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Abstract
The focus of this thesis is the development of conjugated homo- and heterometallic
polyyne complexes for which the opto-electronic properties may be tuned to provide
potential applications in molecular electronic devices.
Chapter 1 outlines the requirement of molecular systems for the development of the
electronics industry, and describes the underlying chemistry of Pt-acetylide and
{Mo2}-carboxylate systems that makes them promising materials in this respect.
Chapter 2 describes the development of ester-functionalised Pt-acetylide
complexes, representing potential building blocks for complicated heterometallic
frameworks. The relationship between the opto-electronic properties of these
materials and the identity of their ligand systems is explored both spectroscopically
and theoretically.
Chapter 3 outlines the development of a series of conjugated heterometallic
frameworks via the systematic assembly of appropriate Pt-acetylide and {Mo2}carboxylate building blocks. The combinative effects of the two metal fragments on
the

properties

of

the

materials

are

investigated

spectroscopically

and

electrochemically and theoretical studies provide a greater understanding of the
electronic structures of the novel species.
Chapter 4 describes the design and syntheses of novel ethynyl-functionalised bisamidine systems and their application as bridging ligands in a series of Ru-bisamidinate complexes. The highly tuneable opto-electronic properties of these
complexes are probed both spectroscopically and electrochemically and interesting
solid-state packing interactions are explored.
Chapter 5 illustrates the diverse coordination chemistry of N-heterocyclic carbenes
towards {Mo2} carboxylate dimers. Structural analyses provide an important insight
into the different coordination modes that are available by tuning the steric demands
of the carbene and reveal rare Mo-Aryl π-interactions. Spectroscopic analyses are
implemented to illustrate the ability to tune the energy of the Mo2δMo2δ*
electronic transition.
Chapter 6 presents preliminary results from the TR-IR spectroscopic analyses of
several Pt-ethynyl-ester complexes and a mixed Pt-{Mo2} system. Attempts are
made to identify ultra-fast charge transfer and charge redistribution processes
following photo-excitation from the ground state.
ii

Acknowledgements

Firstly I would like to thank my supervisors Paul Raithby and Andy Johnson for
their help and support throughout my PhD and for giving me the freedom to develop
my own chemistry, which has helped me to become a better chemist. I’d also like to
thank the numerous members of the Johnson/Raithby group, past and present, who
have provided a fantastic working environment and have all contributed to my work
and my time in Bath. Special thanks to Simon Brayshaw and Sara Fuertes who were
both instrumental in the progress of my research. My time at Bath would also have
been no where near as enjoyable had it not been for the multitude of friends that have
come and gone over the years and for each of them I am truly grateful.

A number of people have been invaluable in providing guidance on a number of
techniques during my PhD. These include: John Lowe for his help and patience with
NMR, Mary Mahon and Gabi Kociok-Köhn for their help with XRD, Frank Marken
for introducing me to electrochemistry and Mike Towrie and the rest of the ULTRA
team at the RCaH for their expertise in TR-IR spectroscopy.

Whilst I have been interested in science since an early age, I think significant thanks
should go to my A-Level chemistry teacher Mrs Gottesman, for it was her
enthusiasm and approach to teaching that made me want to continue the subject to a
higher level. In the same light I want to thank Neil Burford and Mike Hill, for if it
wasn’t for the research projects under their supervision I would almost certainly not
be where I am today.

I would like to extend special thanks to both of my parents, who have always
supported/put up with me regardless of what I have wanted to do in life and have
always been there for me during difficult times. I’d also like to thank Nick and
Philippa, for providing welcome distractions whenever I visit.

Finally, I would like to thank my amazing fiancée Anna, whose love and support has
always meant a lot to me. Thanks also to her parents and brother who have become
like family to me.

iii

Abbreviations
Å: Angstrom
t

Bu: tertiary-Butyl

cm-1: Wavenumber
Cy: Cyclohexyl
°: Degree
o

C: Degrees Celsius

δ: Chemical Shift
ΔEp: Separation between oxidation and reduction peaks
CIF: Crystallographic information file
d: Doublet
DCM: Dichloromethane
DFT: Density functional theory
Dipp: 2,6-diisopropylphenyl
DPTF: di-p-tolyl-formamidinate
ε: Extinction/absorption coefficient
E1/2: Half-wave potential
e.s.d.s: Estimated standard deviations
eV: Electron Volts
Et: Ethyl
HOMO: Highest occupied molecular orbital
Hz: Hertz
Ja-b : Magnetic coupling though ‘n’ bonds between nuclei ‘a’ and ‘b’

n

K: Degrees Kelvin
λmax: Maxima of lowest energy absorption band
LED: Light Emitting Diode
LUMO: Lowest unoccupied molecular orbital
µ: Bridging coordination mode
µs: Microseconds
m: Multiplet
Me: Methyl, CH3
Mes: Mesityl (2,4,6-trimethyphenyl)
MHz: Megahertz
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Mp: Melting point
mV: Millivolts
NMR: Nuclear Magnetic Resonance
nm: Nanometres
ns: Nanoseconds
i

Pr: iso-Propyl

Ph: Phenyl
ppm: Parts Per Million
ps: Picoseconds
q: Quartet
R: Alkyl or aryl substituent
s: Singlet
sept: Septet
τ: Lifetime
t: Triplet
TD-DFT: Time-dependant density functional theory
THF: Tetrahydrofuran
TiPB: 2,4,6-triisopropylbenzoate
TMS: Trimethylsilyl
TR-IR: Time-resolved infrared
VT-NMR: Variable-temperature NMR
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Figure 6.15: Diagram showing non linear optical behaviour of Pt2b
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Figure 6.16: Pictures of Mo1 and PtMo1
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Figure 6.17: TR-IR spectrum of Mo1
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Figure 6.18: Fingerprint region TR-IR spectrum of PtMo1
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Figure 6.19: Acetylide Region TR-IR spectrum of PtMo1

242

Figure 6.20: HOMO of PtMo1
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Chapter 1– Introduction
1.1.1 – Molecules for Electronic Devices

In the 1960s Gordon Moore projected that the electronics industry would develop
following a trend that would see the number of transistors on an integrated circuit
double very two years.1 Now commonly known as ‘Moore’s Law’, this projection
has been largely accurate to the current day and has provided a driving force for the
continued development in this field. However, the continued miniaturisation of
silicon-based electronics is creating a number of problems suggesting that these
systems are fast approaching their limit. These include spiralling manufacturing
costs and increased heat generation from the small conducting components.

In light of these problems a lot of interest has been placed into the development of
molecular systems that can be applied as components within electronic circuits or
perform as devices in their own right. In contrast to silicon-based electronics,
downsizing to a molecular level reduces resistivity. This is because these assemblies
involve the movement of discreet numbers of electrons per molecule rather than
mass electron flow. In addition to this, manufacture by synthesis provides a lot of
scope for the tuning of molecules to perform a wide range of functions. Examples of
potential applications include: molecule wires,

2-3

sensors,4 switches,5 LEDs6 and

optical limiting devices.7
In 1977 MacDiarmid reported that n- and p-type doping of polyacetylene resulted in
conducting organic polymers though either electron or hole migration.2-3 Since these
pioneering studies a wide range of conjugated organic polymers have been
developed, showing that their electronic structures are highly tuneable. In addition to
conductive properties many examples, including the polythienyl8-9 and substituted
polyfluorenyl10-11 examples in Figure 1.1, show semiconductor properties providing
potential

applications

in

devices

such

as

transistors,12-13

photodiodes,14

photovoltaics15 and LEDs.6,16
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i

ii)

iii)

Figure 1.1: Examples of conjugated organic polymers including iodine-doped
polyacetylene,2 polythienylene8-9 and polyfluorene10-11 systems.

Whilst clearly providing a lot of promise towards the development of molecular
electronic devices there are a number of drawbacks to purely organic systems. One
point to consider is the low solubility of long chain organic material which makes
processing them difficult. In addition to this, the nature of organic systems means
that emissive processes are largely restricted to the singlet manifold due to the spin
selection rule. Statistically this means that emissive devices can only be a maximum
of 25 % efficient. A simplified Jablonski diagram is shown in Figure 1.2 to aid this
discussion.

Figure 1.2: A simplified depiction of the excited state electronic dynamics of
organic and organometallic polymers. 17

The incorporation of metallic units into organic polymers and oligomers provides a
broader scope with regards to tuning the optical and electronic properties of the
materials and the identity of both the metals used and their associated ligand systems
can be used to modify these properties. Spin-orbit coupling stemming from the use
of heavy metal centres also relaxes the spin selection rule, thus facilitating efficient
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population of the triplet states which is not possible in purely organic systems. This
can potentially afford 100% emission efficiency.

A substantial range of organometallic polymers and oligomers have been reported in
the literature using a variety of methods to include the metal fragments. Main-chain
systems incorporate the metals directly into the extended network so that they
effectively separate the organic components. The earliest examples were simple
polyferrocene systems in which the iron atoms were sandwiched between organic
chains (Figure 1.3-i).18 More intricate example of these have since been reported.19
The development of metal acetylide chemistry has expanded the field greatly and
there are now many examples of redox-active (e.g. Fe, Ru, Os)20-26 and electron-rich
late transition metal (Pd, Pt, Hg, Au)17,20,27-29 polymers and oligomers in which the
metal bound directly within the σ- and π-bonded network (Figures 1.3-ii and 1.3-iii).
Other examples of main chain systems include the porphyrin complexes of Ziessel
and Harriman.30-31

i)

ii)

iii)

Figure 1.3: Ferrocene (i),18 electron-rich Pt (ii)27 and redox-active Ru (iii)32 mainchain organometallic polymers and oligomers.

Metal centres can also be incorporated in the periphery of an unbroken organic chain.
These so called ‘side-chain’ systems, often utilise Lewis-basic groups, which are part
of the polymer/oligomer main chain, to coordinate the metals, such as the recent

4

Chapter 1

Introduction

pyridyl example shown in Figure 1.4-i.33 Pendant metal-polyyne containing systems
have also been reported in which the metal is bound to cyclobutadiene (Figure 1.4ii), cyclopentadiene or arylene moieties within the organic chain.34-35

While this synopsis has focussed on examples in which metal containing moieties
are part of a linear chain, it is important to recognise that many systems have also
been developed into more complicated hyperbranched or dendritic frameworks.36-39

Figure 1.4: Examples of side-chain (i)33 and polyene containing (ii)35 organometallic
polymers.

