D 0DEPET (©0-(0D
(8)L9LT (©0-(00-(1)D (ID¥ST1 (©0-(1)D
(LOLLT (02-(Do-(1ny (LEE6'T “(LgY6'1
(2)5'88 “(0)0°06 (8°9%0d (8)9¢6'T “(8)916°1 (1 Do-(Fec oy
‘@DeL8(£)998 - eTDNY-(ITTIS DD LO6T ‘T16°T ‘LO6T‘T16'T ™ ¢ DAD-(F ¢TIy
(D€€8 (D916 (Lse'nd (85T (61)¥6STT
‘@68 (00C8 -(FeTDMI-(ITTI'8° 1D ‘(@D197C(Dg6TT 89V Dd-(b e Ny
(8)7L'28 “(L)9¢ 18 (8°9°v'0d (61)STLTT(L1)SLITT
“L)96°€8 (8)00°€8  -(b T MY-(L°s ¢ Dd (299sTT (0697 (LsenDd-(Frecny
(o) so[3uy puog (y) sddueysi(q puog

[93sv]1[ €] 103 s13owrered [eImonns pajdd[as *1'9 dqeL



As expected, the X-ray analysis confirmed that [43][AsF¢], contains four
Ru(dppe)Cp fragments and one cyclobutene centre. However, the unsymmetrical
geometry of the molecule is surprising: two metal fragments are attached to the
cyclobutene ring through C, chains, while the two others are connected either
through a C4 chain or directly to the cyclobutene centre. The Cy4 ring slightly
deviates from a perfect square, with angles in the range of 86.4(5)-93.3(6)° (sum of
angles = 360°) and C-C bond lengths between 1.452(10)-1.507(10) A. The three
carbon chains Ru(1)-C(1-3), Ru(2)-C(8-4) and Ru(4)-C(11-9) are close to linear,
with angles being between 170.1(8)-177.5(7)°, apart from the small bending at the
end of the C4 chain. The C;, ligand is approximately planar, with the major
bending at C(8): a plane through the atoms C(1-5) and C(9-12) shows deviations of
the other atoms C(6), C(7), C(8) of 0.05(1), 0.17(1), 0.34(1) A, respectively. As
expected, each ruthenium atom adopts a pseudo-octahedral geometry; however, the
angles C(12)-Ru(3)-P(5) = 91.6(2) and C(12)-Ru(3)-P(6) = 90.0(2)° at the Ru(3)
atom are larger than in the other Ru(dppe)Cp fragments which is probably due to
steric hindrance [the Ru(3)(dppe)Cp fragment is directly attached to the C4 ring].
Distances in the four Ru(dppe)Cp fragments are very similar, the Ru-P bond
lengths being in the range 2.256(2)-2.293(2) A, somewhat longer than in typical
neutral Ru(Il)(dppe)Cp complexes such as 31 (see Chapter 5), and shorter than
those found in typical cationic [Ru(II)(dppe)Cp]™ complexes (Ru-P =~ 2.30 A)"
Similarly, the Ru-C(chain) bond lengths are between 1.916(8)-1.948(7) A, which is
between typical Ru(IT)-C(dppe)Cp (= 2.00 A) and [Ru(II)=C(dppe)Cp]” (= 1.85 A)
distances. The C-C distances within the carbon chains (two C, and one C,) of the
Cy; ligand are also very similar, the formal C=C triple bonds are slightly elongated
[1.229(10)-1.254(11) A] while the formal C-C single bonds are slightly shortened
[1.343(10)-1.382(10) A]. Distances in the cyclobutene ring [range 1.452(10)-
1.507(10) A] are also between C=C double and C-C single bonds, C(3)-C(12) =
1.507(10) A being a C-C single bond. The distances in the Ru(dppe)Cp fragments
being between typical Ru(Il)(dppe)Cp and [Ru(Il)(dppe)Cp]™ bond lengths,
together with the distances found in the C;, ligand indicate that the positive
charges are not localised on two metal centres, as it might be expected for an
unsymmetrical complex, but are delocalised on the whole molecule at the X-ray

time scale. This last observation makes it difficult to represent the bonding of
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[43][PFs], with a single Lewis formula; thus it has been drawn as fully delocalised

(Scheme 6.3).
o+ PRy
@\ _ _ _ THF, -10°C PhaP
Ry—C=C—C=C—C=—=C /Rl.l
PP ppp, — thp\jphz
Scheme 6.3
Initially, it was thought that, similar

to the

dimerisation of the

Ru(C=CC=CR)(dppe)Cp (R = Ph 23, Fc 24) (see Section 4.1.1), two isomers might

result from the dimerisation of [31]PF¢. Beside the unsymmetrical compound

[43][PFs]2, a symmetric dimer, which would be more appropriate for possible

molecular QCA applications, could be formed (Scheme 6.4). However, this

hypothesis was quickly ruled out by the NMR characterisation (see Section 6.3.2)

and the clean electrochemistry (see Section 6.3.4) which confirmed that only the

unsymmetrical dimer [43][PFs], is formed upon thermal evolution of [31]PFs.
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Scheme 6.4. Formula of the symmetric dimer which was not formed upon oxidative
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The product which results from the dimerisation of the mixed-iron and -
ruthenium complex [35]PF¢ also provided small deep purple crystals by slow
diffusion of hexane into a concentrated solution in dichloromethane. Figure 6.6 is
an ORTEP view of the tetranuclear complex [44][PFs], while selected structural
parameters are collected in Table 6.2. The asymmetric unit incorporates one
molecule of [44][PF¢], and four molecules of dichloromethane. One PF¢ anion is
disordered, although the X-ray structure was solved with a respectable R-factor of
0.079. The crystal system is triclinic P-1 with unit cell parameters: a = 13.5399(5),
b = 18.4682(8), ¢ = 29.2517(12) A, a = 87.561(3), B = 88.318(3) and y =
79.960(3)°.

Figure 6.6. ORTEP view of [{Fe(dppe)Cp*}2{Ru(dppe)Cp}2{u-C2}][PF¢] >
[44] [PF¢] > (phenyl groups have been omitted for clarity).
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As for the dimer [43][PF¢],, the X-ray analysis showed [44][PF¢], to be the
unsymmetrical dimer containing two Fe(dppe)Cp* and two Ru(dppe)Cp fragments,
together with a cyclobutene centre. The two Fe(dppe)Cp* fragments are connected
to the cyclobutene centre through C, and C4 chains, opposed to each other, similar
to the Ru(dppe)Cp fragments which are straight or through a C, chain attached to
the cyclobutene ring. The sum of the angles in the cyclobutene ring is 360° and the
Cy2 ligand is quasi-planar, the C4 chain being slightly bent and out of the
cyclobutene plane. As expected, the iron and ruthenium atoms each adopt a
pseudo-octahedral geometry. In the Fe(dppe)Cp* fragments, the Fe-P distances
being between 2.2194(17)-2.2429(18) A are slightly longer and the Fe(1,2)-C(1,8)
[1.813(6) and 1.837(6) A] are shorter than in the neutral starting material 35 (see
Chapter 5). Similar changes are observed for the Ru(dppe)Cp fragments: the Ru-P
distances are longer [being between 2.2613(15)-2.2839(15) A] and the Ru(3.4)-
C(12,11) [1.950(6) and 1.942(6) A] are shorter compared with 35. In comparison
with the tetraruthenium complex [43][PF¢],, the average Ru-P and Ru-C, distances
in [44][PF¢], [Ru-P(average) = 2.274; Ru-C,(average) = 1.946 A] are not
significantly different than in [43][PFs], [Ru-P(average) = 2.267; Ru-C,(average) =
1.933A]. Therefore, as for [43][PF¢]o, we conclude that the positive charges in
[44][PF], are delocalised over the whole molecule, even with the presence of the
two Fe(dppe)Cp* fragments where the positive charges could be expected to be
more localised. This is in good agreement with the formal C=C triple bonds [range
1.213(8)-1.246(8) A], being slightly longer [apart for C(5)-C(6) = 1.213(8) A
which is closer to a C=C triple bond], and the C-C single bonds of the carbon
chains [range 1.359(8)-1.384(8) A] being slightly shorter. As in [43][PFs],, bond
lengths in the cyclobutene ring are between 1.427(7)-1.495(7) A, between C=C
double and C-C single bonds, with the C(3)-C(12) distance also being the longest.
As described above, the carbon chains of the molecule [44][PF¢], are in the
cyclobutene plane apart from the Fe(2)-C4 chain which is slightly out of the plane;
however, both M(1,4)-C, chains are significantly bent in the cyclobutene plane
with angles being in the 158.0(6)-169.5(5)° range, which can be seen in Figure 6.6.
The difference between [43][PF¢], and [44][PF¢], is probably due to steric
hindrance caused by the Cp* of the Fe(dppe)Cp* fragments in [44][PF¢], which
are bulkier than the Cp in the Ru(dppe)Cp fragments.
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Aside from the hypothesis of the presence of “symmetrical” dimers (containing
four C, chains) with geometry similar to that of the dimer drawn in Scheme 6.4,
which has been eliminated by comparison with the dimer [43][PFs],, another
unsymmetrical dimer [45][PFs], (Scheme 6.5) could be formed during the
oxidative coupling of 35. Hypothetical dimer [45][PF¢], differs by having two
mutually cis Fe (or Ru) fragments. Further work is in progress to determine

whether other isomers are formed in the dimerisation reactions described above.
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Scheme 6.5. Oxidative dimerisation of 35: formation of dimer [44][PFs], and an
hypothetical dimer [45][PF]>.
6.3.2 Characterisation of the tetraruthenium complex [43][PF ¢/

The *'P NMR spectrum of [43][PFs], contains only one unresolved, very broad
and weak signal between 6 80 and 95 at room temperature. In contrast, the signal
of the PF¢ anions was observed as a very well resolved septuplet ("Jpr = 710 Hz)
centred at & -143.2. In order to improve the resolution in the & 80-95 region, low
temperature >'P NMR spectra were measured. The *'P NMR spectrum of
[43][PF¢], recorded at -80°C is shown in Figure 6.7 and contains three broad peaks
at 6 80.7, 85.3 and 94.8 (relative intensity 1:2:1), consistent with the presence of
only one product. The signal at & 85.3, with a relative intensity of 2, is assigned to

the dppe phosphorus atoms of the two similar -C,-Ru(dppe)Cp fragments. The
peak centred at & 94.8 is assigned to the Ru(dppe)Cp directly attached to the C4
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ring; *'P NMR chemical shifts of the dppe phosphorus atoms of similar ruthenium
complexes being substituted on the C,, are centred in the & 90-100 region'. De
facto, the last signal at 6 80.7 is assigned to the fourth Ru(dppe)Cp fragment,
attached to the cyclobutene ring through the C4 chain.

N L

T T T T T T T T T T T T T T T T T T T T T
200 100 o 100 200

Figure 6.7. P NMR spectrum of [43][PF] in acetone-ds at -80°C.

In the room temperature 'H NMR spectrum, the CH, and aromatic protons of
the dppe ligand were found between 6 2.62-3.08 and ¢ 7.01-8.01, respectively. The
protons of the four different Cp ligands (Figure 6.8) were observed at & 4.86
[s(br)], 5.15 (s), 5.20 (s) and 5.64 [s(br)], which also indicates that [43][PFs], is
clearly the only product from the oxidative dimerisation of 31. As the chemical
shifts of the Cp protons were very close to each other, no signal could be assigned

with exactitude to a selected Ru(dppe)Cp fragment.
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Figure 6.8. "H NMR spectrum of [43][PF¢] > in acetone-ds at room temperature.

In the '>*C NMR spectrum, also recorded at room temperature, very weak and
broad unresolved signals were observed at 6 227.81, 258.64, 226.10, 187.15 and
159.69, which could be assigned to the C, atoms directly attached to the
Ru(dppe)Cp centre, together with some sp carbons of the chains. Other signals
were found in the aromatic region as multiplets between o 125.59-143.39, which
could be assigned to the phenyl groups of the dppe ligands and some carbons of the
Cy; ligand. The Cp carbons were observed as four singlets (three well-resolved) at
0 86.62, 87.04, 88.26 (br) and 89.49 for the four different Ru(dppe)Cp fragments.
The chemical shifts of the Cp carbons are between those of neutral Ru(II)(dppe)Cp
and cationic [Ru(IT)(dppe)Cp]" moieties. Finally, the CH, groups of the dppe
ligand were observed, as expected, as multiplets between o 27.70-31.46.
Additionally, no sp carbon resonances were observed in the usual C=C triple bond

range.

The new tetranuclear dimer [43][PF¢], was further characterised by IR
spectroscopy in solution (CH,Cl,) and in the solid state (Nujol) in order to observe
and hopefully assign the different multiple bonds in the molecule. In the IR
spectrum recorded in Nujol, two v(CC) vibrations were observed at 2069(m) and
1941(s) cm™ while the v(PF) band was displayed at 836 cm™. The IR spectrum of a
dichloromethane solution is shown in Figure 6.9, where two signals are observed

in the multiple carbon-carbon bond region: a medium band was found at 2071 cm’’
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while a second strong band is centred at 1928 cm™ with two shoulders at 1983 and
1960 cm™. The solution and solid state spectra are very similar overall, but the
strong and large band at 1941 cm™ in the Nujol spectrum, is split into three closely
separated bands at 1983, 1960 and 1928 cm™ in the solution spectrum. The higher
energy band at 2071 cm™ (in CH,Cl,) was initially assigned to a v(C=C) vibration,
but could also be assigned to a vibration from a cumulenic form of the C,4 chain
although this has never been identified before for this kind of molecule. Similarly,
the bands at 1983, 1960 and 1928 cm™ (in CH,CL) could either be assigned to
allenylidene v(C=C=C) or to low energy v(C=C) vibrations. Deduction of the
proper Lewis formulas for [43][PFs], from the IR observations is thus very

difficult because of the uncertain attributions of the v(CC) vibrations.

Figure 6.9. IR spectrum of [43][PFs], in CH,Cl,.

From the IR and NMR analyses of [43][PF¢]», no exact conformation with
localised charges on selected metal centres can be proposed, the configuration

where positive charge is fully delocalised (Scheme 6.3) being the most appropriate.