This discussion is by no means comprehensive and an in depth review is beyond the
discussion of this thesis but is well documented within the literature.17,19,40-47 The
remainder of this introduction will focus on two classes of extended systems which
contain Pt-acetylide and quadruply bonded {Mo2}/{W2} units that allow us to put
our own work into context.
1.1.2 – Platinum Acetylide Complexes

Our group has a long-standing interest in electron-rich late transition metal acetylide
systems, specifically those incorporating Pt units in the form shown in Figure 1.5.
This encompasses both polymeric material and shorter chain oligomeric systems.
These phosphine stabilised species have potential applications in a range of
molecular electronic devices including: LEDs, switches and molecular wires.17,48
Non-linear optical properties in certain systems have also led to studies into their use
as optical power limiting devices.49-50

5

Chapter 1

Introduction

Figure 1.5: A generic phosphine-stabilised Pt-acetylide polymer

The relaxation of the spin selection rule in polymetallyne systems has allowed
analysis of the photophysics of both singlet and triplet excited states, which has led
to a greater understanding of conjugated polymers roles within emitting devices. The
facile access of the triplet state also means that emission from metallated polymers is
far more efficient and long-lived than organic analogues.

The first example of a platinum acetylide polymers was reported by Hagihara and
was synthesised via the Cu-catalysed coupling of a Pt(II) di-bis-acetylene complex
with a Pt(II) chloride reagent (Scheme 1.1). Later studies have shown that the same
result could be achieved using only a diethynyl precursor and (PR3)PtCl2 but the Cucatalysed coupling is still in regular use to this date. Alternative synthetic methods
involving stannyl acetylides have also been proposed for systems that are sensitive to
the amine solvent.51

Scheme 1.1: The first reported synthesis of a Pt-acetylide polymer.52-53

In order to understand the properties of polymeric material and also to gain an
insight into how their solid-state structure influence these properties it became clear
that study of model oligomer complexes was required. These were synthesised by
reacting the bis-acetylene ligands with a modified Pt precursor in which one chloride
is replaced by an unreactive moiety, typically a phenyl ligand (Scheme 1.2). The
nature of the spacer incorporated into these systems is extremely versatile and many
examples have been reported and reviewed in the literature.17,54-57 It should also be
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mentioned that work has also be performed in the area of non-linear platinum
acetylide oligomers and polymers utilising poly-ethynyl bridging groups.39,58

Scheme 1.2: Synthesis of Pt-acetylide oligomers. 27,59

An attractive aspect of Pt-acetylide complexes is the relative ease by which their
physical and electronic properties may be manipulated by varying the ligand systems.
Altering the substituents on the phosphine ligands has been shown to have little
electronic effect on the polymetallynes but can influence both their solubility and the
solid-state structure. In contrast the electronic structure of these systems is very
sensitive to the properties of the diethynyl bridging ligand. A simplified energy level
diagram is shown in Figure 1.6 to aid our discussion of these electronic effects.

Figure 1.6: A simplified diagram showing the important energy level separations in
a Pt-acetylide polymer

Studies into the electronic dynamics of a wide range of platinum acetylide systems
have shown that the energy separation between the excited singlet (S1) and triplet (T1)
states remain essentially constant (ca. 0.6-0.8 eV) regardless of the type of acetylide
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spacer that is used.60 Variation of the ligand system therefore perturbs the energies of
both the singlet (S1) and triplet (T1) excited states relative to the singlet ground state
(So). This affects both the efficiency and the wavelength of emission from both
excited spin states and also influences the electronic communication throughout the
extended system. A combination of theoretical and experimental studies have
provided evidence that, whilst the singlet states are delocalised along the length of
the extended system, the triplet state is largely localised within a single unit of the
polymer. In the literature the term “optical band gap” is used as a parameter to
describe the electronic perturbation within a polymetallyne. This specifically refers
to the energy separation between the ground and excited singlet states in polymeric
material in which valence and conducting bands can be envisaged. In a molecular
system consisting of low numbers of repeating units this relates to the HOMOLUMO energy gap.

Over the last two decades a large amount of research has taken place in this field. Ptacetylide polymers and oligomers have been reported with a seemingly limitless
variety of diethynyl bridging ligands providing a range of optical and electronic
properties. A thorough discussion of many of these systems can be found in reviews
in the literature17,40,48 but for the purposes of this work we have selected specific
examples to explain the relationship between the nature of the bridging ligand and
the properties of the respective Pt-containing complex.

A significant factor in determining the energy of the band gap in Pt-acetylide
systems is the degree of conjugation within diethynyl spacer ligands. Raithby et al.
reported a series of Pt complexes containing phenylene, naphthalene and anthracene
spacers.57 The study showed that increasing the conjugation of the spacer resulted in
a decrease in the optical bandgap and increased donor-acceptor interactions between
metal and ligand. A separate study has shown that incorporation of a third acetylene
unit in place of the polycyclic spacer results in a smaller optical band gap than was
reported for the phenylene and naphthalene containing analogues.61 This shows that
the aryl spacers disrupt electronic conjugation, which has been attributed to the
difference in energy between the acetylenic and aryl π-orbitals. These examples are
shown in Figure 1.7.
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Figure 1.7: Some simple organic spacers and the bandgaps of their respective Pt
polymers.57,61-62

The incorporation of heterocyclic spacers also provide a means by which the band
gap energy may be tuned. Studies have shown that polymers containing thienyl
spacer groups exhibit relatively low energy band gaps (2.80 eV) which has been
attributed to the diffuse nature of the sulphur orbitals, providing greater π-orbital
overlap.62 By studying a range of Pt ethynyl-chalcogenophene oligomers, Wilson et
al. showed that the HOMO-LUMO gap and the donor-acceptor interactions could be
tuned by changing the identity of the chalcogen incorporated.63 Upon descending the
group from O to Te the onset of absorption was significantly red shifted and unusual
long range heteronuclear coupling was observed in the NMR spectra of the heavier
chalcogenide systems (Figure 1.8).63

Figure 1.8: Diagram illustrating the decrease in the HOMO-LUMO energy gap in
Pt-chalcogenophene species.63
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A polymer with small optical band gap will promote efficient delocalisation of
electron density between the Pt centres and the ligand systems. This is desirable for
certain functions, such as molecular wires, but can be detrimental towards emission
because low-lying triplet states can result in non-radiative decay. In terms of
emission it is the systems in which the larger band gaps were observed that offer the
strongest and most efficient phosphorescence. A study performed by Wong et al.
showed that by introducing the conjugation disrupting units such as -CH2-, -O-, -S-, S(O)- and -S(O)2-, the increase in optical bandgap was associated with efficient
triplet state population and emission (Figure 1.9).64-65 Separate studies have shown
that silane spacers provide a stronger conjugation disrupting effect allowing access
to even higher energy excited states (3.70 eV for a SiPh2 spacer).66

Figure 1.9: Correlation between chalcogen containing Pt-acetylide dimers and their
experimentally measured T1 triplet state energies.64-65

Conjugation can also be extended by incorporating a longer chain of aromatic rings
into the spacer group. For instance, a study focussed on thiophene-bridged species
showed that increasing the chain size from one to three thiophene rings changed the
band gap from 2.80 eV to 2.40 eV significantly lowering the energy of the triplet
state.66 However, the relationship was not linear as the difference between the band
gap for the mono- and di-thiophene species was considerably larger than that
between the di- and the tri-thiophene-bridged species and no significant change was
observed when extending this chain further. A related study showed that polymers
featuring fused thiophene ring spacers exhibited higher energy S1 and T1 states than
related systems in which the thiophene rings are not fused (Figure 1.10).56 Despite
the planarity of the fused ring systems it was suggested that the important factor was
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the number of conjugated C=C bonds along the backbone of the thiophene ligand
systems. The unfused ligands contained more double bonds and thus present greater
conjugation and lower optical band gaps.

Figure 1.10: Comparing non-fused and fused polythiophene spacers.56

Although an increase in ligand conjugation has been shown to relate to a decrease in
the optical band gap, Rogers et al. has shown that as the conjugation length of an
acetylide ligand increases the spin-orbit coupling from the Pt is reduced as the
S0S1 electronic transitions become more ligand based.67 This has the effect of
lowering the phosphorescence quantum yields of the longer chain systems but
extending the triplet lifetimes.

In addition to conjugation effects, a study by Friend et al. showed that the optical
band gap was also highly sensitive to the electron withdrawing properties of the
spacer.60 Platinum acetylide polymers containing the spacers shown in Figure 1.11
were prepared and spectroscopic studies of these species showed that the optical
band gap decreased with increasing electronegativity. This allowed tuning of the
band gap between 1.7 and 3.0 eV.60

Figure 1.11: Trend between bandgap and the electronegativity of the spacer.60
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With potential applications within electronic devices there has been significant
interest in how the solid-state structure of Pt-acetylide species can be related to their
optical and electronic properties. In line with this Raithby et al. investigated a series
of model oligomeric systems incorporating several of the spacers shown in Figure
1.7.59 The spectroscopic properties were recorded and analysed in combination with
structural data obtained from single crystal X-ray diffraction studies. It was shown
that there was no correlation between the electronic properties exhibited by the
complexes and the torsion angle between the conjugated spacer and the platinum
square planes. The spectroscopic analysis suggested that conjugation throughout the
complex was retained despite the observed twists in the ligand systems. The
observation was attributed to the cylindrical nature of the acetylinic π-orbitals that is
illustrated in Figure 1.12. Rotation of the phenylene moiety in the diagram would
result in less conjugation with one set of acetylinic p-orbitals (shown in green) but
increase the π conjugation with the orthogonal set of p-orbitals (shown in red).
Minimum conjugation can therefore be expected at 45o ligand torsions. It is therefore
considered that the orientation of the acetylide ligand is strongly influenced by solidstate packing effects.