6.3.3 Supporting DFT calculations

In order to understand why some of the mixed-valence complexes synthesised

in Chapter 5 were stable and isolable ([30]PF¢ and [34]PF¢) whereas some others
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were not ([31]PFs and [35]PF¢), dimerising to afford the tetrametallic complexes
[43][PF¢]> and [44][PF¢]>, DFT calculations were carried out by Gendron. These
calculations also allow mechanisms for the formation of dimers [43][PFs], and
[44][PFs]» to be proposed. Additionally, DFT calculations were also performed on

the tetrametallic complexes synthesised in this Chapter.

6.3.3.1 Atomic spin densities of the 35-electron species [{Cp’(dppe)M}
(C=CC=CC=C){M(dppe)Cp’}]PFs (M = Fe, Ru; Cp’ = Cp, Cp¥)

As in Chapter 4 (Section 4.3.4), atomic spin densities of the four symmetric and
asymmetric 35-¢ species [30]PFg, [31]PF¢, [34]PFs and [35]PFs were calculated in
order to study the effect of the metals (iron or ruthenium) and the ligands (Cp or
Cp*). The values and representations of the atomic spin densities are shown in
Figure 6.9 while the overall values are summarised in Table 6.3. In the
symmetrical diiron complex [30]PFg, the atomic spin density is mainly localised on
the iron atoms with a value of 0.354 for each metal, whereas the atomic spin
densities on the carbon chain (0.054, 0.069 and 0.056) are low. This indicates that
the unpaired electron in [30]PF¢ is mainly localised on the iron atoms. In contrast,
in the symmetrical diruthenium complex [31]PFs there are much smaller atomic
spin densities on the metal centres (0.167 for both ruthenium atoms) and much
larger on the carbon chain which suggests that the unpaired electron density is
delocalised on the carbon chain between both ruthenium atoms. The spin density
on C; is very large with a value of 0.124, while the spin densities on C, and Cs
(0.078 and 0.091 respectively) are slightly lower. On the other hand, the
unsymmetrical complexes [34]PF¢ and [35]PFg, which have very different kinetic
stabilities, have similar atomic spin density distributions, being between the spin
densities found for the symmetrical complexes [30]PFs and [31]PFs. Indeed, large
spin densities are found on the metallic atoms, values being higher for the iron
(0.362 and 0.390) than for the ruthenium (0.168 and 0.147) in [34]PFs and [35]PF,
respectively. In both cases, Cs, which is bonded to the ruthenium, has a large spin
density being over 0.1 (0.103 and 0.117 for [34]PFs and [35]PF¢, respectively).
Atomic spin densities on the rest of the carbon chains alternate from 0.049 to
0.095, being stronger on the even-numbered and weaker on the odd-numbered

carbons. The carbon chain spin densities are slightly more equally distributed in
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[34]PF¢ than in [35]PFs, where the spin densities on the C, and C4 (0.095 and
0.092, respectively) are quite large. The nature of the metal atoms has a significant
effect on the carbon chain atomic spin densities: carbon atoms nearer to Fe usually
have weak spin densities whereas carbons on the Ru side have large spin densities:
cf. C¢ in [34]PF¢ and [35]PF¢ and C; in [31]PFs. This is due to the ruthenium
orbitals being more diffuse than the iron ones, decreasing the localisation of the
unpaired electron on the metallic sites. Exchange of Cp* for Cp does not seem to
have a strong effect on the distribution of the atomic spin densities, the value on
the ruthenium atom being slightly larger in [34]PF¢ (0.168) than that in [35]PFg
(0.147), whereas for the Cgq, the opposite trend is found (0.103 and 0.117 for
[34]PF; and [35]PFs, respectively).

— -

Ph,2  ppp
0054 0,056 Pl jpeh, &\ 0124 0,091 Y A
T - = Ru,—C,=C,—C;=C;—C,=C,—R
0354 /Y/Fe-‘~c‘:CZ_C3=C3_C2:C1_F61 0.167 /y/ g oos g
- : 0,069 < z ;
5 ’ PhoP “pppy
Phalt b, /" 31JPF
v/ [301PF, [31]PF,
_\ ot —\ ot
Ph,E  pph
0072 0062 0.065 Phl — PPh, R 0.061  0.049 0.051 Z ?
oo 008 R ) <o Fe,—C,=C,—C;=C,—Cs=Cg—Ru,<— 0147
0362/ Fe—C=C,—C=Cy—Cs—=C¢ Ry 0‘390/71 _—1 1 2 3 4 5 6 2
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Figure 6.9. Calculated (top) and representation (bottom) of the atomic spin densities
in [30] PFs, [31] PFg, [34] PFs and [35] PF.
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Table 6.3. Atomic spin densities of the [ {Cp’(dppe)M } (C=CC=CC=C)
{M(dppe)Cp’} [PFs (M = Fe, Ru; Cp” = Cp, Cp*).
Compound M1 C1 C2 C3 C4 C5 C6 Mz

[30]PF, 0.354 0.054 0.069 0.056
[31]PF¢ 0.167 0.124 0.078 0.091
[34]PFs 0.362 0.072 0.083 0.062 0.079 0.065 0.103 0.168
[35]PF¢ 0.390 0.061 0.095 0.049 0.092 0.051 0.117 0.147

6.3.3.2 Proposed mechanisms for the formation of the dimers [43][PF¢[; and
[44][PF¢[,

Guided by the atomic spin density calculations, mechanisms based on radical
coupling, as for the dimerisation of [Fe(C=CC=CPh)(dppe)Cp*]™ (2a"™") in Chapter
4, can be proposed for the dimerisation of 35-¢ species 31" and 35™". The proposed
mechanism for the formation of the tetraruthenium dimer [43][PFs], is represented
in Scheme 6.6. According to the atomic spin densities, the most favourable radical
coupling would be between the C; atoms of two molecules of 317, where the
largest atomic spin density (0.124) of the carbon chain is located. However,
evident steric hindrance between C; and the Cp and dppe ligands precludes this C;-
C, coupling. The Cs-C; radical coupling which would lead to the targeted
symmetrical dimer (Scheme 6.4) does unfortunately not occur. This cannot be for
steric hindrance reasons: the central C;=C; triple bond is sterically the most
accessible. However, the lack of C3-C; coupling may be due to the relatively small
atomic spin density on Cs (0.091). It has been proposed that for the radical to be
reactive and to couple to form carbon-carbon bonds, the atomic spin density on the
carbon atom has to be greater than 0.1.'* The second most favourable radical
coupling is thus between C; and Cs, which bears the second largest atomic spin
density (0.091) in the carbon chain, and leads to the dimer [43][PF¢],. The Cs--C,
coupling which could also form the dimer [43][PFs], is unlikely, according to the

atomic spin densities.

The intermediate resulting from the C;-C; bond formation, which contains both

the highly reactive butatrienylidene and hexapentaenylidene units, rapidly reacts
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further to complete intramolecular cyclisation and afford the stable, fully

delocalised dimer [43][PFg],. The driving force of this reaction might be due to the

formation of the much more stable cyclic product [43][PF¢]».
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Scheme 6.6. Proposed mechanism for the dimerisation of 31 " : formation of
[43][PF]>.

The mechanism of the dimerisation of 35" to give [44][PFs], in which the two

Fe(dppe)Cp* and Ru(dppe)Cp fragments are diagonally opposed, can be only

partially explained by considering the atomic spin densities of the carbon atoms of

the bridging ligand. Indeed, according to the calculated atomic spin densities,

several different couplings could occur to give different dimers. As in 31", the

carbon atom attached to the Ru(dppe)Cp fragment in 35™, Ce, has the largest

atomic spin density of the carbon chain (0.117) suggesting that Cg should be the

reactive site. Two carbons of the chain with similar strong spin density could

couple with Cs: C, (0.095) and C4 (0.092). The Cs-C, coupling would afford a

hypothetical dimer containing one Ru(dppe)Cp and one Fe(dppe)Cp* fragment
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directly attached to the central C4 square; this is unfavoured for steric hindrance
reasons as observed for the dimerisation of [Fe(C=CC=CPh)(dppe)Cp*]™ (2a™)
(Chapter 4). However, no steric hindrance prevents the Cs-C4 coupling (Scheme
6.7, Path B); then, as above, the highly unstable intermediate would immediately
react further by intramolecular cyclisation to give the hypothetical dimer
[45][PF¢]> containing two mutually cis Ru(dppe)Cp and two Fe(dppe)Cp*
moieties. Surprisingly, we obtained the fully delocalised dimer [44][PFs],, which
originates from the radical coupling Cs-Cs (Scheme 6.7, Path A), the atomic spin
density on C3 (0.049) being the lowest of the chain in 35", This result might be
explained by the fact that the Cs is definitely the reactive site which can couple
randomly (or not) with any sterically free carbon of the chain, the atomic spin
densities on these carbon atoms being of secondary importance. Therefore, the
dimers [44][PF¢], and [45][PFs], might both be formed during the oxidative
coupling of 35, dimer [44][PF¢], being the easiest to crystallise. The formation of
dimer [44][PF¢]> could also be explained by a more favourable spatial approach of
both 35™" molecules due to charge repulsive interactions. Indeed, in 35" the charge
is more localised on the iron than on the ruthenium atom and an approach of the
two molecules with the iron centres on the same side could be less favoured that an

approach of an iron and a ruthenium centre on the same side (Scheme 6.7).
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Combining theoretical and experimental data obtained for the kinetically stable
mixed-valence complexes [{Cp’(dppe)M } (C=CC=CC=C){M(dppe)Cp’}|]PFs (M =
Fe, Ru; Cp’ = Cp, Cp*) [30]PFs, [34]PF¢ (see Chapter 5), and [31]PF¢, [35]PFs

(this Chapter), which are subject to selective dimerisation, some pertinent

conclusions can be drawn. It is clear that oxidative dimerisation occurs only with

complexes containing the Ru(dppe)Cp fragment. Indeed, the combined presence of

a ruthenium atom and the Cp ligand in this motif is important for dimerisation to

occur. The ruthenium atom interacts with the first connected carbon (C; in [31]PF,
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and Cg in [34]PF¢ and [35]PF), so that their atomic spin densities are the largest of
the carbon chain and over 0.1, which makes these carbon atoms reactive. This is
probably because the ruthenium atom orbitals are more diffuse than the iron ones;
indeed, the carbons attached to the Fe(dppe)Cp* fragments (C; in [30]PF,, [34]PF,
and [35]PFs) have lower atomic spin densities than carbons connected to the
Ru(dppe)Cp fragments (Table 6.3). However, no experiments were carried out
using Fe(dppe)Cp fragments even though the atomic spin densities of the C; would
not be significantly different in comparison with the C,; attached to the
Fe(dppe)Cp* motif. The Cp ligand does not sterically hinder the radical coupling
reaction; indeed, when Cp in [35]PF¢ is replaced by the bulkier Cp* ligand in
[34]PFs, dimerisation does not occur even if the atomic spin density of the carbon
connected to the Ru(dppe)Cp* fragment is large enough (0.103) for the coupling to
be expected. This indicates that the Cp* ligand sterically prevents radical coupling

of the carbon directly attached to the ruthenium atom.

6.3.3.3 Atomic percentage in the molecular orbitals of [43][PF/

DFT calculations were also carried out on the tetraruthenium complex
[43][PF¢]> in order to understand its electronic structure. The molecular orbital
diagram and selected frontier orbital representations are shown in Figure 6.10
while atomic percentages of the different fragments of [43][PF¢], in the frontier
MOs are collected in Table 6.4. As expected, HOMOs 364a and 365a have strong
metallic character with percentage contributions from the Ru(dppe)Cp fragments
being 37 and 42%, respectively. However, the organic character of the HOMOs is
also significant, especially originating from the carbons of the both C, and the C4
chains with combined percentage values being of 38 and 29% in 364a and 365a,
respectively. This is a characteristic feature for this type of ruthenium alkynyl
complex: the ligands (bridges) have non-innocent behaviour'> and largely
contribute to the electrochemical processes, in contrast to their iron analogues. The
LUMOs 366a and 367a have a very strong organic character with spin distribution
percentages on the C; ligand being of 77 and 70%, respectively. In comparison,
the percentage contribution of the Ru(dppe)Cp fragments in the LUMOs is very
small (14% in 366a and 22% in 367a). As with the iron dimer [27a][PF¢], (see
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Chapter 4), atomic percentages in the LUMOs of the C4 centre are large with
values of 36 and 50% in 366a and 367a, respectively.

— 368 0 - 369 4 Y

-5.5— \%(A
g
i

e T =y 4
@. W66 a hf

. 65— T
>
)
= 1.09 eV
=]
2
o -7 —
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363a-362a
88— 361a

Rud-asym

Figure 6.10. Molecular orbital diagram and selected frontier orbital
representations of dimer [43][PF] .

Table 6.4. Atomic percentage (%) in molecular orbitals

(MOs) of [43][PF]..

MOs % [Ru(dppe)Cp] % C=C % C4 centre
371a 87 0 0
370a 78 0 0
367a 22 20 50
366a 14 41 36
365a 42 29 2
364a 37 38 2
36la 48 20 2
358a 56 3 1

204



Therefore, it is expected that the oxidation processes take place not only on the
metal centres but on the overall metal centres and the carbon chains bearing by the
C4 ring. In contrast, the reduction processes are expected to be mainly centred on

the C,4 ring with only a small contribution from the metal-alkynyl groups.

6.3.4 Electrochemistry of [43][PF/

The electrochemical behaviour of the tetraruthenium complex [43][PFs], was
studied to determine its redox potentials and hence, the chemical accessibility of its
different redox states. The cyclic voltammogram of [43][PF¢],, which has been
recorded under the same conditions as in Chapter 2, is presented in Figure 6.11.
The voltammogram displayed four very clear and well-separated 1-e processes:
two reduction waves at E02 = -0.65 and E01 = -1.42 V; the first one is fully
reversible whereas for the second one, close to the solvent front, the reversibility
degree is difficult to determine. Two other oxidation waves are at E’; = +0.68 and

E’ =+ 0.89 V and are fully reversible.

15
= [43)**

05 4 e
E”F+ ['u'i

[43]*

[43]° .