Figure 1.12: The π-conjugated orbital network in a Pt-acetylide system.

To access hybrid electronic properties, unobtainable when using purely organic
ligand systems, a number of groups have reported platinum acetylide complexes in
which metal centres are incorporated into the bridging ligand systems. The versatility
in the design of ethynyl substituted ligand systems has even allowed the synthesis of
a heterometallic species featuring seven different metal centres.68 The groups of
Harvey and Shiotsuka showed that ethynyl-bipyridine ligands could be used to
combine highly emissive Ru and Ir units with the Pt-acetylide functionality (Figure
1.13).69-70 The systems exhibited significant charge transfer from Pt to the Ru/Ir
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centres which leads to a modulation in the absorption and emissive properties. The
hybrid electronic properties persist in polymeric material for Ir complexes without
significant decrease in the quantum efficiency or lifetimes.

Figure 1.13: Ru and Ir substituted Pt-acetylide complexes exhibiting PtM charge
transfer.

A series of studies has also been performed on ferrocene-containing Pt-acetylide
polymers and oligomers of which examples are shown in Figure 1.14. Raithby has
shown that, by employing ferrocenyl-fluorene bridging ligands, charge transfer can
be observed from the ferrocene moiety to the platinum.71 The polymers containing
this ligand exhibited a significantly lower optical band gap than was observed in an
analogous species in the absence of the ferrocene. However, a separate study by
Long et al. showed that when ethynyl ferrocene units were used to bridge platinum
centres there was no electronic communication observed between metallocenes.72
This was attributed to the poor mixing between the platinum acetylide and ferrocenebased orbitals.

Figure 1.14: Examples of ferrocene-containing Pt-acetylide polymers.71-72
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A series of heterometallic complexes reported by Younus et al. showed that it was
possible to substitute each end of a diacetylide ligand with a different transition
metal fragment.20 The systems that were reported included two mixed Pt-Ru
acetylide systems in which both metals are directly connected within the σ- and πbonded framework. Charge transfer from the Pt fragment to the Ru was observed in
the cyclopentadienyl-stabilised system, shown in Figure 1.15, through a significant
decrease in the Ru oxidation potential relative to a platinum free model. The
interaction between metal fragments could also be observed in the electronic
absorption spectrum in which there was a clear contrast between the absorption
bands for the mixed metal complexes and for those of the model Pt and Ru systems.

Figure 1.15: A mixed Pt-Ru-acetylide complex.20
1.1.3 – Electronic Communication in Mixed-Valence Molecules

Before discussing the chemistry of quadruply bonded {Mo2} oligomers it is
necessary to address the nature of the electronic communication in networks
containing redox active metal centres. This section therefore provides a brief
introduction to the mechanisms of charge transfer in mixed valence complexes and
the means by which it can be measured and classified.
Following the report of the Creutz-Taube ion [(NH3)5Ru-pyrazine-Ru(NH3)5]5+ in the
late 1960s it became clear that metal centres were able to communicate electronically
through conjugated bridges.73 Since then many studies have shown that electronic
communication between mixed-valence metal centres in oligomeric or polymeric
systems can have a large influence on the resulting properties of the material.

Charge transfer in mixed valence complexes has largely been described using two
mechanisms, although other tunnelling mechanisms have also been discussed in the
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literature.74 The first is a charge-hopping model (Figure 1.16).75 The transfer process
involves charge injection from a donor (D) at one terminus of the system followed
by a number of random charge hopping steps between weakly coupled bridging units
until the charge meets the acceptor (A) at the opposite terminus. For the purposes of
this discussion, D and A represent metal centres. Increasing the number of hopping
processes (N) decreases the rate of electron transfer by a factor of N-η (η = 1-2).

kET = N-

(N = no. of hops,  = 1-2)
Figure 1.16: A simplified representation of the charge-hopping charge transfer
mechanism accompanied by an equation relating the rate of transfer to the number of
hopping processes.75

An important requisite of the charge-hopping theory is that the metal and bridge
orbitals must be fairly close in energy. When the energy gap becomes too large for
charge hopping to occur, charge transfer can persist though the two site super
exchange mechanism as shown in Figure 1.17.74-76 This is a tunnelling mechanism
involving significant mixing of the metal and bridge electronic states. Electron
transfer is mediated by the conjugated bridge either by electron transfer into π*orbitals or by hole transfer involving the filled ligand π-orbitals. In reality this is a
simplified picture and other orbitals may be involved and the two processes may
both contribute to the electron transfer process. The rate of electron transfer by super
exchange is inversely proportional to the exponential of the intermetallic separation
and as such communication falls of sharply with distance, more so than the charge
hopping mechanism.
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kET ∝ exp(-βr)
(r = M-M separation, β = damping coefficient)
Figure 1.17: A simplified representation of the superexchange charge transfer
mechanism accompanied by an equation relating the rate of transfer to the
intermetallic separation.76
The mechanisms described above both involve ‘through-molecule’ charge transfer. It
is however important to add that a degree of electronic communication is attributed
to electrostatic interactions between metal centres.77

The electronic coupling between mixed-valence metal centres originates from the
orbital interactions between the metal dπ -orbitals and the π-conjugated network of
the bridging ligand system. The Creutz-Taube ion is used as an example in Figure
1.18 to illustrate how the in-phase and out-of-phase combinations of the Ru d-orbital
(blue) interact with different π-type orbitals on the pyrazine linker (red).
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Figure 1.18: Key orbital interactions for the discussion of electronic communication
in a pyrazine-bridged Ru-dimer.

The in-phase Ru d orbitals are of the correct symmetry to mix with the unoccupied
π*-orbital of the pyrazine linker (I). This is essentially a backbonding interaction and
stabilises this metal orbital combination. The out-of-phase d-orbital set is able to mix
with the symmetry appropriate pyrazine π-orbital, which destabilises the metal
orbital set due to the filled-filled nature of this interaction The overall effect is to
cause a splitting of the Ru d-orbitals. A simplified molecular orbital diagram is
shown in Figure 1.19 to illustrate these effects in a strongly electronically coupled
system.

Figure 1.19: Molecular orbital diagram for the strongly coupled Creutz Taube ion.76
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In the ground and oxidised state, complexes in which metal centres are coupled in
this manner display a fully allowed M2δ to ligand π* electronic transition, the energy
of which usually describes the magnitude of the HOMO-LUMO separation. Upon
oxidation of one of the metal centres an additional electronic transitions become
apparent due to the singly occupied HOMO. These include LMCT and charge
resonance between the energetically separated metal orbitals. The latter is known as
the inter-valence charge transfer band (IVCT) and its observation is indicative of
electronic communication within the system.

The molecular orbital diagram in Figure 1.19 represents a strongly coupled mixed
valence system, however, varying the degree of electronic coupling can result in a
significant difference in both the optical and electronic properties of a complex.
Using a simple model, Figure 1.20 shows three possible outcomes upon applying an
oxidative potential to a conjugated dimetallic system. In the absence of significant
electronic communication between metal centres, the difference between the
oxidation potentials of the two metals will be negligible as each metal centre is
essentially independent from the other. In the presence of electronic communication
throughout the system, the oxidation of the first metal is felt by the second. This
causes a perturbation to the oxidation potential of the second metal centre (E2).
This results in greater stability of the mixed valence system. A range of hybrid
properties can then be observed depending on whether the charge is localised on a
single metal centre or delocalised throughout the system.

Figure 1.20: Oxidation of a dimetallic complex to give dicationic and delocalised
monocationic products.
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With these examples in mind, mixed valence systems can be categorised into three
groups known as Robin-Day classes that can be expressed by the potential energy
curve diagrams shown in Figure 1.21.78 Class I complexes are essentially valence
trapped species, reflected by the lack of mixing between the potential energy curves
for each metal centre in Figure 1.21-i. The properties observed in such systems are
equal to the sum of the two metal components. At the other end of the spectrum
Class III systems exhibit no energetic barrier to electron transfer and are thus fully
charge delocalised (Figure 1.21-iii), presenting novel optical and electronic
properties. Class II systems lie between these extremes, exhibiting a surmountable
energy barrier towards electron transfer as shown in Figure 1.21-ii. The properties of
Class II complexes are slightly more complex in that they represent both discreet
metal centres but can also exhibit properties that stem from thermal or photo initiated
electron transfer processes for which the energy barrier to electron transfer is
overcome.79

i)

ii)

ii)

Energy barrier

Figure 1.21: Potential energy curve diagrams representing Robin-Day Class I(i), II(ii),
and III (iii) mixed-valence systems.79

In terms of mixed valence systems that would potentially have application in
molecular electronics, it is those that lie on the Class II / Class III boundary that
inspire the most interest. This is on account of the relatively small energy barrier for
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electron transfer that would allow facile switching between the tuneable properties of
the valence trapped and valence delocalised species.

Generally speaking there are two methods that can be utilised to assess the electronic
communication within mixed valence systems. The first of which is the calculation
of the comproportionation constant, Kcom, which can be derived from
electrochemical analysis. The Kcom parameter refers to the stability of the mixed
valence system in solution towards disporportionation as is depicted in Equation 1.1
and 1.2.32,80

Equation 1.1: Equilibrium equation between a neutral, singly oxidised and doubly
oxidised dimetal complex and related equation to calculate the stability of the singly
oxidised mixed-valence system.32,80
The equation shows that the stability of a mixed valence system is related to ΔE1/2,
representing the difference between half-wave potentials of the first and second
redox couples in a cyclic voltammetry (CV) experiment. These correspond to the
formation of the mixed-valent and fully oxidised species respectively. Figure 1.22
shows an example of a CV plot in which the waves are labelled to show the
assignment of ΔE1/2.81 This assignment relies on the system exhibiting reversible
oxidation and reduction waves. In a fully reversible system ΔEpn will be constant at
59/n mV, where n is the number of electrons involved in the process. The ratio
between the currents measured for the coupled oxidation and reduction wave relative
to their baselines should also be unity for a reversible system.81
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Epf2
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ΔE½
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ΔEp1
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Figure 1.22: A generic CV plot for a mixed-valence metal complex showing two
reversible oxidation and reduction couples. Epf = potential of forward peak, Epr =
potential of reverse peak.

Systems that exhibit little electronic communication will exhibit near identical
oxidisation potentials for both metal centres which, using Equation 1.1, correlate to
low Kcom values. Conversely, a strongly coupled system will present a more
pronounced ΔE1/2 indicating greater stability of the mixed valence species and thus a
higher Kcom value. Table 1.1 illustrates how the Kcom may be used to classify a
complex using the Robin-Day notation.82

Table 1.1: Assignment of the Robin-Day class based on the magnitude of the
comproportionation stability constant
Kcom < 102

Robin-Day Class I

102 < Kcom < 106

Robin-Day Class II

Kcom > 106

Robin-Day Class III

Although the separation between oxidation potential is often used to discuss the
electronic communication between metal centres it should not be used as definitive
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characterisation. Solvation and ion pair effects can act to stabilise mixed valence
species to different degrees which can lead to wide variation of the value of Kcom that
is obtained.83

A second method of analysing the electronic properties of mixed valence systems
requires consideration of the splitting of the conjugated metal d-orbitals, depicted in
Figure 1.19. The splitting creates two non-degenerate and unequally occupied metal
based orbitals, making charge resonance between the two states possible. These low
energy transitions can be observed in the near infra-red region of the spectrum and
data obtained from these measurements can be used to obtain a delocalisation
parameter (α2). Works by Hush et al. showed that, for a weakly communicating
valence system the width at half height of the IVCT band was related to the electron
transition energy (Equation 1.2).

28

This in turn can be used to calculate a

delocalisation parameter (Equation 1.3) based on the separation of the two redox
centres.84-85

Equation 1.2 and 1.3: The Hush equation (top) and derived equation for the
delocalisation parameter of a mixed-valence system (bottom).84-85

A relationship that has been proposed between the delocalisation parameter and the
Robin-Day class of a system is shown in Table 1.2.86 IVCT bands are not observed
for type one compounds but the nature of the absorption bands observed in Class II
and III species differ on account of the degree of delocalisation within the system.
The energy of the IVCT in a Class II system, in which charge is localised on one
metal, has been shown to be solvent dependant as a result of solvent reorganisation
upon charge transfer.87-88 Conversely, the charge is delocalised in a Class III species
and as such there is no associated solvent reorganisation and there are therefore no
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solvent effects. Intermediate behaviour is also observed on the boundary of the two
Robin-Day classes.

Table 1.2: Assignment of the Robin-Day class based on the magnitude of the
delocalisation parameter.86

α≈0

Robin-Day Class I

0 < α < 0.202

Robin-Day Class II

α = 0.707

Robin-Day Class III

In addition to experimental analysis, theoretical calculations can also be used to
probe the electronic delocalisation in both the ground and mixed valence states. A
study by Wiest et al. showed that the SOMOs of Class II and Class III species
exhibit electron density localised on a single metal centre and electron density on
both metal centres respectively, consistent with the Robin-Day model.89 The LUMO
in both systems is situated on the conjugated bridge which is required for the charge
transfer mechanism. In the Class I system the SOMO is ligand based and the
SOMO-1 is located on a single metal centre. The unoccupied orbital corresponding
to the bridge was pushed to much higher energy (LUMO+12) reflecting the lack of
communication in these systems.

While the Robin-Day classifications suggest three discreet classes of mixed valence
systems the properties, hybrid properties observed on the Class II/III boundary have
led to the suggestion of sub classes. The Creutz-Taube ion for example is essentially
charge delocalised but exhibits some properties that suggest a degree of
localisation.90 In addition to this Chisholm showed that quadruply bonded group VI
metal dimers, in their mixed valence state, provide optical and electronic properties
slightly removed from those of a Robin-Day Class III system.91 This is attributed to
strong mixing between the metal and ligand electronic states, in a three state model,
and provoked the suggestion of a novel Class IV mixed valence species.
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1.1.4 – Quadruply-Bonded {Mo2} and {W2} Oligomers
Since the characterisation of the first {M2} quadruple bond by Cotton in 1964,92
there has been a great deal of research performed in the area on account of the
interesting bonding properties and the resultant range of accessible optical and
electronic properties that arise from these.93 In particular the interactions between MM quadruple bonds and the π-conjugated networks of μ-ligands have provided a rich
area of research. M-M quadruple bonds are composed of one σ, two π and one δ
interaction between the d-orbitals of the two metal centres. These are illustrated in
Figure 1.23 and generate a new set of dimetallic molecular orbitals.94 For a
quadruple bond, the electron-count of the metals must be such that the M-M bonding
orbitals are all fully occupied and the corresponding anti-bonding orbitals are vacant.

Figure 1.23: A molecular orbital diagram showing the d-orbital components {M2}
quadruple bond.94
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Explorations within the last 25 years have sought to couple redox-active quadruply
bonded systems together to harness their unique optical and electronic properties into
oligomeric and polymeric materials.95 In addition to this it was postulated that a new
range of properties could be unlocked as a result of switchable electronic
communication between metal centres. Extensive work by the groups of Chisholm
and Cotton have shown that dicarboxylates are very effective bridging ligands for
coupling quadruply bonded {M2} fragments (M = Mo or W). In many cases the
ligands facilitate good electronic communication.76-77,96 It is noteworthy that a
variety of related ligand types, based on hetero-functionalised aromatic systems,76,9799

have been used to bridge quadruply bonded {M2} units and a range of {μ-X}

bridging systems (X = H,100 O,101-102 OH,101 S,103 Se104 or Cl105) have also shown to
provide interesting optical and electronic properties. More recently, electronic
communication has also been reported to occur across hydrogen bonding interactions
in solution.106

In general two synthetic approaches that have been used to access {M2}-carboxylate
complexes. The first of these is ligand metathesis, starting from a tetra-carboxylate
precursor (Scheme 1.3). In addition to the dicarboxylate bridged system shown
below the method is also applicable to the synthesis of both trans-di-substituted107-111
and tetra-substituted {M2} species.112-113

Scheme 1.3: Synthesis of substituted {Mo2} and {W2} carboxylate complexes via
ligand metathesis.
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The second method, which has been predominantly utilised with formamidinate
stabilised precursors, is salt metathesis reactivity.77,96 The example shown in Scheme
1.4 illustrates this using a dichloride salt precursor that has been widely used by
Cotton et al.. This also requires reduction prior to reaction with the ligand salt. Salt
metathesis holds advantages both in the fact that substitution is directed kinetically
by the bulky spectator ligands but also because the reaction is not in equilibrium.
This means that solubility of the product is much less of an issue allowing
compatibility with a much wider range of bridging ligands. However, this reactivity
has only been applied for Mo-containing systems. This is likely due to the lower
stability of complexes of tungsten and the consequential difficulties involved in the
synthesis of analogous precursors.

Scheme 1.4: Synthesis of a formamidinate stabilised Mo2 dimer via salt metathesis
reactivity.77,96

In addition to the synthesis of linear oligomers, the above methods have also been
applied to access more complex frameworks ranging from molecular triangles114 to
large spherical arrays (Figure 1.24).115 Alterative precursors were required for
formamidinate containing complexes, increasing the number of activated substitution
sites.114,116-120
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Figure 1.24: Examples of non-linear oligomers containing Mo-Mo quadruple
bonds.114-115

An understanding of how the metal and ligand orbitals interact is key to the
understanding the occurrence of electronic communication through such systems.
The interactions of the greatest importance in a simple oxalate bridged dimer are
shown in Figure 1.25. Though this example reflects the simplest case, involving the
shortest possible dicarboxylate linker, the incorporation of conjugated spacers into
the bridge only changes the situation by introducing π-interactions between the
spacer and the carboxylate moieties of the ligand.76

Figure 1.25: Frontier π-orbital interactions in an oxalate bridged {M2} dimer.76
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The in-phase M2δ orbitals are shown to interact with the empty π* orbitals of the
bridge, stabilising the [M2δ]2 combination through backbonding (I). This interaction
is also responsible for the stabilisation of the planarity of the conjugated ligand. The
second interaction shown (II) involves the out-of-phase M2δ combination, which
interacts with the π orbitals of the carboxylate moiety. This filled-filled interaction is
a destabilising one which increases the energy of the [M2δ]2 set. The overall effect is
to cause a splitting of the [M2δ]2 orbitals.

This situation is equally well represented by the molecular orbital diagram discussed
previously (Figure 1.19) showing electronic transitions between metal and ligand
systems, as well as charge resonance between the energy separated M2δ orbitals.
Manipulation of the energy of these orbitals allows the optical and electronic
properties of these systems to be tuned and to do this there are two key areas of these
systems to consider as shown in Figure 1.26. The first of these is the orbital mixing
between the metal centres and the carboxylate (or other isoelectronic fragment) of
the bridge (A) and the second (B) is the continuation of orbital mixing into the
spacer (L).

Figure 1.26: A diagram highlighting the key orbital interactions that can be
manipulated to affect the optical and electronic properties of such systems.

The radial extension of the orbitals involved in both A and B has a large impact on
the amount of mixing between the moieties and it is therefore not surprising that
W-containing complexes offer significantly more electronic delocalisation than
molybdenum systems.76,80 This is highlighted by the data shown in Table 1.3 for a
series of molybdenum and tungsten analogues.

98,121-122

The difference arises both

from the greater radial expansion of the tungsten orbitals and the fact that they are
higher in energy than those of molybdenum (ca. 0.5 eV) bringing them nearer to the
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energy of the unoccupied ligand orbitals. The metal bound ancillary ligands also
affect the electronic communication. For instance, a comparison between the oxalate
bridged complexes with carboxylate and formamidinate stabilised {M2} units show
greater degrees of communication in the former under the same conditions. However,
Cotton et al. have shown that there is a lot of scope to tune the properties of the
formamidinate complexes by altering the aryl substituents.123

Table 1.3: A comparison of the electronic communication observed in analogous
molybdenum and tungsten complexes.