I(ua)
|
|

0.5 1

-15 -
-2 g -1 -0.5 0 0.5 1 15

E(V)

Figure 6.11. Cyclic voltammogram of [43] [PF] >.
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From the DFT calculations, both metal- and organic carbon chain make
important contributions to the two oxidation processes. The two reduction
processes are mostly centred on the C;, ligand and more especially on the Cy4
centre. Additionally, the four redox processes observed in the studied
electrochemical region represent the four couples [431°/[43]", [43]7/[43]*,
[43]°/[43]°" and [43]*'/[43]"". The potential differences between the redox waves
are AE (E%-E°)) = 0.77, AE (E%s-E%) = 1.33 and AE (E%-E%) = 0.21 V, from

which the following comproportionation equilibria can be generated:

[431° + [43]*

|

2([431%) K.=1.1x10"

[43]" + [43]7" 2([431%")  K.=3.5x10%

|

|

[43]%" + [43]* 2431 K.=3.6x103

The redox state [43]*" which is the starting point for these measurements, is
thermodynamically extremely stable as indicated by its huge K. value. The other
states [43]" and [43]°" which each contains an unpaired electron are also
thermodynamically stable, especially [43]" which has a very large K, value. From
these electrochemical observations where the four redox processes are fully
reversible (or almost for E”)) at the electrode, it appears likely that all four states

[431°, [43]", [43]°" and [43]*" could be generated and isolated.

6.3.5 Spectroelectrochemistry of [43][PF/»

Guided by the electrochemical observations on [43][PF¢],, attempts to access
the [43]+,[43]3+ and [43]4+ species from [43]2+, by chemical means, using CoCp,
and AgPF as the reducing and oxidising agents'®, respectively, were carried out.
Unfortunately, these attempts had no success: immediate decomposition of the
products was observed. Therefore, the five different states were generated and
studied “in situ” by IR, UV-Vis and Near-IR spectroscopy. These experiments
were achieved by Dr Schauer from the Low group in Durham. Conditions of the

spectroelectrochemical measurements are given in the Experimental section.
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6.3.5.1 IR spectroelectrochemistry

The four states [43]°, [43]", [43]"" and [43]"" were generated in the
spectroelectrochemical cell from a pure sample of [43]*" in CH,CL. The IR v(CC)
bands, in the 1700-2200 cm™ region, of the different redox states are summarised
in Table 6.5 and compared with the original spectrum of [43]*" in CH,Cl, (Figure
6.9).

Table 6.5. IR v(CC) bands for the [43]" (n=0,1,2,3.4).
Oxidation: v(CC) bands (cm'l)

n Band 1 Band 2 Band3 Band 4 Band 5

2 2072 1984(sh) 1960 1929 ---

3 2064 --- --- 1920 1890(sh)

4 -—- 1977 - --- ---
Reduction: v(CC) bands (cm™)

n Band 1 Band 2 Band3 Band 4 Band 5

2 2071 1982(sh) 1961 1929 ---

1 - 1985 - --- ---

0 no relevant absorptions

The supposedly independent IR spectra of [43]*, [43]°" and [43]"" states
recorded during the spectroelectrochemical experiment are shown in Figure 6.12.
The redox cycle [43]*" — [43]°" — [43]"" — [43]°" — [43]*" did not seem to be
fully reversible, which was indicated by only partial recovery of the initial
spectrum, suggesting a little decomposition of the sample had occurred during the
redox cycle. This might appear to contrast with the electrochemical observations
presented above where the four redox processes are fully reversible (except for the
second reduction processes); however, the generation time of the different redox
species is dramatically longer in the spectroelectrochemistry than in the cyclic
voltammetry experiment allowing subsequent chemical reaction to occur. Upon
oxidation of [43]*, the intensity of the v(CC) bands largely decreases and slightly
shifts (ca -10 cm'l), as the bands found at 2064 and 1920 cm’ (the last one having
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a shoulder at 1890 cm'l) n [43]3+ confirm. However, when further oxidised,
supposedly to [43]*", the IR spectrum is almost silent in this region, only one weak
band remaining at 1977 cm™. The almost total disappearance of the v(CC) bands in
[43]"" is unexpected and might indicate that this species is not stable and

decomposes when generated.

— [43)*
— E,| 3,] M
— [43]%

Transmission

80 : . . . . ' , - .
2200 2100 2000 1800 1800 1700

Wavenumber (cm’')

Figure 6.12. Independent IR spectra of [43]°", [43]°" and [43]*" during the

oxidation cycle.

The reduction cycle [43]°" — [43]" — [43]° — [43]" — [43]*" seemed to be
very much less reversible than the oxidation cycle. The reduction was thus carried
out rapidly and the two independent spectra (with the IR spectrum of [43]*")
displayed in Figure 6.13 are believed to correspond to the [43]" and [43]° redox
states. As with oxidation, the intensity of the v(CC) bands largely decreases upon
reduction to become null when further reduced. Therefore, in the IR spectrum of
supposed [43]", only one weak v(CC) band at 1985 cm™ remains, whereas no
v(CC) bands were observed in the spectrum of [43]°. Observation of more than one

v(CC) band would be expected in this region for [43]" and [43]°. This might also

indicate that fast decomposition occurs upon reduction of [43]*".
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Figure 6.13. Independent IR spectra of [43]°", [43]" and [43]" during the

reduction cycle.

During the oxidation and reduction cycles, the intensity of the IR v(CC) bands
significantly decrease whereas no significant shifts were observed, then when
further oxidised or reduced, the IR spectra became almost silent in the v(CC)
region. This suggests that the generated redox states [431°, [43]" and [43]"" are
unstable and decompose quickly, [43]°" probably being slightly more stable than

the other states.

6.3.5.2 UV-Vis and Near-IR spectroelectrochemistry

The redox cycles observed by IR spectroscopy were also studied in the UV-Vis
and Near-IR range. The UV-Vis spectrum of [43]*" recorded during the partially
reversible oxidation cycle, with the supposed independent spectra of [43]>" and
[43]*", is shown in Figure 6.14. The spectrum of [43]*" is dominated by two
intense bands at 12060 (¢ 20200 dm’.mol.cm™) and 16640 cm™ (¢ 17600
dm’ mol”.cm™), and a weaker feature at 21460 cm™ (¢ 5460 dm’.mol”.cm™).
Upon oxidation, in the supposed UV-Vis spectrum of [43]°", a small red shift of
these bands is observed together with a splitting of the band near 16000 cm ™. The
supposed spectrum of [43]*" cannot be regarded as the pure signature of the [43]*

species.
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Figure 6.14. Independent UV-Vis spectra of [43]°", [43]°" and [43]"" during the

oxidation cycle.

The reduction cycle was also studied in this range and the UV-Vis spectra,
which are believed to be those of the reduced species [43]" and [431°, are presented
in Figure 6.15. When reoxidised, the initial spectrum was recovered with very
much less intensity, indicating a loss of the starting material. As above, no clear
interpretation can be drawn out from these spectra, IR spectroscopy suggesting

decomposition.
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Figure 6.15. Independent UV-Vis spectra of [43]°", [43]" and [43]" during the

reduction cycle.

None of the electro-generated species were active in the Near-IR range. For
[43]>", which is believed to be the most stable state, the lack of Near-IR transitions

strongly suggests that [43]>" is not a mixed-valence species.

Spectroelectrochemical investigations achieved on the tetraruthenium dimer
[43][PF¢]> were complex and proved to be very difficult to interpret. Even if the
redox processes were fully reversible under electrochemical conditions (Section
6.3.4), the different spectra obtained for the states [431°, [43]7,[43]°" and [43]""
seemed to be more characteristic of decomposition (intensity loss and no
significant shift or appearance of different bands) than to be the signature of pure

products, [43]’" being probably the most stable state.
6.4 Conclusion

Two new tetranuclear complexes containing a C, ligand with a square four-
carbon centre have been synthesised by radical coupling of two mixed-valence
molecules. Surprisingly, these two dimers, which have been characterised by X-ray
analyses, have been found to be unsymmetrical with a C;, ligand consisting of one
C4 square bearing two C, chains and one C4 chain. The dimer [43][PFs],, obtained
from coupling of the symmetrical complex [31]PFg, contains four Ru(dppe)Cp
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fragments, whereas the dimer [44][PF¢], obtained from the coupling of the
unsymmetrical mixed-valence complex [35]PF¢, contains two Ru(dppe)Cp and

Fe(dppe)Cp* fragments, identical motifs being diagonally opposed.

The expected symmetrical dimers (Scheme 6.1) were not formed during the
oxidative coupling. In order to explain why this C3-C; coupling does not occur, a
hypothesis, supported by the DFT calculations, has been proposed: the atomic spin
densities of the central C=C triple bonds are not large enough (< 0.1), therefore,
these carbons are not reactive enough to couple with each other to form the
symmetrical dimer. Only the mixed-valence complex containing the Ru(dppe)Cp
fragment dimerised; the carbons attached to this moiety, having the strongest
atomic spin densities of the carbon chain (> 0.1), coupled (probably randomly or
by the more favourable approach) with one carbon of the central C=C triple bond
which is not sterically hindered. If the coupling occurs randomly, not only is dimer
[44][PF¢], formed during the oxidative coupling of 35, but a hypothetical dimer
[45][PF¢]», having identical fragments on each side, should also be formed. In
contrast, when the Cp is replaced by a Cp* ligand in [34]PF¢, the Cp* sterically
protects the carbon connected to the Ru(dppe)Cp fragment and prevents the radical

coupling occurring.

Finally, the properties of the tetraruthenium complex [43][PFs], were
investigated and surprisingly, it has been found that the positive charge is fully
delocalised over the whole molecule. This is interesting, because even if
unsymmetrical, [43][PFg], might be a potential molecular QCA model. Indeed, on
a surface and applying external factors (for example an applied electric field or
localisation of a biasing charge next to the molecule), the charge in [43][PF¢],
could be localised (or delocalised) on only (or between) two Ru(dppe)Cp
fragments (probably being on the same diagonal); and then by switching the
external factors, the charge could be localised (or delocalised) on (or between) the

other two Ru(dppe)Cp fragments (probably along the opposed diagonal).

Electrochemical studies indicate that four reversible redox processes (at the
electrode) generate the four states [43]°, [43]'", [43]>" and [43]"", which might be

generated as stable and isolable species. However, spectroelectrochemical
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measurements suggest that these four states are actually very unstable and that they
decompose quickly, the recorded spectra, believed to be the ones of the redox
species [431°, [43]'", [43]°" and [43]"", probably being more characteristic of
decomposition than of pure products. Similarly, attempts to isolate the different

redox species by chemical oxidation or reduction were unsuccessful.

Further characterisation of the dimers [44][PFs], and [45][PF¢], are in progress,
as the presence of the Fe(dppe)Cp* fragments might change the properties in
comparison with [43][PF¢],. Additionally, the redox species might be more stable
as a result of the presence of the Fe(dppe)Cp* fragments which facilitate the

localisation of the unpaired electron(s).
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Experimental

General experimental conditions are detailed in Chapter 2, Experimental section.

Spectro-electrochemistry: Spectroelectrochemical measurements were made in
an OTTLE cell of Hartl design17 from CH,Cl, solutions containing 0.1 M NBu4PF¢
electrolyte. The cell was filled in an inert atmosphere dry box (Innovative
Technology) before being fitted into the sample compartment of a Thermo
Scientific 6700 FT-IR/NIR or Thermo Scientific Evolution Array UV-vis
spectrometer. Bulk electrolysis was performed with a home-built potentiostat.

Reagent: [FeCp,]PF,'® was prepared using the cited method.

Synthesis of [{Ru(dppe)Cp}4{p-C12}]1[PFs]2 ([43][PF¢]2)

{Ru(dppe)Cp}(n-C=CC=CC=C) (31) (60 mg, 0.05 mmol) and [FeCp,]PF¢ (16
mg, 0.05 mmol) were dissolved in 6 ml of THF at -78°C when the colour changed
immediately from yellow to deep red. After stirring 1 h at -78°C, the solution was
slowly allowed to warm up to room temperature over a period of 5 h. When the
temperature reached -10°C, the colour of the solution changed from deep red to
deep blue. After stirring 1 h at room temperature, hexane (50 ml) was added to the
mixture and the resulting precipitate was filtered off and washed with hexane (2 x
15 ml) to give [ {Ru(dppe)Cp}4{n-Ci2}1[PFe]2 [43][PFs]2 (62 mg, 92%) as a deep
blue powder. Anal. Calcd for Ci36H;16F12P10Rus: C, 60.67; H, 4.34. Found: C,
60.83; H, 4.44. IR (nujol): v(C=C) 2069, v(C=C=C) 1941, v(C=C) 1505, v(P-F)
836 cm™. "H NMR (dg-acetone, 300 MHz): § 2.62, 3.08 (2 x m, 2 x 8H, 2 x CH,),
4.86 (s, 5SH, Cp), 5.15 (s, SH, Cp), 5.20 (s, 5SH, Cp), 5.64 (s, 5H, Cp), 7.01-8.01 (m,
80H, Ph). *C NMR (ds-acetone, 150 MHz, ppm): & 29.11-30.00 (m, dppe), 86.62
(s, CsHs), 87.04 (s, CsHs), 88.26 (s, CsHs), 89.49 (s, CsHs), 125.59-143.39 (m, Ph
and Cehain), 159.69, 187.15, 226.10, 258.64, 227.81 [5 x s(br), Co and Cehain). - P
NMR (d¢-acetone, 121 MHz): & 80.7 (broad, 2P), 85.3 (broad, 4P), 94.8 (broad,
2P), -143.2 (septet, Jpr = 710 Hz, PF¢). ES-MS (m/z): calcd for Ci36H;16PsRus
1201.661, found 1201.740 [M]*",

214



Synthesis of [{Fe(dppe)Cp*},{Ru(dppe)Cp}{n-Ci2}]1[PF¢l: ([44][PF]2)

Similarly, from {Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp} (35) (11 mg,
0.009 mmol) and [FeCp,]PFs (3 mg, 0.009 mmol) was obtained
[{Fe(dppe)Cp*j2{Ru(dppe)Cp}2{u-Ci2} 1[PFe]> [44][PFs]> (8 mg, 65%) as a deep
purple powder. ES-MS (m/z): caled for Cjs6H;36PsFe,Ru, 1226.2664, found
1226.2818 [M]*".
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Chapter Seven

Reactions of 7,7,8,8-Tetracyanoquinodimethane (TCNQ) with
Alkynyl-Ruthenium and -Iron Complexes: Electronic Coupling

Between Inorganic and Organic Electrophores

7.1 Introduction

Organometallics comprising two redox-active centres connected by a carbon bridge
provide an ideal template from which intricate mechanistic details of the factors controlling
electron transfer and electron delocalisation can be extracted.! Consequently, over the last
years, one thrust has involved extremes in oxidation states of this type of compound with
different metal end-groups and the consequences for electronic, magnetic and geometric
structure as well as electron transfer have been extensively studied’. Many organometallics
with various donor-bridge-acceptor arrangements have been designed and synthesised.
Their electronic, magnetic and optical properties have been investigated in order to
understand the key factors affecting the properties of these multifunctional molecular
systems. More recently, hybrid systems involving organic and inorganic electron-donating
electrophores connected by alkyndiyl bridges have been found to show promising
properties suitable for the realisation of nanoscale devices, including components for

molecular electronics and NLO-active assemblies.
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On the basis of this approach, we report in this Chapter the synthesis and the
characterisation of new hybrid complexes. In these compounds, two electro-active units,
namely the organometallic electron-donor centre M(PP),Cp’ [M = Fe, Ru; PP = (PPh;3),,
dppe; Cp’ = Cp, Cp*] and the organic acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ)
are o-linked to an alkyndiyl bridge to favour m-d interaction between them. The
intramolecular charge transfer which can take place in such compounds is the subject of X-

ray, electrochemical and spectroscopic analyses.