Bridge

ΔE1/2 (mV) Mo / W

Kcom Mo / W

Oxalate98

280 / 717

5.4 x 104 / 1.3 x 1012

Perfluoroterephthalate98

65 / 285

1.3 x 101 / 6.6 x 104

2,6-Azulenedicarboxylate121

112 / 468

7.8 x 101 / 8.2 x 107

2,5-Thiophenedicarboxylate122

110 / 310

7.2 x 101 / 1.7 x 105

It is intuitive that the nature of the bridging ligand must also affect the properties of
the system as a whole and these must be considered in two parts; the Mo2 binding
{CX2} termini and the spacer that separates them. Although the majority of studies
have been performed with dicarboxylate ligands, there are a range of isoelectronic
alternatives that have also been investigated.96,100,101 Figure 1.27 illustrates how
substituting the O atoms for S in the {CX2} moiety significantly decreases the
energy of the HOMO-LUMO gap and increases electronic communication in
terephthalate bridged complexes of molybdenum and tungsten. This has been
attributed to the more diffuse sulphur orbitals, which provide greater orbital overlap
with both the metal and the conjugated spacer.
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Figure 1.27: A diagram comparing the experimentally measured wavelengths of the
MLCT bands in molybdenum and tungsten terephthalate and sulphur-substituted
terephthalate complexes. All complexes apart from 3* contain pivalate attendant
ligands whereas 3* has formamidinate attendant ligands. 98,124-125

Studies into the use of other ligand types based on the carboxylate motif have also
been made. Cotton et al have investigated the application of diaryloxamidate ligands
{CX2 = Ar-NCO} but showed that intra-ligand steric interactions resulted in an antiplanar ligand conformation, preventing π-conjugation throughout the bridge.126
Interestingly a second isomer was also isolated in which the ligand coordinates to the
Mo2 units side on which constrains the geometry of the complex to a planar
geometry (Figure 1.28). The conformational difference was accompanied by a large
increase in electronic communication in the side-on coordinated system.
Diarylterephthaloyldiamidate bridged species have also been investigated in which
the amidate moieties of the ligand are separated by a phenylene spacer.127 This
reduces the intra-ligand steric interactions and facilitates significantly greater
electronic communication than the terepthalate containing analogue.
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Figure 1.28: Diagram showing the two isomers that were isolated for a diamidatebridged molybdenum complex.126

To investigate the importance of planarity with respect to electronic communication,
a series of calculations have also been performed on oxalate-bridged complexes in
both planar (D2h) and antiplanar (D2d) conformations. These showed that, in the
perpendicular conformation, the M2δ orbitals become degenerate which effectively
“turns off” electronic communication between the metal centres.128 Deviation from
planarity also results in an increase in the HOMO-LUMO gap as a function of the
torsion angle. Although the orbital mixing between the M2δ and carboxylate π*orbitals stabilise the planar arrangement of the bridge, the energy gap between the
D2h and D2d conformations of the oxalate bridge complexes are shown to be very
small (ΔE = 5.9 kJmol-1 for molybdenum and 7.9 kJmol-1 for tungsten). It is this
small barrier that is likely to be responsible for the thermochromism that is observed
in a range of these systems.129-131 Experimentally, the effect of ligand planarity is
well illustrated by the dihydroxyterephthalate bridged system shown in Figure
1.29.130

Figure 1.29: A dihydroxyterephthalate bridged dimer where M = Mo or W.130

In neutral medium the hydroxyl moieties partake in hydrogen bonding interactions
with the carboxylate units which stabilise the planar form. Electrochemical and

31

Chapter 1

Introduction

spectral analysis does indeed show a greater level of electronic communication for
this system relative to related complexes, such as the tetrafluoroterephthalate (M =
Mo and W) and terephthalate bridged systems (M = W). In basic conditions the
hydroxyl groups are deprotonated and the hydrogen bonding interaction is lost. This
is reflected by a large blue-shift in the MLCT band as shown in the electronic
absorption data reported from this study which is displayed in Figure 1.30 for the
Mo-containing complex. The process is shown to be partially reversible upon
addition of acid to the deprotonated form and highlights utilisation of chemical
switching to modulate the electronic communication in these “dimer of dimer”
complexes.

Figure 1.30: Electronic absorption data showing the chemical switching properties
of a dihydroxyterephthalate bridged {Mo2} dimer.130

An area which has presented great scope for tuning the properties of these complexes
is the changing of the identity of the spacer within the bridging ligands. Through the
combined works of the groups of Cotton and Chisholm, a large catalogue of these
dimer systems now exist and a selection of the different ligands that have been used
is shown in Figure 1.31. This is by no means exhaustive and a greater variety is
available in the literature.77,80,95-96,98
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Figure 1.31: A selection of dicarboxylate ligands that have been used to bridge
quadruply bonded {M2} units.77,80,95-96,98

Through spectroscopic and electrochemical analysis of complexes bearing a variety
of these ligands, several characteristics have been shown to have an influence on the
electronic communication that is observed. Intuitively, conjugated spacers facilitate
communication to a much greater extent than complexes containing the cyclohexyl
or carborane ligands for example.96 However, complexes containing non conjugated
ligands such as these may also show a small degree of communication via
electrostatic interactions which fall off with increasing {Mo2}···{Mo2} separation.
Distance is also an issue with conjugated dicarboxylate ligands, which was
illustrated neatly in a study by Cotton et al. in which a range of polyethene
dicarboxylates, of the form [-O2C-(C=C)n-CO2-], were investigated.77 The results are
shown in Table 1.4 and clearly show that electronic communication falls off with
increasing number of ethene units. In addition to this, the data shows that the
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{Mo2}···{Mo2} separation is also important with cis-conformations facilitating
greater communication than trans-isomers.

Table 1.4: Table and accompanying diagram showing how electronic
communication changes by alterning the length of an unsaturated spacer.77

n

ΔE½ (mV)

Kcom

[Mo2]-[Mo2] (Å)

0

212

3.8 x 103

6.95

1 (cis)

172

7.2 x 102

7.69

1 (trans)

145

2.0 x 102

9.19

2 (cis, cis)

125

1.3 x 102

10.35

2 (trans, trans)

105

60

11.58

3 (all trans)

75

19

13.92

4 (all trans)

65

13

16.16

The extent of conjugation within the spacer also has the potential to alter the amount
of communication that is observed. For instance, azulene bridged complexes show a
smaller HOMO-LUMO gap and greater separation of the two M(II)/M(II)
M(II)/M(III) electrochemical processes compared to the terephthalate containing
analogues.121 Conversely, the 9,10-anthracene dicarboxylate exhibits much lower
communication than is expected considering the conjugation.132 This highlights
another important factor when considering electronic delocalisation which is the
coplanarity of the conjugated spacer and the {Mo2O2C} moieties. Without torsion
this offers optimum π-orbital overlap throughout the complex. In the case of the
anthracene complex, the peri-hydrogens are repelled by the carboxylate oxygen
atoms, which prevent the planarity of the complex. Although crystallographic
analysis has not been conducted, theoretical studies show a minimum energy with
ligand torsion of 54o.
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The electronic coupling between a Mo2 quadruple bond and a π-conjugated ligand
presents a means to tune the electronic communication in oligomeric species.
However, by incorporating other metal centres into these ligand systems there are
potentially a much wider range of hybrid properties that may be accessed. There
have been relatively few heterometallic complexes reported in the literature but the
examples that exist highlight both the diversity of the possible molecular motifs and
also the range of properties that can be observed.

One approach to synthesising these heterometallic complexes has been to design
carboxylate ligands that contain a metallic moiety. These can then be coordinated to
a Mo2 centre via ligand metathesis. Figure 1.32 shows two systems made in this way.
The incorporation of the {Co3(CO)9} moiety in Figure 1.32-i not only adds an
electrochemical probe into the ligand system but also causes significant perturbation
of the optical properties on account of low energy charge transfer from the Mo2 to
the Co3 fragments.133 This effect is lessened when one Co atom in the tetrahedral
cluster is replaced by carbon.112 Electrochemical probes have also been incorporated
into bridged dimers by using ferrocene dicarboxylate, however, because the πorbitals are not aligned along the length of the complex, electronic communication
through the ligand is poor.96 Figure 1.32-ii shows that secondary metal fragments
can also be used as spectroscopic probes.134 A combination of time resolved infrared
spectroscopy (TRIR), looking at the metal carbonyl vibrations, and theoretical
studies were used to show that electron density resides on both metal centres in the
frontier orbitals and excitation of the groundstate results in MLCT processes for both
{Mo2} and Cr.

i)

ii)

Figures 1.32: Examples of heterometallic {Mo2}-carboxylate complexes.133-134
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Nakamura et al. have shown that late transition metals, when incorporated into a
{Mo2} ligand system, can provide novel reactivity. They reported a {Mo2} tetradiphenylphosphinopyridonate (pyphos) system to which either Pd(II) or Pt(II)
halides could be coordinated (Figure 1.33).135-137 The reaction places the coordinated
metals over the axial positions of the Mo-Mo bond. For clarity, the diagram shows
only one set of trans-pyphos ligands and their associated {MX2} moiety. Upon
reduction, both Pt/Pd centres in the complex lose a halide ligand and form bonding
interactions with the adjacent Mo atom. This provides an M-Mo-Mo-M motif and
reduces the Mo-Mo bond order to three, which can be observed in the molecular
structures of these species. The reaction significantly changes the electronic
environment of the two metal centres and a significant red shift in the electronic
absorption of each species was observed.