Synthetic access to these compounds is interesting chemistry in itself. Indeed, the
chemistry of tetracyanoethene, C,(CN)4 (TCNE) (Chart 7.1), with organo-transition metal
substrates is well developed, including, in particular, [2 + 2]-cycloaddition to a variety of
alkynyl- and poly-ynyl-metal complexes (Scheme 7.1)°. These reactions proceed via deep
coloured paramagnetic intermediates A which rapidly evolve via zwitter-ion B to
tetracyanocyclobutenyl complexes C. Ring-opening (retro-electrocyclic) reactions of C
then afford tetracyanobutadienyls D. In many cases, species A, B and C are not observed
and, indeed, the structure of A has only been resolved by X-ray determination once for the
organoiron complex [Fe{C=C(Ant-CN)}(dppe)Cp*] " [TCNE]™ *, while the structure of B
remains unknown. A further reaction may result by chelation of the dienyl ligand in D to
the metal centre, with concomitant loss of a 2-¢ donor ligand, to give the n’-

tetracyanobutadienyl complex E.

L,M—C=Cc—R ’[LnM] ----- C'£C:RI+ [L”M+]§C§C/R
NC\ + /CN - NG /CN *- chc/c/CN
c=—¢ /C:C\ - / \CN
A B
N _ON TN
LM R Ne— )

C

— L= N So— [LM'V”\ /

+L
NC N | C|
C
NC CN
e en )\
NC CN
c D E

Scheme 7.1. Reactions of TCNE with alkynyl-transition metal complexes.
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Analogous reactions of 7,7,8,8-tetracyanoquinodimethane, (NC),C=CsH4=C(CN),
(TCNQ) and its 2,3,5,6-tetrafluoro- analogue, (NC),C=CsF4s=C(CN), (F4-TCNQ), are few
and far between. Indeed, as Kato and Diederich have commented, "... in sharp contrast to
TCNE, the reactivity of TCNQ toward donor-substituted alkynes remain(s) unexplored in

both organometallic and organic chemistry ..."".

\C:C/ \C
SN /
7 N\ W

X = H TCNQ
TCNE X = F F,-TCNQ
Chart 7.1

An early report described compounds formed in reactions of TCNQ with trans-
Pt(C=CR),(PR5), (R = H, Me; R' = Me, Et) which were thought to be charge-transfer
complexes on account of their deep red-purple colours’. A later X-ray diffraction study’
showed that these compounds were the butadienyl-platinum(Il) derivatives, frans-
Pt(C=CR){C[=CcH4=C(CN),]CR=C(CN),}(PR'3),, formed by [2 + 2]-cycloaddition of
TCNQ to one C=C triple bond, followed by ring-opening of the resulting cyclobutenyls,
reactions entirely analogous to those found for TCNE. However, subsequent accounts of
related chemistry of TCNQ appear to be limited to the reactions of several arylalkynyl-
nickel complexes, Ni(CECAr)(PPh3)Cp8, and [2 + 2]-cycloaddition to the C; complex
{Cp*(dppe)Ru} C=CC=CC=CC={Cos(u-dppm)(CO);}’. In both cases the reactions gave
butadienyls resulting from ring-opening of the presumed first-formed but undetected
cyclobutenyls. Alternatively, TCNQ has acted as an oxidant in reactions with the electron-
rich binuclear {Cp*(dppe)Fe}.(u-C=C-X-C=C) (X = 1,8-C;oHs, 9,10-C14Hg) to give the
[TCNQ]" radical anion salts of the corresponding metal cations, [{Cp(dppe)Fe},(u-CC-X-
CO™(TCNQ™), (n = 1,2)". Oxidation of biferrocene-1',1""-{C=C[Fe(dppe)Cp*]}, with
one or two equivalent of TCNQ afforded [biferrocene-1',1"-{CC[Fe(dppe)Cp*]}.]"™"
(TCNQ"™), (n =1 and 2, respectively)''. The course of the latter reactions is consistent with

most of the electron density of the HOMOs residing on the metal centre.
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This chemistry also illustrates the strong electron accepting nature of TCNE and TCNQ,
the electron affinities of which have been measured at 3.17 + 0.2'* and 2.8 + 0.1 eVlS,

respectively.

7.2 Aims

Following extensive studies of the reactions of alkynyl- and poly-ynyl-metal complexes
with TCNE*™, we were interested to learn whether addition of TCNQ to mononuclear
Group 8 alkynyl or poly-ynyl complexes would lead to the familiar [2 + 2]-cycloadducts
and/or their retrocyclisation products, or would afford the [TCNQ]™ salts of the 17-e
alkynyl- or poly-ynyl-metal cations which could dimerise in some cases to give dimers
similar as the ones characterised in Chapter 3 and 4. This work describes the rich chemistry
found in reactions of Ru{(C=C),R)(PP)Cp' [n = 1-3, R = H, Ph, (PP)Cp' = (PPh3),Cp,
(dppe)Cp* (not all combinations)] with this cyanocarbon, from which we have observed
(a) complexes formed by [2 + 2]-cycloaddition and subsequent ring-opening reactions, (b)
zwitter-ionic complexes, (c) elimination of HCN from a product (b), and (d) coupling of
two molecules of a diynyl to a single TCNQ moiety. A comparison is made with similar
reactions of iron analogues, Fe(C=CR)(dppe)Cp* (R = CeH4-CeHs'™, Ant-CN*), for which
only oxidation to the mono-cation is found (Scheme 7.2), whereas with
Fe(C=CC=CPh)(dppe)Cp*, a reaction similar to that of the Ru analogue is found.
Guillaume Grelaud from Rennes contributed to some parts of this work during his Master 1

internship in the Chemistry department of the University of Adelaide.

— —e+ [TONQ] "™

Fe
7\

Ph,P PPh, Ph,P PPh,

C=—=C—Ar —_— Fe

C=C—Ar

Ar=CgH,-CgHs, Ant-CN

Scheme 7.2
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7.3 Results and discussion
7.3.1 Reactions of TCNQ with M(C=CR)(PPh;),Cp (M = Ru, R = H, Ph)
Reaction of TCNQ with Ru(C=CH)(PPh;),Cp

During the reaction between TCNQ and Ru(C=CH)(PPh;),Cp, carried out in THF at
room temperature, the solution changes from yellow to green and affords
Ru{=C=CHC(CN),CcH4C(CN),}(PPh3),Cp 46 as a somewhat unstable green solid
(Scheme 7.3). This is a 1/1 adduct formed by attack of Cg of the ethynyl on one of the
C(CN);, groups of TCNQ, and thus differs from the anticipated [2 + 2]-cycloadduct. In the
IR spectrum, there are two v(CN) bands at 2180, 2070 cm™ and two v(C=C) bands at 1597,
1587 cm™, but no v(C=C) absorption. The 'H and *'P NMR spectra contained resonances
arising from the Ru(PPh;),Cp group at 6y 4.24 (Cp), 7.01-7.57 (Ph + CcHa), op 49.4, the
=CH proton giving a singlet resonance at &y 5.05. No *C NMR spectrum could be
obtained because of rapid decomposition. The ES-MS contains [M]" at m/z 920. No
crystals suitable for an X-ray study were obtained, but the molecular structure shown is
assigned by comparison with that of the product 48 obtained from the reaction of

Ru(C=CPh)(PPh;),Cp with TCNQ (see below).

M=F
IM—C=c—R — [Fe{CCR}(dppe)Cp*]"* [TCNQ] *~
R = Ph

+ TCNQ
M = Ru M= Ru = §
d [Fe] = Fe(dppe)Cp
R = Ph R = H, Ph
, [Ru] = Ru(PPh3),Cp
thf/reflu/ \CHzClz [Ru'] = Ru(PPh3)Cp
NC CN +
\C/ [T,”]
\\ NC
N ¢ \
[Ru” C—FPh C—CN
N/ N\ 4
C
c thf / l /:
thf / :
‘ ‘ reflux / reflux c
— | o /
R =Ph - HCN = /
N R=H [Ru——C=—=C—¢C,
C C
L| | - CN
C
e en NCT - Ny
49 46 R = H
48 R = Ph

Scheme 7.3. Reactions of Ru(C=CR)(PPh;3),Cp (R = H, Ph) with TCNQ.
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If 46 is heated in refluxing THF, or if the initial reaction is carried out under these
conditions, purification of the product by preparative t.l.c. (acetone / hexane, 3:7) afforded
dark turquoise Ru{C=CC(CN)=C¢H4=C(CN),}(PPh3),Cp 47 by elimination of HCN. The
composition of 47 was confirmed by a high resolution ES-MS determination where [M +
H]" was found at m/z 894.1738 (calculated: 894.1741) and the IR spectrum contains v(CN)
and v(C=C) bands at 2201 and 1590 cm’, respectively, together with a strong v(C=C)
absorption at 1974 cm™. The increased intensity of the latter band results from polarisation
of the C=C triple bond by the donor-acceptor (D—A) interaction of the electron-rich
Ru(PPh;3),Cp moiety (D) with the strongly electron-withdrawing cyanocarbon group (A).
In the 'H and *'P NMR spectra, there are resonances at 8y 4.62 (Cp), 7.05-7.60 (Ph +
C¢Hy) and at 6p 48.0. The BC NMR spectrum contains resonances at d¢ 88.83 (Cp), 209.94
(Ru-C) and three CN signals at 6¢ 116.23, 116.98 and 117.29, together with aromatic
carbons between 6¢ 122.40 and 139.75. Four other B resonances between oc 107.56 and

153.45 can be assigned to carbons of the organic ligand.

A plot of a molecule of 47 is shown in Figure 7.1 while selected bond parameters are
given in Table 7.1. From the X-ray structure, it can be seen that the organic ligand is
closely related to that in tricyanovinylethynyl complexes obtained recently from TCNE
and Ru(C=CH)(dppe)Cp*'*. It is attached to the usual pseudo-octahedral Ru(PPhs),Cp
group via C(1) [Ru-C(1) 1.933(2) A], with C(1)-C(2) [1.239(3) A] being a somewhat long
C=C triple bond. Similarly, C(3)-C(31) [1.452(4) A] is longer than C(5)-C(51,52)
[1.383(13), 1.411(14) A], a result also emphasising the similarity to the
tricyanovinylethynyl structures. We defer further consideration of the geometries of the
=CsH4=C(CN), groups until later, although here we note that the quinoid formulation is

found here.
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Figure 7.1. Plot of a molecule of Ru{C=CC(CN)=CsH;=C(CN),}(PPh3),Cp 47.

Table 7.1. Selected bond parameters for TCNQ complexes 47 and 48.

Compound 47 48
Bond distances (A)
Ru-P(1) 23032(7) 2369(2)
Ru-P(2) 23037(2) 2.349(2)
Ru-C(cp) 2.234-2267(2) 2.241-2.262(6)
(av.) 2.250 2252
Ru-C(1) 1.933(2) 1.855(6)
C(1)-C(2) 1.239(3) 1.316(7)
C(2)-C(3) 1.370(3) 1.559(8)
C(2):-C21) 1.503(8)
C(3)-C31, 32) 1.452(4) 1491, 1.504(8)
C(3)-C(41) 1.409(10) 1.539(7)
C(5)-C(44) 1.454(15) 1.449(8)

C(5)-C(51, 52)

1.383(13), 1.411(14)

1.384, 1.422(8)

Bond angles (°)

P(1)-Ru-P(2)

102.142) 101.81(6)
P(1)-Ru-C(1) 89.79(7) 98.0(2)
P(2)-Ru-C(1) 88.79(7) 91.9(2)
Ru-C(1)-C(2) 172.92) 172.3(5)

C(1)-C(2)-C(3) 176.5(3) 120.6(5)
C(1)-C(2)-C(21) 119.7(5)
C(2)-C(3)-C(31, 32) 116.0(3) 110.2, 108.3(5)
C(2)-C(3)-C(41) 123.6(4) 113.1(4)
C(44)-C(5)-C(51, 52) 117.0(9), 123.1(9) 123.2, 120.9(6)
C(51)-C(5)-C(52) 119.9(10) 115.8(5)
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Reaction of TCNQ with Ru(C=CPh)(PPh;),Cp

The reaction of TCNQ with Ru(C=CPh)(PPh;3),Cp resulted in a rapid change from
yellow to dark purple within one minute of addition, with the reaction being complete after
five minutes. Conventional work-up afforded a dark purple solid characterised as the 1/1
adduct Ru{=C=CPhC(CN),CsH4C(CN),}(PPh;),Cp 48 (41%) by ES-MS with [M]" at m/z
996. Fragment ions include [Ru(PPh;),Cp]" (n = I, 2). In the IR spectrum, two v(CN)
bands at 2169, 2126 cm™ are accompanied by two v(C=C) bands at 1619, 1595 cm™. The
'H and *'P NMR spectra contain signals at oy 5.19 (Cp), 6.60-7.49 (Ph + C¢H4) and 6p
39.0. In addition, resonances at 5¢ 95.59 (Cp), 115.66, 119.75 (2 x CN) and 342.13 (Ru=C)
were found in the °C NMR spectrum.