Scheme 1.5: Formation of M-Mo bonds via reduction of a heterometallic species.135

Ligand systems that contain Lewis basic moieties can also be used to incorporate
transition metal fragments into the bridging ligands of {Mo2} dimeric systems. This
was first shown by the group of Cotton when they reported that {Mo2} isonicotinate
precursors could be bridged via the coordination of a range of metal complexes
including [Ni(acetoacetate)2] and [Rh(acetate)4] (Figure 1.34).117 The latter contains
the longest {Mo2}···{Mo2} separation that has currently been reported for such a
{Mo2} dimer and this is reflected in the very weak electronic coupling between the
two termini. Chisholm has also utilised the same ligand to synthesise a {Mo2} transdiisonicotinate precursor which, when combined with [Rh(acetate)4], provide 1D
coordination polymers or polymer networks in the solid state.111 Using the same
system there was also evidence that a Pt cyclooctadiene fragment could be
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coordinated, which provided a significant red shift in the absorption of the complex.
Using theoretical studies, evidence was provided that the isonicotinate ligands do
facilitate electronic coupling between the Mo2 and secondary metal fragments.

Figure 1.34: A rhodium acetate bridged {Mo2} dimer.117

Using a closely related ligand system, Chisholm has reported a Ru-bridged {Mo2}
dimer in which the Ru atom is bound by two terpyridylcarboxylate ligands (Figure
1.35).138-139 Unlike the simpler isonicotinate systems, the meridonal coordination
mode of the terpyridine results in a 90

o

torsion between the {Mo2} termini. The

magnitude of electronic coupling was not quantified but this torsion is likely to have
a detrimental effect on the coupling of the {Mo2} moieties. However, transient
absorption studies have shown significant coupling between electronic structures of
the electronic manifolds of the {Mo2} and Ru although the dynamic processes
observed were complicated and not fully understood.

Figure 1.35: A Ru-bis-terpyridine-bridged {Mo2} dimer.138
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1.1.5 – Aims of the Project

Within our group, we have particular interest in the development of organometallic
oligomers and polymers, and methods by which their optical and electronic
properties may be tuned. Following previous work within the group in the area of
Platinum acetylide chemistry,20-21,27-28,54-57,59-60,62,71,85,140-141 our primary goal is to
extend this field through the design and synthesise of platinum acetylide complexes
that incorporate {Mo2}, and potentially {W2}, quadruple bonds into the rigid-rodlike motif Figure 1.36. Both Pt-acetylide and {Mo2}-carboxylate systems have
interesting optical and electronic properties in their own right and we hope that
combining the two types of system will result in novel hybrid properties which could
potentially be tuned by changing the identity of the spacer between the metal
fragments. Using these combinations of metal-containing units we will also
introduce polarity into dimeric and oligomeric systems, with electron transfer from
the electron rich {Mo2} units into the platinum-containing-ligand systems.

Figure 1.36: Combining of Pt-acetylide and {Mo2}-carboxylate subunits into an
extended heterometallic system.
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In addition to our primary goal we are interested in alternative methods of
manipulating the properties of {Mo2}-carboxylate complexes through the design of
novel ligand systems and through intermolecular Lewis basic interactions.
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Chapter 2 – Ester-Functionalised Pt-Acetylide Complexes
2.1 – Introduction

Within Chapter 1.2 the incorporation of heterometallic subunits into Pt-acetylide
chains has been discussed with respect to the interesting optical and electronic
properties that may be accessed and tuned within these complexes. These hybrid
properties arise through the charge transfer processes that occur between the
different metal fragments.20,69-70,72,142-143 The aim of this study is to extend the scope
of heterometallic Pt-acetylide complexes by incorporating quadruply bonded {Mo2}
units into the conjugated frameworks, which exhibit unusual optical and electronic
properties in their own right as was discussed in Chapter 1.4.

With the ultimate goal of combining Pt-acetylide and quadruply bonded {Mo2} units
into a polymeric network, we envisaged that the chemistry of such systems would be
better understood through the design and synthesis of smaller oligomeric systems.
To this end we have targeted three different heterometallic motifs, as shown in
Figure 2.1.

i)

ii)

iii)
Figure 2.1: Three oligomeric motifs that model units from a 1D heterometallic
polymeric framework.
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The three motifs include a discrete {Mo2}-{Pt} system (i), a {Mo2}-{Pt}-{Mo2}
system (ii) and finally a {Pt}-{Mo2}-{Pt} system (iii). These model complexes can
be deconstructed into three components; the {Pt} unit, the {Mo2} unit and the
conjugated bridging ligand. Whilst the bridging ligand remains the same throughout
the series, both bridging and terminating {Pt} and {Mo2} units are required to
assemble the three differing motifs. The optical and electronic properties of the
resultant heterometallic frameworks could potentially be tuned by incorporating a
range of different conjugated spacers (L) within the organic ligand.

Within this section, the focus is on the design and synthesis of Pt-acetylide
complexes, of the form shown in Figure 2.2, which could potentially be applied as
terminal or bridging precursors within the targeted heterometallic systems.

Figure 2.2: Terminating and bridging Pt-acetylide fragments.
2.2 – Results and Discussion
2.2.1 – Design and Syntheses of Ethynyl-Ester Ligand Systems

A structural feature common to both Pt-acetylide frameworks shown in Figure 2.1 is
the conjugated bridging ligand system. In order to facilitate coordination to both Pt
and {Mo2} centres, ethynyl and carboxylate functionality are required at opposite
ends of the ligand system. The ability to incorporate a range of different conjugated
units between these functional groups is also very important with regards to tuning
the optical and electronic properties of the projected organometallic systems. With
these criteria in mind, a series of ethynyl-ester systems were identified as potential
precursors for Pt-acetylide complexes. The carboxylate functionality is protected to
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allow compatibility with the Pt-acetylide coupling reactions but the ester could
potentially be hydrolysed post-synthetically. The ethynyl-esters utilised within this
study are shown in Figure 2.3.

Figure 2.3: A range of ethynyl-ester ligands containing different conjugated spacer
groups.
Of the species identified in Figure 2.3, those containing the phenylene (2),144 thienyl
(5)145 and anthracene (6)146 spacers have previously been reported within the
literature whereas ethylpropiolate (1) is commercially available. To the best of our
knowledge the methoxy- (3) and trifluoromethyl-substituted (4) species have not
previously been reported. With this series of precursors it is possible to investigate
how conjugation, heteroatom inclusion and electron-donating/-withdrawing effects
can be used to tune the optical and electronic properties of the organometallic
systems in which they are coordinated. Within the literature there are examples in
which both the phenylene and propiolate ethynyl-esters have been coordinated to a
number of metal centres such as; Ru147-148 Pt,149 Au150 and Ag,149,151 providing
evidence that these species are suitable precursors for the synthesis of functionalised
metal acetylide complexes.
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Ethylpropiolate (1) is commercially available so was used as received whilst all other
ethynyl-esters required synthetic preparation. The first step of each preparation
involved the synthesis of a range of bromo-carboxylic acid precursors followed by
esterification. For 2, methyl-4-iodobenzoate is commercially available and as such
this initial step was not required. The syntheses for the bromo-ester precursors for 36 are outlined in Scheme 2.1.

Scheme 2.1: Syntheses of bromo-ester precursors for pre-ligands 3-6.

For 3 and 4 the syntheses began with the appropriately substituted 1,4dibromobenzenes which, in turn, were synthesised via bromination of the 1,4disubstituted benzenes.152 Subsequent reaction of both dibromobenzenes with
i

PrMgCl and CO2 followed by an acid work up provided the {-OMe} or {-CF3}

substituted 1,4-bromobenzoic acid.153-154 The acids were converted to esters by
heating in MeOH, under reflux, with H2SO4. The synthesis of 5 started with 5bromo-2-thiophenecarboxaldehyde which was converted to the carboxylic acid via a
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Jones oxidation.155 Esterification was performed using the same method as 3 and 4
but EtOH was used in place of MeOH. Finally, 6 was synthesised from 9-10dibromoanthracene, which was converted to 9-anthracene-10-carboxylic acid via
selective lithiation, insertion of CO2 followed by an acid work up. Following a
modified literature preparation the carboxylic acid was converted to the acyl-chloride,
through reaction with oxalyl chloride, which was converted to the ester using MeOH
and pyridine.156

The halo-esters precursors of 2-6 were converted to their respective ethynyl-ester
species using Sonogashira coupling157 reactions involving trimethylsilyl-acetylene
followed by selective hydrolysis of the silyl-protected ethynyl group using K2CO3
(Scheme 2.2). The deprotected form of 4 proved to be unstable under ambient
conditions and as such was isolated as the silyl-protected species.

Scheme 2.2: Syntheses of ethynyl-esters using Sonogashira coupling.
The spacer groups present in 1,149 2,57 527 and 657,158 have previously been
incorporated into Pt-acetylide polymers and oligomers providing a great deal of
scope with which to tune the optical band gaps of these systems. Alkoxy-substituted
phenylene spacers ({-C6H2(OR2)-} R= -Me,54 -C8H1754,159 and -C16H33160) have also
been studied and have been shown to aid conjugation throughout the complexes in
addition to increasing the solubility of the products. To the best of our knowledge,
there are no examples of Pt complexes featuring the trifluoromethyl substituted
phenylene unit. Although fluorinated phenylene spacers, {-C6F4-} and {-C6H2F2-},
have been used before in Pt-acetylide dimers,54 these spacers were not stable under
the conditions required for the ethynyl-ester synthesis.
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Ethynyl,96 phenylene,96,98 thienyl109,122 and anthracene spacers132 have also
previously been incorporated into the bridging dicarboxylate ligands of {Mo2}
dimers resulting in a range of optical and electronic properties. This literature
precident provides evidence that a {Mo2} centre is able to support our own ligand
systems.
2.2.2 – Synthesis of Pt-Ethynyl-Ester Complexes

Ligands 1-6 were coordinated to Pt using standard Cu-catalysed coupling techniques
as reported by Hagihara et al.52-53 The methods followed to synthesise both monoand disubstituted Pt-acetylide complexes are outlined in Scheme 2.3. To synthesise
‘terminating’ Pt complexes a phenyl-capped precursor was utilised (Ph(PEt3)2PtCl)
to prevent multiple ligand substitution whilst ‘bridging’ systems were synthesised
from trans-(PEt3)2PtCl2, allowing trans-disubstitution. The reactions were performed
by dissolving the appropriate Pt precursor and a slight excess of the ethynyl-ester (16) in a dichloromethane/amine mixture. The solutions were then degassed prior to
the addition of the CuI after which the mixtures were stirred for 12 h with the
progress monitored by TLC (2:1 hexane/dichloromethane). Each of the products was
purified by silica column chromatography for which the details are available in the
experimental section. The synthesis of the {CF3}-substituted complexes, Pt4a and
Pt4b differed slightly, requiring in situ deprotection of the TMS-protected ethynyl
group using an equivalent of NaOMe.