The molecular structure of 48 was determined from a single crystal X-ray diffraction
study and is shown in Figure 7.2 (key parameters are given in Table 7.1). The geometry of
the Ru=C(1)=C(2)PhC(3) fragment is consistent with its formulation as a vinylidene, with
a short Ru-C(1) bond [1.855(6) A] and long C(1)-C(2) separation [1.316(7) A], together
with angle C(3)-C(2)-C(21) [119.7(4)°] [cf. Ru=C(1) 1.85(1), C(1)-C(2) 1.31(2) A in
[Ru(=C=CH,)(dppe)Cp*]" '*]. The implied positive charge on the Ru centre results in Ru-
P(1,2) distances [2.369, 2.349(2) A] which are considerably longer than those found in 47
[2.3032, 2.3037(7) A], as a result of reduced back-bonding into the P ligand. Within the Cg
ring, C-C bonds range between 1.380(7) and 1.420(7) A (av. 1.390 A), consistent with its
being a substituted benzene rather than having the quinoid formulation. Neutrality is
achieved by localisation of negative charge on the C(5)(CN), group, with C(5)-C(51,52)
[1.384, 1.422(8) A] both shorter than C(3)-C(31,32) [1.491, 1.504(8) A], i.e., the molecule

is a zwitter-ion with well-separated charges.
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Figure 7.2. Plot of a molecule of Ru{=C=CPhC(CN),CsH,C(CN),}(PPh;),Cp 48.

When heating the reaction between TCNQ and Ru(C=CPh)(PPh;),Cp or 48 directly in
refluxing THF, the n’-butadienyl complex Ru{n’*-C(CN),CPhC=C¢H,;=C(CN),}(PPh;)Cp
49 is formed'® (Scheme 7.3) by loss of PPh; and chelation of the cyanoalkene ligand in a
presumed but unobserved intermediate Ru{C[=CsH4s=C(CN),]CPh=C(CN),}(PPh3),Cp, by
comparison with the TCNE chemistry'’.

7.3.2 Electrochemical and UV-Vis studies of 47

In order to investigate the effect of the electron withdrawing tricyanovinyl group on the
redox potential of the ruthenium centre in 47, electrochemical and UV-Vis studies were
carried out. The cyclic voltammogram of 47 was recorded under conditions similar to those
described earlier in Chapter 2 (Section 2.3.4) and is shown in Figure 7.3. Three redox
processes are observed: one irreversible oxidation at E04 =+0.76 V, and two reductions at
E02 = -0.51 and E01 = -1.40 V, the first being fully reversible (i,/i. = 1) whereas for the
second one, close to the solvent front, the degree of reversibility is difficult to determine.
Additionally, one small redox process is observed at E’; = +0.22 V as can be seen in

Figure 7.3.

225



05
2 = il
= 08
-1
15
&
25 +
=2 -15 =1 0.5 L1} 05 1 15
EV)

Figure 7.3. Cyclic voltammogram of 47 (V vs SCE).

The oxidation wave is assigned to the 1-e oxidation of the metal centre while both
reduction waves are assigned to the successive 1-e reduction of the “substituted TCNQ”.
Complex 47 is more difficult to oxidise than typical Ru(II)(PPh;),Cp complexes such as
Ru(C=CPh)(PPh;),Cp (E’ = +0.55 V)'® by ca 0.20 V, which is due to the strong electron-
withdrawing cyanocarbon group capturing some electron density from the electron-rich
metal centre. Similarly, redox properties of the “substituted TCNQ” are significantly
different than TCNQ itself which exhibits two reduction waves at +0.21 and -0.33 V (vs
SCE)*. Molecule 47 is more difficult to reduce than TCNQ, which is due to the electron-
rich ruthenium centre releasing electron density to the cyanocarbon ligand. These

observations suggest a strong contribution from the mesomeric form 47B (Scheme 7.4).

NC
CN
Ru—C=Cc—~C
Ph:;P\\\\\ ‘ \
PPh, CN
47A
Scheme 7.4

UV-Vis studies were also carried out in two different solvent mixtures, pure CH,Cl, and
a more polar mixture CH,Cl, / MeOH (1:9) in order to study solvatochromism. The UV-
Vis spectra of 47 are presented in Figure 7.4 while spectral data are collected in Table 7.2.

In pure CH,Cl,, the spectrum is dominated by two very intense bands at 748 and 814 nm
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which give 47 its dark turquoise colour, and a less intense band at 488 nm. In the more
polar mixture CH,Cl, / MeOH (1:9), both bands at 748 and 814 nm significantly decrease
in intensity and an intense band centred at 604 nm is observed. Additionally, in both
spectra, 1 — 7 ligand-centred transitions are also observed at ca 260 nm. The intense band
at 604 nm in CH,Cl, / MeOH (1:9) might arise from a red shift of the small band centred at
488 nm in pure CH,Cl,, which significantly increases in intensity in the more polar solvent
and could be assigned to a charge transfer band. This band might be almost forbidden in
pure CH,Cl,, whereas in the more polar CH,Cl, / MeOH (1:9) mixture, it might become
permitted. Another small band is observed at 398 nm in CH,Cl, / MeOH (1:9) and could
also come from a red shift of one band being in the 1 — ' transition shoulder at ca 350 nm
in CH,Cl,. The two bands at 748 and 814 nm are present in both spectra with identical

frequencies and thus are not due to charge transfer transitions.
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Figure 7.4. UV-Vis spectra of 47 in CH,Cl, and CH,Cl, /MeOH, 1:9.

Table 7.2. UV-Vis spectral data for 47.

Solvent A/nm (e x 10°/dm’.mol”.cm™)
CH,Cl, 488 (5.1) 748 (66.7) 814 (73.6)
CH,Cl, / MeOH (1:9) 398 (14.0) 604 (54.0) 748 (18.4) 814 (22.5)

Solvatochromism is observed in the UV-Vis spectra confirming charge transfer in 47
between the electron-rich ruthenium centre and the strongly -electron-withdrawing
cyanocarbon ligand. However, further UV-Vis measurements and theoretical calculations

are necessary for a better interpretation of these observations. Finally, it is clear that the
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mesomeric form 47B is dominant in the more polar solvent CH,Cl, / MeOH (1:9) and
makes a strong contribution to the formulation of 47, which is confirmed by the

electrochemical data.

7.3.3 Reactions of TCNQ with metal-poly-alkynyl complexes containing C, and Cg

carbon chains

Reaction of TCNQ with Ru(C=CC=CH)(dppe)Cp*

Two complexes have been obtained from reactions between TCNQ and the diynyl-
ruthenium complex Ru(C=CC=CH)(dppe)Cp* (Scheme 7.5). If the reaction is carried out
in THF with an excess of TCNQ, an instantaneous colour change from yellow to dark
green results and purification by preparative tl.c. affords a low yield of
Ru{C=CC[=C¢H4=C(CN),]CH=C(CN),} (dppe)Cp* 50 which is obtained as a dark green
solid. The composition was confirmed by a high resolution ES-MS spectrum where [M]"
was found at m/z 888.2128 (calculated: 888.2085). The IR spectrum contains v(CN)
(2193), v(C=C) (1940) and v(C=C) bands (1586 cm™). In the "H NMR spectrum, Cp* (8y
1.38), CH; (1.94, 2.57) and aromatic (7.01-7.42) resonances are accompanied by a singlet
at oy 6.72 assigned to the CH=C(CN), proton. In the BC NMR spectrum, resonances occur
at 8¢ 9.79, 96.61 (Cp*), 29.42-30.30 (CH,), 124.75-138.22 (Ph + C¢Hy) and 218.70 (Ru-C,
t), together with four CN signals between d¢ 111.73 and 120.89. In addition, resonances at
Oc 86.13, 145.01, 152.70, 155.26 arise from the cyanocarbon ligand.
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Scheme 7.5. Reactions of Ru(C=CC=CH)(dppe)Cp* with TCNQ.

The molecular structure of 50 was determined from a single-crystal X-ray diffraction
study and a plot of the molecule is given in Figure 7.5 while selected structural parameters
are displayed in Table 7.3. The structure is that expected from ring-opening of the [2 + 2]-
cycloadduct of one of the =C(CN), double bonds with the outer C=C triple bond of the
precursor diynyl complex. Thus, the ruthenium centre is attached to the remaining C=C
triple bond [Ru-C(1) 1.939(12), C(1)-C(2) 1.21(2) A] which in turn is a substituent on the
dienyl system C(31)=C(3)-C(4)=C(41). The structure determination reveals that the Cg
quinoid group is attached to C(3), i.e., nearer to the electron-rich metal centre, with the
=C(CN), group being attached to C(4). This mode of addition was previously found in
reactions of TCNQ with Ni(C=CR)(PPh;)Cp® and Ru{C=CC=CC=C[CCos(u-
dppm)(CO)-]} (dppe)Cp*.” No evidence was found for the formation of any isomeric

product resulting from the alternative mode of addition.
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Figure 7.5. Plot of a molecule of Ru{C=CC[=CsH,=C(CN),] CH=C(CN),}(dppe)Cp* 50.

Table 7.3. Selected bond parameters for TCNQ complexes 50 and 51.

Compound 50 51
Bond distances (A)
Ru(1,2)-P(1,3) 2.294(4) 2.290(1), 2.274(1)
Ru(1,2)-P(2,4) 2.287(4) 2.298(1), 2.277(1)
Ru(1,2)-C(Cp) 2.229-2.301(15)  2.232-2.285(4), 2.235-
2.286(4)
(av.) 2.260 2.249,2.261
Ru(1,2)-C(1,8) 1.939(12) 1.952(4), 1.943(4)
C(1,8)-C(2,7) 1.21(2) 1.233(5), 1.228(5)
C(2,7)-C(3,6) 1.45(2) 1.388(5), 1.395(5)
C(3)-C(31) 1.42(2) 1.425(5)
C(34)-C(37) 1.39(2) 1.409(5)
C(37)-C(38,39) 1.39(2), 1.42(2) 1.418(6), 1.429(6)
C(3,6)-C(4,5) 1.45(2) 1.457(5), 1.464(5)
C(4,6)-C(41,61) 1.352) 1.398(5)
C(41,61)-C(42,43;62,63) 1.47(2), 1.43(2) 1.434(6), 1.425(6)
C(4)-C(5) 1.339(5)
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Bond angles (°)

P(1,3)-Ru(1,2)-P(2,4) 83.5(1) 85.10(4), 83.63(4)
P(1,3)-Ru(1,2)-C(1,8) 79.2(4) 85.7(1), 82.2(1)
P(2,4)-Ru(1,2)-C(1,8) 88.6(4) 82.6(1), 85.6(1)
Ru(1,2)-C(1,8)-C(2,7) 166.9(1) 176.0(4), 178.8(3)
C(1,8)-C(2,7)-C(3.6) 178.8(2) 173.1(4), 177.1(4)
C(2,7)-C(3,6)-C(4,5) 116.8(1) 119.7(4), 119.5(4)
C(2,7)-C(3,6)-C(31,61) 120.2(1) 119.6(4), 120.6(4)
C(34)-C(37)-C(38,39) 124.6(1), 115.7(1) 122.9(4), 118.7(4)

C(3)-C(4)-C(41) 126.8(1)

C(4:6)-C(41;61)-C(42,43:62,63)  123.4(1), 120.9(1) 121.0(4), 122.0(4)

C(3)-C(4)-C(5) 125.1(4)
C(4)-C(5)-C(6) 121.6(4)
C(4)-C(3)-C(31) 120.7(3)
C(5)-C(6)-C(61) 119.9(4)

A different product was formed when the reaction between TCNQ and
Ru(C=CC=CH)(dppe)Cp* was carried out in benzene, namely dark brown
Cp*(dppe)Ru{C=CC[=CsH4=C(CN),]CH=CHC[=C(CN),]C=C}Ru(dppe)Cp* 51, also
obtained in low yield. The dimeric formulation was confirmed by high resolution ES-MS
where [M + H]" was found at m/z 1573.3752 (calculated: 1573.3812), and the two
Ru(dppe)Cp* groups could be distinguished in the NMR spectra. Thus, in the '"H NMR
spectrum, two Cp* resonances are at oy 1.51, 1.53 and two dppe CH, signals are at on
1.99-2.12 (4H) and 2.68, 2.82 (2 x 2H). In the *C NMR spectrum, the two Cp* groups
give Me resonances at 6¢c 10.28, 10.41 and ring C signals at dc 95.56 and 96.62. There are
also two broad Ru-C triplet resonances at 6c 191.89 and 210.57. The four CN signals were
displayed between d¢ 114.43 and 118.95. Two °'P signals at &p 80.7, 81.8 arise from the
two dppe ligands. The IR spectrum was similar to that of 50, with v(CN) (2186), two
V(C=C) (1983, 1947) and v(C=C) (1579 cm™") bands.

Figure 7.6 is a plot of a molecule of 51 showing two Ru(dppe)Cp* groups at each end
of a Cg chain which bears the =C(CN), and =CcH4s=C(CN), components of TCNQ attached
to C(6) and C(3), respectively [C(6)-C(61) 1.398(5), C(3)-C(31) 1.425(5) A]. The
C(4)=C(5) fragment [1.339(5) A] carries one H atom on each carbon, with angles C(3)-
C(4)-C(5), C(4)-C(5)-C(6) 125.1(4), 121.6(4)°, respectively. The ruthenium atoms are
attached to C(1) and C(8) of the two end C=C triple bonds [Ru(1)-C(1) 1.952(4), Ru(2)-
C(8) 1.943(4), C(1)-C(2) 1.233(5), C(7)-C(8) 1.228(5) A].
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Figure 7.6. Plot of a molecule of
Cp*(dppe) Ru{ C=CC[=CsH,~=C(CN),] CH=CHC[=C(CN),] C=C}Ru(dppe)Cp* 51 (the

phenyl rings of the dppe ligands have been omitted for clarity).