Scheme 2.3: Syntheses of Pt-ethynyl-ester complexes.
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The series of both mono- (Pt1a-Pt6a) and disubstituted (Pt1b-Pt6b) Pt-ethynyl-ester
complexes synthesised in this study are summarised in Figure 2.4. Crystals suitable
for single crystal X-ray diffraction studies were grown for each of the products from
cooled solutions of either pentane or hexane with the exception of Pt6b, which was
crystallised by dichloromethane/hexane layering. The crystals of Pt1a/b were
colourless, those of Pt2a were very pale green and the thienyl derivatives (Pt5a/b)
were bright orange. All other complexes yielded yellow crystals.

Figure 2.4: Pt-ethynyl-ester complexes synthesised in this study.

To the best of our knowledge only Pt1b is currently known within the literature,
synthesised by Osakada et al. in a study to investigate ligand metathesis reactions
between Pt- and Pd-acetylide complexes.149 The method used within this study was
analogous to that reported in the literature, however, a significant amount of a
secondary product was also formed in this reaction which was not noted within the
literature report. The same side-product was also observed following preparation of
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Pt1a. The impurity was isolated using silica column chromatography and, following
1

H and

13

C NMR spectroscopic analysis, was shown to be a known propenoate

species formed through the hydro-chlorination of the ethylpropiolate {C≡C} bond
(Scheme 2.4).

Scheme 2.4: Formation of a propenoate side-product during the syntheses of Pt1a
and Pt1b.

Interestingly it was only the E-conformation of this species that was observed
although literature precedent suggests that the Z-isomer is the more usual product.161163

The HCl involved in the transformation is produced during the catalytic reaction

between the ethylpropiolate and the CuCl catalyst, and the reactivity at the {C≡C}
bond is likely to stem from polarisation induced due to the adjacent electronwithdrawing ester functionality. In future syntheses of Pt complexes bearing the
ethylpropiolate ligand, it would be worth considering an alternative synthetic
strategy to avoid the formation of this side product, for instance the use of stannyl
coupling could be attempted.51
2.2.3 – Structural Analyses of the Monosubstituted Pt Complexes

Complex Pt1a crystallised in the orthorhombic space group Pcmn with half a
molecule in the asymmetric unit. A mirror plane runs along the length of the
molecule, bisecting the plane of the phenyl ligand and continuing through the Ptacetylide fragment. Slight rotation of the ester, relative to the mirror plane, provides
symmetry-imposed disorder of this moiety. Pt2a, Pt3a and Pt5a crystallise in the
monoclinic space group P21/c, Pt4a in the monoclinc space group P21/n and Pt6a in
the triclinic spacegroup P-1, each with a single molecule in the asymmetric unit. The
molecular structures of complexes Pt1a-6a are all extremely similar and as such,
only the molecular structures of Pt2a and Pt5a are shown as representative examples
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in Figure 2.5. Selected bond lengths and angles observed within the series of
molecular structures are presented in Table 2.1 and Table 2.2. The molecular
structures of the remainder of the series are available in the appendices.

i)

ii)

Figure 2.5: Molecular structures of Pt2a (i) and Pt5a (ii) shown with ellipsoids at
50% probability and hydrogen atoms removed for clarity.

Analogous to the catalogue of ‘rigid-rod’ Pt(II) acetylide complexes reported in the
literature, the structures of Pt1a-Pt6a exhibit square-planar geometries around the Pt
centre and a trans-orientation of the phosphine ligands. In each structure the Ptcoordinated phenyl ligand lies approximately perpendicular to the Pt square plane,
relieving the sterics incurred from the phosphine ligands. An analysis of the bond
lengths observed for complexes Pt1a-Pt6a, shown in Table 2.1, shows that the
analogous bond lengths in each species show negligible difference within the error of
the measurements. The parameters reported are also very similar to Pt-acetylide
complexes that have been reported in the literature which feature a wide range of
spacer molecules.39,54,57,59,65-66,71 The spacer therefore has no observable effect on the
geometry around the Pt-centre. The bond angles displayed in Table 2.1 are in
keeping with the square-planar geometry, with all P-Pt-C angles within a few
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degrees of 90, although slightly more distortion was noticed in the P-Pt-C(C≡C)
angles for Pt2a. This is likely to be a result of crystal packing interactions (vide
infra). The lateral bond angles of P-Pt-P and C-Pt-C are close to linear but again a
degree of distortion can be observed, most significantly in Pt2a, Pt4a and Pt6a.

Table 2.1: Selected bond lengths (Å) from the molecular structures of Pt1a-Pt6a

Pt-C (C≡C)

Pt-C (Ph)

Pt-P

C≡C

Pt1a

2.022(8)

2.060(8)

2.294(2)

1.18(1)

Pt2a

2.022(3)

2.070(3)

Pt3a

2.024(6)

2.073(6)

Pt4a

2.009(3)

2.062(3)

2.2940(8), 2.2922(8) 1.206(4)

Pt5a

2.011(4)

2.060(3)

2.2939(9), 2.2895(9) 1.216(5)

Pt6a

2.012(3)

2.072(3)

2.2955(7), 2.2931(7) 1.219(4)

2.2915(7), 2.2871(7) 1.211(4)
2.287(2), 2.289(2)

1.208(8)

Table 2.2: Selected bond angles (o) from the molecular structures of Pt1a-Pt6a

P-Pt-C(Ph)

P-Pt-C(C≡C)

P-Pt-P

C-Pt-C

Pt1aa

89.10(3)

90.90(3)

177.27(7)

179.8(3)

Pt2a

89.19(8), 91.20(8)

94.33(8), 85.50(8)

177.66(3)

173.4(1)

Pt3a

88.7(2), 91.0(2)

91.5(2), 88.7(3)

176.94(7)

177.1(3)

Pt4a

88.76(8), 90.21(8)

92.54(9), 88.69(9)

173.62(3)

177.8(1)

Pt5a

88.26(9), 88.92(9)

91.9(1), 91.0(1)

177.07(3)

178.4(2)

Pt6a

88.54(8), 90.14(8)

91.84(8), 89.00(8)

174.57(2)

174.7(1)

a

Other angles are symmetry related to those provided.

The predominant differences between Pt1a-Pt6a lie in the orientation of the
different ethynyl-ester ligand systems. The torsion of the conjugated spacer, relative
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to the Pt-square plane, varies from complex to complex and the magnitude of this
measurement is of interest when considering the degree of π-orbital overlap
throughout the different systems. The extent of conjugation can also be increased via
coplanarity of the spacer and ester moieties and these planar torsions also vary
between complexes. Data relating to these parameters are shown in Table 2.3. In
addition to planar torsions within each complex it was also observed that several of
the systems exhibited a noticeable ‘bowing’ of the Pt-acetylide fragment, distorting
the linear geometry that would be expected. The distortion can be seen in the
molecular structure of Pt2a shown in Figure 2.5-i. This effect has been quantified in
Table 2.3 using the Pt-C≡C and C≡C-C(spacer) angles. Similar observations have
been noted in a number of previously reported Pt-acetylide complexes.57,59
Table 2.3: Selected angles (o) to describe the ligand geometries within the molecular
structure of Pt1a-Pt6a.

a

[Pt]a [Spacer]b

[Spacer]  [CO2]c

-Pt-C≡C-

-C≡C-C-

Pt1a

n/a

n/a

179.6(7)

174.4(9)

Pt2a

ca. 17.8

ca. 8.6

171.9(2)

175.6(3)

Pt3a

ca. 64.2

ca. 15.5

177.3(3)

179.0(4)

Pt4a

ca. 73.0

ca. 23.0

178.6(3)

176.7(4)

Pt5a

ca. 21.1

ca. 4.6

175.9(6)

176.4(7)

Pt6a

ca. 60.4

ca. 78.5

173.5(2)

174.2(3)

[Pt] represents the platinum square plane and is defined though the Pt and four

directly bonded atoms. b Plane defined through the conjugated ring (not including
pendant substituents). c Plane defined though the CO2 fragment of the ester.

The variation in the torsion angles of the conjugated spacer units, relative to the Pt
square plane, suggests that any energetic bias towards the coplanarity of these units
is not strong. This is consistent with suggestions in the literature that the acetylide
orbitals are “cylindrical in nature” and retain conjugation regardless of the ligand
torsions observed.56,59 However, the complexes featuring larger spacer groups, Pt3a,
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Pt4a and Pt6a show significantly greater torsions than the smaller phenylene and
thienyl-containing species. An inspection of similar complexes reported in the
literature

containing

ethynylbenzene,44

ethynylthiophene63,158,164

and

ethynylanthracene23 ligands show that much greater spacer torsions are observed in
the absence of the ester (45.0o, 74.0o and 77.9o respectively). The differences
observed are likely to be due to a difference in crystal packing facilitated by the
more polar ester moiety, which are able to aid π-π stacking and hydrogen bonding
interactions (vide infra).