In considering a possible mechanism of formation of 51, which is interesting in that
addition occurs to the butadienyl C=C double bond rather than to the other C4=C(CN),
moiety of the TCNQ, we note that the two components of the original TCNQ reactant are
now separated by the -CH=CH- fragment, so that it is unlikely that 51 was formed by
addition of TCNQ to an Ru-(C=C)4-Ru precursor, perhaps formed by oxidative coupling of
the diynyl complex. Instead we favour a reaction in which a molecule of 50 reacts with a
second molecule of the diynyl-ruthenium complex, with a [2 + 2]-cycloaddition to the
=C(CN), fragment, followed by the usual ring-opening step (Scheme 7.5). This mechanism
has been confirmed by reacting one equivalent of the mononuclear complex 50 with one
equivalent of TCNQ in THF. After purification and comparison with a pure sample, the di-

ruthenium complex 51 was obtained in 56% yield.

Reaction of TCNQ with M(C=CC=CPh)(dppe)Cp*

A rapid colour change from orange / yellow to dark purple / blue (respectively)
followed the addition of TCNQ to solutions of M(C=CC=CPh)(dppe)Cp* (2a, M = Fe; 4
M = Ru) in THF at room temperature. Purification by precipitating the product by addition
of hexane to the reaction mixture (M = Fe) or by preparative t.l.c. (M = Ru), afforded dark
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purple M = Fe) and dark blue M = Ru)
M {C=CC[=CcH4=C(CN),]CPh=C(CN), }(dppe)Cp* (52a: M = Fe, 52b: M = Ru) in
moderate yields (Scheme 7.6). In the IR spectrum, v(CN), v(C=C) and v(C=C) bands are
found at 2223 and 2183, 1914, 1579 and 2194, 1946, 1585 cm™, respectively, for 52a and
52b, respectively.

L TCNQ
M= (C=C)24n"Ph

n=0, [Fe] = Fe(dppe)Cp* 52a (in THF)
[Ru] = Ru(dppe)Cp* 52b  (in THF)
n=1, [Ru] = Ru(PPh3),Cp 53  (in CH,Cl,)

Scheme 7.6. Reactions of M{(C=C),+,Ph}(PP)Cp' [n =0, M = Fe, Ru, (PP)Cp' =
(dppe)Cp*; n =1, M(PP)Cp' = Ru(PPh;3),Cp] with TCNQ.

In the NMR spectra of 52a, resonances for the Cp* ligand were found at 6y 1.21 and d¢
9.52, 96.54, while for the CH; of the dppe, a well-resolved triplet was displayed at 6 30.87
("Jpc = 22 Hz) in the *C NMR spectrum. In the *'P NMR spectrum, singlet corresponding
to the two equivalent phosphorus atoms of the dppe was found at & 94.3. In the °C NMR
spectrum, the C, was displayed at & 244.90 as a triplet (*Joc = 35 Hz) and the signals
corresponding to the four CN groups were observed at ¢ 112.85, 113.01, 120.30 and
121.14 (4 x s). Similar features were found in the 'H, '°C and *'P NMR spectra of 52b,
containing the expected resonances for the Cp* (dy 1.53, o¢ 10.24, 98.17), dppe [on 2.22,
d¢ 30.01-30.62, dp 80.5 (br)] and Ph (8y 6.96-7.50, d¢ 128.38-137.47) groups. In addition,
the °C NMR spectrum contains resonances at oc 58.28, 83.18, 150.24, 153.81, 171.56
assigned to carbons in the butadienyl skeleton, four resonances between 113.03 and
123.20, assigned to CN groups, and a broad down-field signal at 6 217.10, arising from the

Ru-bonded carbon.
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The single-crystal X-ray diffraction molecular structure determinations of 52a and 52b
are presented in Figure 7.7 while key parameters are collected in Table 7.4. The X-ray
structures showed that the product is a butadienyl formed from the undetected [2 + 2]-
cycloadduct with the outer C=C triple bond, very similar to 50. The =C¢H4=C(CN), and
=C(CN), fragments from the TCNQ are bonded to C(3) [C(3)-C(31) 1.423(4) for 52a and
1.430(9) A for 52b] and C(4) [C(4)-C(41) 1.359(4) for 52a and 1.341(9) A for 52b], the

diene again being non-planar.

N43

Figure 7.7. Plots of a molecule of Fe{C=CC[=CsH;=C(CN),;]CPh=C(CN),}(dppe)Cp* 52a
(top) and a molecule of Ru{ C=CC[=CsH;=C(CN),;] CPh=C(CN),}(dppe)Cp* 52b (bottom).
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Table 7.4. Selected bond parameters for the TCNQ complexes 52a and 52b.

Compound 52a 52b
Bond distances (A)
M-P(1) 22186(3) 228702)
M-P(2) 2.2160(3) 2.292(2)
M-C(Cp*) 2.122-2.156(2) 2.230-2.281(6)

(av.) 2.141 2259
M-C(1) 1.811(3) 1.943(6)
C(1)-C(2) 1.251(4) 1.223(9)
C(2)-C(3) 1.383(4) 1.370(9)
C(3)-C(4) 1.494(4) 1.497(9)
C(4)-C(44) 1.480(4) 1.480(10)
C(3)-C31) 1.423(4) 1.430(9)
C(4)-C(41) 1.359(4) 1.341(9)

C(41)-C(42,43) 1.439(4), 1.433(4)  1.452(10), 1.450(10)

C(34)-C(37) 1.418(4) 1.410(10)

C(37)-C(38,39)

1.416(4), 1.426(4)

1.400(11), 1.419(11)

Bond angles (°)

P(1)-M-P(2)
P(1)-M-C(1)
P(2)-M-C(1)
M-C(1)-C(2)

C(1)-C(2)-C(3)
C(2)-C(3)-C(4)

C(2)-C(3)-C(31)

C(3)-C(4)-C(41)

C(3)-C(4)-C(44)

C(34)-C(37)-C(38,39)
C(4)-C(41)-C(42,43)

85.97(3)
89.59(9)
82.96(8)
174.3(2)
172.6(3)
112.7(2)
125.3(3)
120.4(2)
116.4(2)
121.3(3), 120.3(3)
121.8(3), 122.7(3)

82.69(6)
84.5(2)
89.8(2)
172.3(5)
169.0(6)
113.2(6)
127.0(6)
120.3(6)
115.1(6)

121.2(7), 121.3(7)

120.5(6), 124.2(7)

The usual M(dppe)Cp* moiety is attached to C(1) of the alkynyl-butadiene group [Fe-
C(1) 1.811(3), C(1)-C(2) 1.251(4) and Ru-C(1) 1.943(6), C(1)-C(2) 1.223(9) A for 52a and
52b, respectively]. Of interest is the contraction of the M-C bond from the ca 1.88 (M =
Fe) and 2.00 A (M = Ru) expected for an M-C(sp) bond [cf. 1.894(3) and 2.011(4) A in
M(C=CPh)(dppe)Cp* for M = Fe'” and M = Ru®, respectively], supporting a contribution

52b, respectively].

235

to the structure from the zwitterionic formulation, with positive charge centred on the
metal centre, resulting in some multiple bond character for the M-C(1) link. The
localisation of negative charge on the furthest =C(CN), group is also indicated by the
shortening of C-C bonds [C(37)-C(38,39) 1.416(4), 1.426(4) and 1.400(11), 1.419(11) for
52a and 52b, respectively], compared with the values found for C-C bonds in the closest
=C(CN), group [C(41)-C(42,43) 1.439(4), 1.433(4) and 1.452(10), 1.450(10) for 52a and



The cyclic voltammogram of 52b has been recorded for comparison with the CV of the
starting material Ru(C=CC=CPh)(dppe)Cp* (4) (Chapter 2) and is presented in Figure 7.8.
Four redox processes are observed: two fully reversible in reduction at E02 =-0.41 and E01
= -0.62 V, one in oxidation being irreversible at E% = +0.67 V and as found in 47, an
additional small redox processes at E03 = +0.18 V. The irreversible oxidation wave is
assigned to the 1-e oxidation of the electron-rich metal centre. This oxidation process is
shifted toward higher potentials in comparison with the CV of 4 where an irreversible
wave is observed at E’ = +0.44 V, indicating that 52b is more difficult to oxidise than 4 by
ca 0.2 V. As for 47, this is due to the strongly electron-withdrawing cyanocarbon ligand
capturing electron density from the electron-rich metal centre. The reduction waves are
assigned to the two successive reversible 1-e reductions of the cyanocarbon ligand. These
observations also suggest a strong contribution from a mesomeric form with positive
charge centred on the metal moiety and negative charge mainly localised on the

CsH4=C(CN), group (rather than on the =C(CN), group as shown by the X-ray data).
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Figure 7.8. Cyclic voltammogram of 52b (V vs SCE).

Reaction of TCNQ with Ru(C=CC=CC=CPh)(PPh;),Cp

Addition of TCNQ to a solution of Ru(C=CC=CC=CPh)(PPh3),Cp in dichloromethane
resulted in immediate change of colour to dark blue, the complex
Ru{C=CC[=CsH4=C(CN),]C[=C(CN),]C=CPh}(PPh;3),Cp 53 being precipitated by
addition of hexane to the concentrated reaction mixture (Scheme 7.6). The composition
was confirmed by a high resolution ES-MS where [M + H]" was found at m/z 1045.2221
(calculated: 1045.2163). In the IR spectrum, v(CN), v(C=C) and v(C=C) bands are found at
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2198, 1956 and 1590 cm™, respectively. The usual signals are present in the 'H and *'P
NMR spectra [at 8y 4.64 (Cp), 7.01-7.52 (Ph + CgH,), 8p 48.0], while the *C NMR
spectrum has resonances at 6¢ 88.86 (Cp), 127.98-136.80 (Ph + C¢Hy4) and 217.99 (Ru-C,
t), together with several other cyanocarbon ligand signals (skeleton + 4 x CN) between ¢
61.77 and 154.05.

Figure 7.9 is a plot of a molecule of 53 while selected structural parameters are
collected in Table 7.5. It can be seen that the =C¢H4=C(CN), fragment is attached to C(3)
[C(3)-C(31) 1.412(2) A] and the =C(CN), group to C(4) [C(4)-C(40) 1.361(2) A], i.e., the
central two carbons of the Cs chain in the triynyl precursor. Consequently, the
Ru(PPh;),Cp and Ph groups are attached to the C=C groups at the ends of the chain [Ru-
C(1) 1.931(1), C(1)-C(2) 1.248(2), C(5)-C(6) 1.208(2), C(6)-C(61) 1.429(2) A]. In general,
this structure has features similar to the others already discussed. Notable here, however, is
the bending of the Cq chain. Angles at individual C(sp) [C(1,2,5,6)] and at C(spz) atoms

[C(3,4)] sum to 151.2° from linear in a cumulative sense.
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Figure 7.9. Plot of a molecule of
Ru{C=CC[=CsH,~=C(CN),]C[=C(CN),]C=CPh}(PPh;3),Cp 53.
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Table 7.5. Selected bond parameters for TCNQ complex 53.

Bond distances (A) Bond angles (°)
Ru-P(1) 2.3059(3) P(1)-Ru-P(2) 102.91(1)
Ru-P(2) 2.3100(3) P(1)-Ru-C(1) 89.68(4)
Ru-C(cp) 2.235-2.266(1) P(2)-Ru-C(1) 89.21(4)
(av.) 2.249 Ru-C(1)-C(2) 174.7(1)
Ru-C(1) 1.931(1) C(1)-C(2)-C(3) 169.9(1)
C(1)-C(2) 1.248(2) C(2)-C(3)-C(4) 114.1(1)
C(2)-C(3) 1.379(2) C(2)-C(3)-C(31) 125.7(1)
C(3)-C4) 1.497(2) C(3)-C(4)-C(5) 120.0(1)
C(3)-C(31) 1.412(2) C(3)-C(4)-C(40) 120.4(1)
C(4)-C(40) 1.361(2) C(4)-C(5)-C(6) 174.8(1)
C4)-C(5) 1.416(2) C(5)-C(6)-C(61) 175.3(2)
C(5)-C(6) 1.208(2) C(34)-C(340)-C(341,342) 121.8(1), 120.7(1)
C(6)-C(61) 1.429(2) C(340)-C(341)-C(342) 117.5(1)

C(340)-C(341,342) 1.4202), 1.422(2)  C(4)-C(40)-C(41,42)  122.9(1), 120.8(1)
C(40)-C(41,42)  1.430(2), 1.431(2)

7.3.4 Discussion

The chemistry described above and summarised in Schemes 7.2-6 allows a comparison
between the well-established reactions of TCNE with alkynyl-ruthenium complexes
Ru(C=CR)(PP)Cp' *** and those of the more potent oxidising agent TCNQ, for which until
now, there has been only a cursory examination of related chemistry. Based upon
experience with TCNE (summarised in Scheme 7.1), one might expect reactions of TCNQ
with alkynyl-metal complexes (Scheme 7.7) to produce initial adducts such as F and G
which evolve to complexes formed by (i) [2 + 2]-cycloaddition of the electron-deficient
C=C double bonds with the C=C triple bond in the complexes to give the cyclobutenyls H,
which might be followed by (i) a ring-opening (retro-electrocyclic) reaction to afford the
corresponding butadienyls I; (iii) subsequent chelation of the diene to the metal centre to
give J may occur if a ligand can be displaced easily. We note that with TCNE, the reaction
may be preceded by formation of a short-lived deeply-coloured intermediate, which in a
few cases, has been shown to be EPR-active, and thus formulated as a radical species™.
Alternatively, following the recently described precedent, (iv) displacement of a CN group

(lost as HCN) from one of the cyano-alkene fragments may occur to afford K"
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Scheme 7.7. Possible courses of reactions of TCNQ with alkynyl-metal complexes. (i) [2 +
2]-cycloaddition, (ii) ring-opening; (iii) displacement of a ligand from metal centre; (iv)
loss of HCN.

Reactions between the oxidising agent TCNQ and metal-alkynyl complexes afford
initially the 17-¢ intermediate F, which have been characterised in some iron examples™ '*
(Scheme 7.2). However, both 17-e species [Ru(C=CPh)(PPh;),Cp]" (16™) and
[Fe(C=CC=CPh)(dppe)Cp*]™" (2a"™), which were studied in Chapters 3 and 4 with a PFg
anion instead of a [TCNQ]" radical anion found in this work, dimerised by intermolecular
radical coupling to afford dimers 17 and 27a, respectively. When TCNQ is used as the
oxidising agent, dimerisation does not occur; dimers 17 and 27a were undetected in the
reaction mixtures. Instead, radical coupling between the 17-¢ species (16 and 2a™) and
the [TCNQ]" radical anion occurs to give the intermediate G which has been isolated as 48

in the ruthenium case, and which further reacted in the iron case to give adduct I, isolated

as 52a.

In refluxing THF, the reaction between TCNQ and Ru(C=CPh)(PPh;),Cp afforded the
n’-butadienyl complex 49 (represented as J in Scheme 7.5)'®. Tracing the reaction back to
the likely cyclobutenyl intermediate H, it can be seen that addition has occurred between
Cp of the phenylethynyl complex and one methylene carbon of TCNQ, perhaps via an
intermediate such as G. Cleavage of the C=C double bond then leaves the C(CN), group
on Cg while the C¢H4=C(CN), fragment is attached to C,. Subsequent cyclisation with
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concomitant loss of a PPh; ligand affords the product. The reactions and transformations

shown in Scheme 7.7 are thus similar to the analogous reactions of TCNE.

Some reactions of TCNE with alkynyl-ruthenium complexes have been noted to
proceed with initial development of a deep green colouration, which fades within minutes
with formation of the n'- or n’-tetracyanobutadienyl complexes. Although the intermediate
has not been conclusively identified, EPR studies showed that it is paramagnetic, and it has
been assumed that it is a radical species™. The related chemistry of TCNQ does not give
any deep coloured intermediates (although several products are notable for their deep
purple or green colours), but reaction at room temperature in CH,Cl, gives G in which is
formed by attack of TCNQ at Cg, but not followed by cycloaddition. The first-formed
complex G is a zwitter-ion, a vinylidene formed by conventional addition of an
electrophile (TCNQ) to Cg of the alkynyl complex. Charge separation is encouraged by
localisation of charge on the distant -C(CN), group and stabilisation of positive charge on
the electron-rich metal centre. The structure of this complex may be related to that of the

radical species obtained with TCNE.

For the parent diynyl, heating G in refluxing THF results in elimination of HCN to give
K in which the -C=C-Ru(PPh;),Cp fragment has replaced one CN group. Loss of HCN on
heating 46 in refluxing THF to give K is similar to the reaction we have described between
TCNE and Ru(C=CH)(dppe)Cp*, which affords only Ru{C=CC(CN)=C(CN),}(dppe)Cp*
at room temperature'*. With less electron-rich metal centres, either mixtures with, or only,
the usual [2 + 2]-cycloadduct and ring-opened products are obtained. In the present work,
this product with the Ru(PPh3),Cp centre is only obtained after heating and suggests that
TCNQ is more prone to nucleophilic substitution of CN than is TCNE.

Reactions of Ph-diynyl- or Ph-triynyl-iron and -ruthenium complexes with TCNQ
afford products 52a, 52b and 53 in which the cyanocarbon has added to the C=C triple
bond one removed from the metal centre. This may be the result of steric protection of the
inner C=C triple bond, as has been found for similar reactions of TCNE with diynyl- and
triynyl-ruthenium derivatives. Only in one case, Ru(C=CC=CFc)(dppe)Cp, are two
products formed by addition to either C=C triple bond formed, perhaps either as a result of

the smaller size of Cp vs Cp*, or possibly the redox properties of the ferrocenyl group?'.
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A similar adduct 50 has been identified as the initial product from the reaction between
TCNQ and Ru(C=CC=CH)(dppe)Cp*, but this is accompanied by a binuclear adduct 51.
This complex is an adduct of two ruthenium centres to one TCNQ molecule, and we
suggest that it is formed by further cycloaddition of a second molecule of
Ru(C=CC=CH)(dppe)Cp* to 50 and subsequent ring-opening. Indeed, reaction of pure 50
with Ru(C=CC=CH)(dppe)Cp* gives 51 in high yield. Formally, this reaction corresponds
to insertion of a C=C triple bond into the =C-H bond present in 50.

Of interest is the double addition of the alkynyl-ruthenium complex to TCNQ which
affords 51. Double addition of TCNE has been observed previously for {Ru(PPh3),Cp}.(u-
Cy) to give {Cp(PhsP),Ru}C=C{C[=C(CN),]}4C=C{Ru(PPh;),Cp}*, but this is the first
occasion in which double addition of the metal fragment to a single cyanocarbon molecule
has been demonstrated. In principle, this mode of action should be available to other
tetracyanobutadiene complexes and we note that Diederich and coworkers have described
the preparation of oligomeric products formed by double or triple addition of TCNQ?, and
sequential additions of the donor HC=CC¢HsNMe,-4 to the pentacyanobuta-1,3-diene
(NC),C=C(C¢H4sNMe,-4)C(CN)=C(CN),**.

The molecular structures of most complexes described above have been confirmed by
single-crystal X-ray diffraction studies. General features on the structural parameters of
organometallic TCNQ adducts can be drawn. Characteristic values for M-C bonds to C(sp)
atoms in alkynyl complexes are ca 1.88 (M = Fe) and 2.00 A (M = Ru) [cf. 1.894(3) and
2.011(4) A in M(C=CPh)(dppe)Cp* for M = Fe'’ and M = Ru®, respectively] and for
M=C(sp) bonds in vinylidenes are ca 1.76 (M = Fe) and 1.85 A (M = Ru) [cf. 1.763(7) and
1.85(1) A in [M(=C=CH,)(dppe)Cp*]" for M = Fe*> and M = Ru"’, respectively]. In the
seven molecules whose structures are reported, the Ru-C distances range between 1.855(6)
A in 48 and 1.952(4) A in 51, and the Fe-C bond length in 52a is 1.811(3) A. All are
considerably shorter than the M-C(sp) single bond, but approach the value expected for an
M=C(sp) double bond in vinylidenes. Consequently, we consider that there is a
considerable contribution from the mesomeric zwitter-ionic structure, with charge
separation between positively-charged metal centre and the anion stabilised by the distant
cyanocarbon group (Scheme 7.8). This will have a further effect upon the geometry of the
=C¢H4=C(CN), group, which will tend towards the fully aromatic structure.
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Scheme 7.8. General mesomeric formulations of TCNQ adducts.

7.4 Conclusion

Reactions between the electron-poor compound TCNQ and electron-rich metal-alkynyl
complexes have been described out in this Chapter. The syntheses, characterisations and
X-ray structure determinations of new organometallic complexes containing two electro-
active units: one electron donor metal centre and one organic acceptor have been
described. The intramolecular charge transfer which takes place in these compounds was
probed by X-ray studies, where the M-C and C(CN), bonds are shortened, indicating
localisation of the positive and negative charge, respectively. For some compounds, this
feature has been supported by electrochemistry where the TCNQ adducts were more
difficult to oxidise than their parent complexes by ca 0.20 V. For 47, charge transfer was
also confirmed by UV-Vis investigations where remarkable solvatochromism was
observed. More UV-Vis and electrochemical studies of all the new complexes synthesised
in this Chapter will be the subject of future work in order to investigate the charge transfer

transitions and the contribution of mesomeric forms (Scheme 7.8) in them.

There is an interesting contrast between the rich chemistry afforded by the ruthenium
systems and the results of reactions of TCNQ with similar iron complexes, which further
highlight differences in electronic structures of the two series of complexes. DFT
calculations have shown the high tendency for electron density to be centred on the iron
atom in these complexes, compared to higher coefficients found on carbon atoms of the
chain for ruthenium analogues. Evidently, for the arylethynyl complex, loss of an electron
from the iron centre to generate the related cation is preferred over extended conjugation

with the unsaturated chain which leads to formation of more electron-rich centres which
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can attack the cyanocarbon at the C(CN), groups. On the other hand, lengthening of the
C(sp) chain allows the iron and ruthenium systems to display similar chemistry, as found

here for M(C=CC=CPh)(dppe)Cp* (M = Fe, Ru).
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Experimental

General experimental conditions are detailed in Chapter 2, Experimental section.

Reagents. Ru(C=CH)(PPh;),Cp*®, Ru(C=CPh)(PPh3),Cp?’, Ru(C=CPh)(dppe)Cp***,
Ru(C=CC=CH)(dppe)Cp**’, Ru(C=CC=CC=CPh)(PPh;),Cp’, were made by the literature
methods. TCNQ was a commercial sample (Aldrich).

Reactions of TCNQ

(1) Ru(C=CH)(PPh3),Cp.

(a) To a solution of Ru(C=CH)(PPh3),Cp (50 mg, 0.07 mmol) in THF (5 ml), TCNQ
(14 mg, 0.07mmol) was added, resulting an instantaneous darkening of the solution. After
I h at room temperature the solvent was removed under reduced pressure to afford
Ru{=C=CHC(CN),CcH4C(CN);,}(PPh3),Cp 46 (74 mg, 95%) as a green powder which
decomposed in time. IR (CH,Cl,): v(C=N) 2180w, 2070m, v(C=C) 1597m, 1587m cm’™.
'H NMR (CDCL): & 4.24 (s, 5H, Cp), 5.05 (s, 1H,C=CH), 7.01-7.57 (m, 34H, Ph). *'P
NMR (CDCls): § 49.4. ES-MS (m/2): 920 [M]".

(b) Thermolysis of Ru{=C=CHC(CN),CsH,C(CN);}(PPh;);Cp (46).

A solution of Ru{=C=CHC(CN),CsH4C(CN),}(PPh3),Cp 46 (50 mg, 0.054 mmol) in
THF (5 ml) was heated at reflux point for 4 h, after which solvent was removed under
reduced pressure. The residue was purified by preparative TLC (acetone/hexane, 3:7) and
the turquoise band (Re = 0.54) was collected to afford
Ru{C=CC(CN)=CcHs=C(CN),}(PPh3),Cp 47 (4 mg, 8%) as a dark turquoise solid. X-ray
quality crystals were obtained from dichloromethane / hexane. Anal. Calcd for
CsaH3oN3PoRu: C, 72.64; H, 4.40; N, 4.71. Found: C, 72.66; H, 5.15; N, 4.70. IR (CH,Cl,):
V(C=N) 2201w, v(C=C) 1974s, v(C=C) 1590m cm™. "H NMR (CDCls): & 4.62 (s, 5H, Cp),
7.05-7.60 (m, 34H, Ph). *C NMR (CDCl): & 88.83 (s, Cp), 107.56 (s), 114.01 (s), 116.23,
116.98, 117.29 (3 x s, CN), 122.40-139.75 (m, Ph), 148.64 (s), 153.45 (s), 209.94 [t,
2J(CP) = 22 Hz, Ru-C=). *'P NMR (CDCly): & 48.0 (s). ES-MS (m/z): caled for
Cs4HyoN3P,Ru 894.1741, found 894.1738 [M + H]".
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(ii)) Ru(C=CPh)(PPh;):Cp.

(a) Addition of TCNQ (20 mg, 0.1 mmol) to a solution of Ru(C=CPh)(PPh;),Cp (77
mg, 0.1 mmol) in CH,Cl, (15 ml) resulted an instantaneous darkening of the solution.
After 1 h solvent was reduced to approximately 1 ml and hexane (50 ml) was added to give
a dark purple precipitate. Purification by preparative t.l.c, (acetone-petroleum spirit-ethyl
acetate, 2/2/1) and extraction with acetone of the dark purple band (R = 0.24) afforded
Ru{=C=CPhC(CN),C¢H4C(CN),}(PPh;3),Cp 48 as a dark purple powder (21 mg, 41%).
Crystals suitable for X-ray study were obtained from C¢Hg / MeCN. Anal. Calcd for
CeoH4oN4PoRu.2H,0: C, 70.99; H, 4.69; N, 5.43. Found: C, 71.45; H, 4.45; N, 5.45%. IR
(nujol): V(C=N) 2169s, 2126s; v(C=C) 1619m, 1595s cm™. '"H NMR (CDCl;): & 5.19 (5H,
Cp), 6.60-7.49 (39H, Ph). °C NMR (CDCls) & 39.79 [s, C(CN),=C¢H,], 95.59 (s, Cp),
96.76, 122.36 [2 x s, =CPhC(CN); and C-], 115.66, 119.75 (2 x s, CN),122.65-131.66 (m,
Ph), 342.13 [s (br), Ru=C]. *'P NMR (CDCL): & 39.0. ES-MS (m/2): 996 [M]", 792 [M -
TCNQ]", 691 [Ru(PPh3),Cp]", 429 [Ru(PPh3)Cp]".

(iii) Ru(C=CC=CH)(dppe)Cp*.

(a) In THF. THF (8 ml) was added to a Schlenk flask containing
Ru(C=CC=CH)(dppe)Cp* (50 mg, 0.073 mmol) and TCNQ (18 mg, 0.088 mmol) to give a
dark green solution. After 2 h at room temperature, solvent was removed and the residue
was purified by preparative t.l.c (acetone/hexane, 3:7). The green band (R; = 0.41) was
collected to afford Ru{C=CC[=CsH4=C(CN),]JCH=C(CN),]}(dppe)Cp™* 50 (6 mg, 9%) as
a dark green solid. X ray quality crystals were obtained from benzene/hexane. Anal. Calcd
for CsoHasN4PoRu: C, 70.34; H, 4.99; N, 6.31. Found: C, 70.74; H, 5.16; N, 6.50. IR
(CH,Cl,): v(C=N) 2193w, v(C=C) 1940s, v(C=C) 1586m cm™. "H NMR (C4D¢): & 1.38 (s,
15H, Cp*), 1.94, 2.57 (2 x m, 4H, CH,), 6.72 [s, 1H, CH=C(CN),], 7.01-7.42 (m, 24H,
Ph). °C NMR (C¢Dg): & 9.79 (s, CsMes), 29.42-30.30 (m, dppe), 86.13 (s), 96.61 (s,
CsMes), 111.73, 113.89, 117.53, 120.89 (4 x s, CN), 124.75-138.22 (m, Ph), 145.01 (s),
152.70 (s), 155.26 (s), 218.70 [t, 2J(CP) = 23 Hz, Ru-C=].>'P NMR (C¢Dy): & 80.4 (s). ES-
MS (m/z): calcd for Cs;H44N4P,Ru 888.2085, found 888.2128 [M]+.

(b) In CsHs. To a solution of Ru(C=CC=CH)(dppe)Cp* (50 mg, 0.073 mmol) in
benzene was added TCNQ (15 mg, 0.073 mmol); the solution turns slowly from yellow to

dark green. After 2 h at room temperature, solvent was removed and the residue was
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purified by preparative t.l.c (acetone/hexane, 3:7). The brown band (Rf = 0.38) was
collected to afford {Ru(dppe)Cp*}{C=CC[=CsHs=C(CN),]CH=CHC[=C(CN),]C=C}
{Ru(dppe)Cp*} 51 (6 mg, 10%) as a dark brown solid. X-ray quality crystals were
obtained from benzene/diethyl ether. Anal. Calcd for CoyHgaN4P4Ru,: C, 70.30; H, 5.39; N,
3.56. Found: C, 70.01; H, 5.59; N, 3.52. IR (CH,Cl,): v(C=N) 2186w, v(C=C) 1983s,
1947s, v(C=C) 1579m cm™. 'H NMR (C¢D¢): & 1.51 (s, 15H, Cp*), 1.53 (s, 15H, Cp*),
1.99-2.12 (m, 4H, 2 x CH,), 2.68, 2.82 (2m, 4H, 2 x CH,), 6.88-7.63 (m, 46H, Ph and
HC=CH). *C NMR (C¢De): & 10.28 (s, CsMes), 10.41 (s, CsMes), 29.31-30.91 (m, dppe),
77.10 (s), 95.56 (s, CsMes), 96.62 (s, CsMes), 114.43, 117.49, 118.05, 118.95 (4 x s, CN),
121.17 (s), 127.52-153.58 (m, Ph), 191.89, 210.57 [2 x t(br), Ru-C=]. *'P NMR (C¢Ds): &
80.7 (s), 81.8 (s). ES-MS (m/z): calcd for CooHgsN4PsRu, 1573.3812, found 1573.3752 [M
+H]".

Synthesis of 51 from 50.

When THF was added to a Schlenk flask containing Ru{C=C-C=C-H}(dppe)Cp* (5
mg, 0.007 mmol) and Ru{C=C-C[=CcHs=C(CN),]-C[=C(CN),]-H}(dppe)Cp* 50 (6 mg,
0.007 mmol), the solution became dark brown instantaneously. After 1 h at room
temperature, the solvent was removed and the residue was purified by preparative t.l.c
(acetone/hexane, 3:7). The brown band (Rf = 0.38) was collected to afford
{Ru(dppe)Cp*}2(C=C-C[=CsH4=C(CN),]-CH=CH-C[=C(CN),]-C=C) (6 mg, 56%) as a

dark brown solid.

(iv) Fe(C=CC=CPh)(dppe)Cp*.

THF (15 ml) was added to a Schlenk flask containing Fe(C=CC=CPh)(dppe)Cp* 2a
(200 mg, 0.280 mmol) and TCNQ (57 mg, 0.280 mmol) at -78°C to give a dark purple
solution. After 1 h at -78°C, the solution was allowed to warm to room temperature over 4
h. Pentane (50 ml) was then added to the solution and the purple precipitate was filtered off
and washed with pentane (3 X 10 ml) to afford
Fe {C=CC[=C¢H4=C(CN),]CPh=C(CN),}(dppe)Cp* 52a (184 mg, 71%) as a dark purple
solid. X-ray quality crystals were obtained from dichloromethane/pentane. Anal. Calcd for
CsgHagN4PoFe, 0.33CH,Cly: C, 73.97; H, 5.18; N, 5.92. Found: C, 74.28; H, 5.18; N, 5.83.
IR (KBr): v(C=N) 2223w, 2183w, v(C=C) 1914s, v(C=C) 1579m cm™. '"H NMR (CDCl;):
8 1.21 (s, 15H, Cp*), 1.76-2.42 (m, 4H, PCH,), 6.85-7.60 (m, 29H, Ph). °C NMR
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(CDCls): 8 9.52 (s, CsMes), 30.87 [t, 'Jpc = 22 Hz, dppe], 82.39 (s), 96.54 (s, CsMes),
112.85, 113.01, 120.30, 121.14 (4 x s, CN), 127.86-136.97 (m, Ph), 150.95 (s), 170.97 (s),
178.01 (s), 244.90 [t, “Jpc = 35 Hz, Ru-C=]. *'P NMR (CDCls): & 94.3 (s). ES-MS (m/z):
calcd for CsgHgoN4PoFe 919.2782, found 919.2786 [M + H]+.

(v) Ru(C=CC=CPh)(dppe)Cp*.

When THF (8 ml) was added to a Schlenk flask containing Ru(C=CC=CPh)(dppe)Cp*
4 (53 mg, 0.070 mmol) and TCNQ (16 mg, 0.077 mmol), the solution became dark blue
instantaneously. After 1 h at room temperature, solvent was removed and the residue was
taken up in a small amount of CH,Cl, and purified by chromatography (acetone-hexane,
3/7, silica gel) to afford Ru{C=CC[=CsHs=C(CN),]CPh=C(CN),}(dppe)Cp* 52b (49 mg,
73%) as a dark blue solid (Rs = 0.11). X ray quality crystals were obtained from CH,Cl, /
CeHg. Anal. Calcd for CsgHagN4PoRu: C, 72.26; H, 5.02; N, 5.81. Found: C, 71.74; H, 5.11;
N, 5.63. IR (CH,Cly): v(C=N) 2194w, v(C=C) 1946s, v(C=C) 1585m cm™”. 'H NMR
(CDCl3): & 1.53 (s, 15H, Cp*); 2.22 (m, 4H, CH,); 6.96-7.50 (m, 29H, Ph). *C NMR
(CDCl3): 6 10.24 (s, CsMes), 30.01-30.62 (m, dppe), 58.28 (s), 83.18 (s), 98.17 (s, CsMes),
113.03, 113.50, 121.33, 123.20 (4 x s, CN), 128.38-137.47 (m, Ph), 150.24 (s), 153.81 (s),
171.56 (s), 217.10 (br, Ru-C=). *'P NMR (CDCls): & 80.5 [s(br)]. ES-MS (m/2): 965 [M +
H]", 987 [M + Na]".

(vi) Ru(C=CC=CC=CPh)(PPh;3),Cp.

TCNQ (41 mg, 0.2 mmol) was added to a solution of Ru(C=CC=CC=CPh)(PPh;),Cp
(168 mg, 0.2 mmol) in CH,Cl, (20 ml), resulting an instantaneous darkening of the
solution. After 1h the volume was reduced to approximately 1 ml and hexane (50 ml) was
added to give a dark blue precipitate. The precipitate was collected and then washed with
diethyl ether (10 ml) to afford Ru{C=CC[=CsH4=C(CN),]C(C=CPh)=C(CN),}(PPh3),Cp
53 (183 mg, 88%) as a dark blue solid. X-ray quality crystals were grown from
dichloromethane / MeCN. Anal. Calcd for CgsHagN4PRu: C, 74.77; H, 4.25; N, 5.37.
Found: C, 74.18; H, 4.86; N, 5.19. IR (CH,Cl,): v(C=N) 2198w, v(C=C) 1956s, v(C=C)
1590m cm™. '"H NMR (CDCly): § 4.64 (s, 5H, Cp); 7.01-7.52 (m, 39H, Ph). °C NMR
(CDCl3): 6 61.77 (s), 86.75 (s), 88.86 (s, Cp), 90.32 (s), 111.86 (s), 112.90, 113.46 (2 x s,
CN), 117.69 (s), 119.91 (s), 121.49, 123.55 (2 x s, CN), 127.98-136.80 (m, Ph), 146.99 (s),
153.86 (s), 154.05 (s), 217.99 [t, 2J(CP) = 23 Hz, Ru-C=]. *'P NMR (CDCls): & 48.0 (s).
ES-MS (m/z): calcd for CgsHasN4PoRu 1045.2163, found 1045.2221 [M + H]+.
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General Conclusions and Future Work

The major aim of this thesis, which was to synthesise square molecules containing four
redox-active metal centres and two positive charges, has been successfully achieved. To
accomplish this goal, the syntheses and characterisation of new mono- and binuclear
organo-iron and -ruthenium complexes containing long carbon chains (C4 and Cs) were
achieved. Their physico-chemical properties have been studied and guided by these data,
chemical oxidations have been carried out. In some cases, depending on the nature of the
metal fragments and the length of the carbon chain, dimerisation occurred to give new
multi-nuclear complexes, some of them containing a planar square cyclobutene centre and

four metal fragments. These are potential molecular QCA candidates.

For the 17-e species containing a C, chain of general formula [M](C=CAr)” (M =
Fe(dppe)Cp*, Ru(PPh3),Cp), the iron complexes were stable and isolated', whereas the
ruthenium analogues, which have a larger atomic spin density on the aryl-ethynyl ligand,
dimerise. In the case where Ar = phenyl (16), dimerisation occurred between the Cg and
the C,uq of the phenyl group to afford the dicationic dimer 17. When the para position is
blocked by a methyl group in 19 (Ar = tolyl), dimerisation occurred between Cg and one of
the Ccp, atoms of the cyclopentadienyl group, where average atomic spin densities were
found, to afford the very sensitive dicationic dimer 20, which decomposed quickly in the
presence of air to give the carbonyl dimer 22. Blocking the C,., position on the phenyl
group and additionally the Cc, positions (by replacing the Cp by a Cp* ligand) will
constitute the next step of this work. By carrying out careful chemical oxidation (no traces
of H,O and O,), the mononuclear Ru(Ill) acetylide (Scheme 8.1) might be isolated and
characterised by an X-ray determination, which has never been achieved for this type of

Ru(III) complex.
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Scheme 8.1. Hypothetical stable Ru(lll) acetylide complex.

Surprisingly, replacing Ru by Fe in the 17-e complexes containing a C4 chain of general
formula [ {Cp’(dppe)M}(C=CC=CAr)]" (M = Fe, Ru; Cp’ = Cp, Cp*) did not significantly
change the atomic spin density of the butadiynyl ligand. However, replacing the Cp by a
Cp* ligand changed the reactivity of the 17-e species (2a™) by sterically protecting Cp
from coupling. Thus, in contrast to the RuCp example (see Section 4.1.1), dimerisation of
the FeCp* species 2a” afforded only one symmetric binuclear product containing a planar
cyclobutene centre ([27a][PFs],), which has been characterised by the usual spectroscopic
methods and an X-ray structure determination. The iron dimer [27a][PF¢], showed
interesting magnetic properties, unexpectedly being EPR-active, which indicates the
existence of a singlet-triplet equilibrium. Further theoretical calculations are under way to

rationalise these observations.

Mixed-valence complexes homo- and hetero-nuclear (Fe and Ru) containing a C4 chain
have been synthesised. The 35-e¢ species [30]PF¢ and [34]PFs are stable and isolable,
whereas complexes [31]PF¢ and [35]PFs, both containing the Ru(dppe)Cp moiety, are
kinetically unstable and were only characterised “in-situ” by EPR spectroscopy. For the
first time, mixed-valence complexes containing a carbon chain longer than C,; have been
characterised by X-ray analyses (Figure 8.1). Electron transfer within the stable mixed-
valence complexes [30]PF¢ and [34|PFs was probed using Near-IR spectroscopy. The
diiron complex [30]PF¢ was classified as a class III mixed-valence system (strong electron
delocalisation), its electronic coupling parameter (V,, = 0.38 eV) correlating well with
values found previously for related complexes containing Cs (Vap = 0.47 eV)? and Cg
chains (V= 0.32 eV)3 . However, a vibronic coupling between the intramolecular electron
transfer and some of the molecular vibrational states was observed in [30]PFs. Vibronic

coupling was also observed in the hetero-nuclear mixed-valence complex [34]PFg, in
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which the electronic coupling was surprisingly strong for an unsymmetrical mixed-valence
system. Spectroscopic data (IR, EPR and Near-IR) are all consistent with strong electron
delocalisation existing in [34]PFg, although it has been reported that electronic coupling in
the C,4 analogue complex is weaker®. Further experiments investigating solvent effects on

the IVCT band are under way.
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Figure 8.1. X-ray structures of [{Cp*(dppe)Fe}(u-C=CC=CC=C)]PFs [30] PFs (left) and
[{Cp*(dppe)Fe}(C=CC=CC=C){Ru(dppe)Cp*}|PFs [34] PFs (right).

The synthesis of square molecules with four metal centres by radical coupling and
carbon-carbon bond formation from mixed-valence species was successfully achieved.
Surprisingly, unsymmetrical dimers were formed and the positive charge was found to be
fully delocalised over the whole molecule, even in dimer [44][PF¢], which contains two
Fe(dppe)Cp* and two Ru(dppe)Cp fragments (Figure 8.2). The tetraruthenium dimer
([43][PF¢]2) could be a model for molecular QCA applications. Even if unsymmetrical, the
two charges are fully delocalised, and adding a biasing charge or applying an electric field
to the system could localise them on one or the other diagonal. Switching the state could be
possible by changing external factors. The hetero-nuclear dimer [44][PFg],, recently
synthesised, was not fully characterised and another dimer [45][PF¢], might also exist:

further work is currently in progress.
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Figure 8.2. X-ray structure of [{Fe(dppe)Cp*},{Ru(dppe)Cp},{u-C12}] [PFs] > [44] [PF¢]>.

Finally, from these results and supported by DFT calculations, several conclusions have
been drawn. Dimerisation of the mixed-valence complexes is due to the presence of the
Ru(dppe)Cp fragment: the ruthenium atom permits the carbon chain to bear large atomic
spin densities, especially on the carbon directly attached to the ruthenium; the Cp ligand
does not sterically hinder coupling from occurring on the carbon directly attached to the
ruthenium. In order to couple, the carbon atom should have an atomic spin density > 0.1.
From these conclusions, it might be possible to tune the properties of the mixed-valence
complex by choosing appropriate metals and ligands. With the aim of obtaining a
symmetrical tetranuclear dimer, we propose to synthesise a symmetrical mixed-valence
complex (Scheme 8.2) containing a C¢ chain bridging ruthenium atoms (in order to have a
large atomic spin density on the carbon chain), Cp* ligands to prevent the dimerisation
occurring on the carbon directly attached to the ruthenium, and a more electron-rich ligand
than dppe such as dippe [ethylenebis(diisopropylphosphine)]’, or an NHC, which would
hopefully allow a slight increase in atomic spin density of the central carbons > 0.1. The
carbons of the central C=C bond would be reactive and intermolecular radical coupling
between these carbons could occur to give a symmetric square dimer containing a central

cyclic Cy4 centre, four redox-active metal fragments and two positive charges.
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