The torsion angles of the esters, relative to the plane of the spacers, are more closely
related in all but Pt6a. The angles show small deviation from planarity which again
seems to be influenced by the steric properties of the spacer, with Pt4a exhibiting the
greatest spacer torsion angle. However, the torsion of the polar group is also likely to
be affected by intermolecular interactions within the crystal lattice. The trend
towards planarity can be attributed to a conjugation effect because, unlike the
cylindrical nature of the acteylide orbitals, the π-orbital conjugation between the
spacer and the ester will decrease significantly upon rotation of the ester. The bias
towards planarity can also be observed in the Ru complexes of 2 reported by Low et
al. in which only small {phenylene}···{ester} torsion angles were observed.147-148
The position of the peri-anthracene hydrogen atoms in Pt6a prevents close contact
with the ester O atoms and as such the ester rotates to an almost perpendicular
geometry to minimise the steric interactions. This is a common observation within
molecular structures containing anthracene carboxylate moieties.132,165-166
The data in Table 2.3 shows that the ‘bowing’ of the ethynyl-ester ligands originates
from distortion of both the Pt-C≡C and C≡C-C angles. The effect is also amplified
by bending of the C-Pt-C angles shown in Table 2.2. Analysis of these angles shows
that the overall distortion is greatest in Pt2a and Pt6a for which the greatest
deviation from linearity is seen in the {Pt-C≡C} moiety. A smaller distortion is also
observed in the remaining complexes. These observations highlight the flexibility of
the acetylide ligands, an observation that has also been made in many systems
reported in the literature.27,57,64,71
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Predicting that the distortions were a result of intermolecular interactions within the
crystal lattice, the nature of the crystal packing was analysed for each of the
complexes. For complexes Pt2a-Pt5a, pairs of molecules form dimers within the
crystal lattice through packing interactions. These dimers were formed through
stacking of the ethynyl-ester ligands of two molecules, providing a degree of
intermolecular π-orbital overlap and the effect is maximised by coplanarity of the
conjugated spacers of the two adjacent molecules. No such interactions were
observed in the crystal lattices of Pt1a and Pt6a. An inspection of the crystal
packing of ethynyl-benzene,164 ethynyl-thiophene63 and ethynyl-anthracene158
complexes of Pt showed that no such stacking was observed. This provides evidence
that the polar ester group is important in the formation of the stacked dimers. The
dimeric interactions for each of the phenylene containing species (Pt2a, Pt3a and
Pt4a) are very similar and pictures of these interactions are displayed in Figure 2.6.
i)

ii)

iii)

Figure 2.6: A dimer unit from the crystal lattice of Pt2a (i), with proposed H-bonds
shown in red and inter-planar close contacts shown in grey, and simplified structures
of the analogous interactions for Pt3a (ii) and Pt4a (iii). The ethynyl-ester moieties
are shown with ellipsoids at 30% probability and selected hydrogen atoms are
removed for clarity.

53

Chapter 2

Ester-Functionalised Pt-Acetylide Complexes

To aid the discussion of these interactions the distance between the two interacting
molecules within the dimers of Pt2a-Pt5a have been measured, based on the
separation between the planes of the phenylene or thienyl rings, and are shown in
Table 2.4.

Table 2.4: Data quantifying the separation between molecules within the stacking
dimers of Pt2a-5a.

a

Compound

Interplanar distance (Å)a

Pt2a

ca. 3.33

Pt3a

ca. 3.33

Pt4a

ca. 3.62

Pt5a

ca. 3.29

Calculated as the separation between the average coplanes
defined though the spacer.

The stacking interaction observed for Pt2a appears to be stabilised by both π-π
stacking interactions in addition to {C≡C}···MeO hydrogen bonding interactions
(D···A = ca. 3.62 Å) (shown in red in Figure 2.6-i). Similar hydrogen bonds have
previously been observed within both Pt-acetylide57 and organic acetylide54 systems
and the interatomic separations observed in the former are comparable to those of
Pt2a. Figure 2.6-i also shows that the two ethynyl-ester ligand systems bend
towards each other, providing evidence for the proposed intermolecular interactions
and helping to explain the distortions outlined in Table 2.3. The dimers of Pt3a and
Pt4a exhibit a lesser degree of intermolecular overlap in which the ester moieties are
positioned over the phenylene ring of the second molecule. This packing precludes
similar hydrogen bonding interactions, however, the dimer of Pt3a does exhibit
alternative intermolecular hydrogen bonding interactions between the {Ph-OCH3}
and {C=O} moieties (D···A = 3.39 Å). The separation between molecules within
Pt2a and Pt3a is approximately the same whilst the analogous distance in Pt4a is
significantly greater. This is likely to be a result of the absence of intermolecular
hydrogen bonding interactions coupled with repulsive intermolecular F···F
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interactions (ca. 2.89 and 3.27 Å). It is interesting to note that the methoxy
substituents of Pt3a both lie in approximately the same plane as the phenylene ring,
aiding the close contact between molecules. Each of the inter-ligand separations are
well within the range expected for graphitic packing.167-169

The dimers formed in the lattice of Pt5a are similar to those of Pt3a and Pt4a in
which the ester moiety is positioned over the thienyl ring of the second molecule.
However, unlike the phenylene-containing species, the stacked dimers are connected
via {C=O}···H-thienyl hydrogen bonding interactions (C(5)-O(1) = 3.370(4) Å) as
shown in Figure 2.7. The entirety of the thienyl-ester moiety is approximately
coplanar, which aids the close proximity of the stacking ligands, a distance that is
slightly smaller for Pt5a than was observed for Pt2a and Pt3a.

Figure 2.7: Dimer network formed in the crystal lattice of Pt5a with proposed Hbonds shown in red and inter-planar close contacts shown in grey. The ethynylcarboxylate moiety is shown with 50% thermal ellipsoids and the non-interacting
thienyl hydrogen atoms are removed for clarity.
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2.2.4 – Structural Analyses of the Disubstituted Pt Complexes

Each of the disubstituted Pt-acetylide complexes, Pt1b-6b, crystallise in the triclinic
spacegroup P-1 with the exception of Pt2b, which crystallised in the monoclinic
spacegroup C2/c. In complexes Pt1b-5b the asymmetric unit contains half a
molecule with the platinum lying on a special position, with the second half a
molecule generated by inversion through this coordinate. The asymmetric unit of
Pt6b contains an entire molecule in which the two ethynyl-ester ligands exhibit
significantly different torsions relative to the Pt square plane, breaking the symmetry
across the Pt centre. The molecular structure of Pt2b is shown in Figure 2.8-i, as an
example of the fully symmetrical complexes and the structure of Pt6b is also
presented to highlight the unsymmetrical ligand geometries (Figure 2.8-ii).

i)

ii)

Figure 2.8: Molecular structures of Pt2b (i) and Pt6b (ii) shown with ellipsoids at
50% probability and hydrogen atoms removed for clarity.

The geometry of surrounding the Pt centres in each of the disubstituted complexes is
square-planar, exhibiting trans-conformations of the phosphine and ethynyl-ester
ligands. The symmetry present in the crystal structures of Pt1b-Pt5b dictates a
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coplanar arrangement of the ethynyl-ester ligands in these complexes, maximising πorbital overlap across the length of the molecules. In contrast, there is no inversion
centre at the centre of Pt6b and as such the two anthracene-containing ligands are
symmetry-independent and exhibit significant torsion angles relative to each other.
This may reflect that conjugation does not extend across the Pt centre within Pt6b.
Selected bond lengths and bond angles for each complex are shown in Table 2.5 and
Table 2.6 respectively.

Table 2.5: Selected bond lengths (Å) from the molecular structures of Pt1b-Pt6b

Pt-C (C≡C)

Pt-P

C≡C

Pt1b

1.986(3)

2.2964(7)

1.215(4)

Pt2b

1.994(2)

2.2993(5)

1.199(2)

Pt3b

2.004(3)

2.3080(7)

1.210(4)

Pt4b

1.994(3)

2.2989(6)

1.201(4)

Pt5b

1.998(3)

2.3022(6)

1.209(4)

Pt6b

1.992(4), 1.995(4)

2.315(1), 2.316(1)

1.218(5), 1.214(5)

Table 2.6: Selected bond angles (o) from the molecular structures of Pt1b-Pt6b

a

Pt-P- C(C≡C)

P-Pt-Pa

C-Pt-Ca

Pt1a

92.74(7), 87.26(7)

180

180

Pt2a

93.28(5), 86.72(5)

180

180

Pt3a

95.37(8), 84.63(8)

180

180

Pt4a

92.23(7), 87.77(7)

180

180

Pt5a

92.74(7),87.26(7)

180

180

Pt6a

91.3(1), 91.0(1), 87.9(1), 89.7(1)

176.71(4)

177.6(2)

Inversion symmetry dictates the linearity of these parameters for all but Pt6b.
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Negligible differences are observed between the bond lengths observed for
complexes Pt1b-Pt6b which are the same within error to those observed for the
monosubstituted complexes Pt1a-Pt6a. The bond angles around the Pt centre exhibit
a small amount of distortion, in particular Pt3b exhibits a deviation of almost 5o
from the 90o expected for square-planar geometry. Analysis of the molecular
geometry of Pt3b suggests that this distortion is not caused by steric repulsion
between the phosphine and the methoxy substituents on the phenylene ring. Solidstate intermolecular interactions are therefore more likely to be the cause (vide infra).
Similar to the observations made for Pt1a-Pt6a the predominant differences between
the molecular structures of Pt1b-Pt6b lie in the geometries of the ethynyl-ester
ligands which are expressed by the angles presented in Table 2.7.
Table 2.7: Selected angles (o) to describe the ligand geometries within the molecular
structure of Pt1b-Pt6b.

a

[Pt]a[Spacer]b

[Spacer] [CO2]c

-Pt-C≡C-

-C≡C-C-

Pt1b

n/a

n/a

177.1(2)

179.3(3)

Pt2b

13.1(1)

8.5(3)

177.4(2)

178.3(2)

Pt3b

22.1(1)

26.3(1)

175.0(3)

178.0(3)

Pt4b

74.35(6)

32.0(4)

176.8(2)

173.9(3)

Pt5b

12.3(1)

6.4(2)

177.3(2)

175.6(3)

Pt6b

89.5(1), 67.8(1)

66.7(2), 66.0(3)

177.2(3),

175.9(4),

175.1(3)

177.6(4)

[Pt] represents the platinum square plane and is defined though the Pt and four

directly bonded atoms. b Plane defined through the conjugated ring (not including
pendant substituents). c Plane defined though the CO2 fragment of the ester.

The torsion angles of the conjugated spacer of Pt2b, Pt3b and Pt5b, relative to the
Pt square planes, are all relatively small and are significantly smaller than observed
for the monosubstituted analogues and much smaller than the ligand torsions
observed in Pt-ethynylbenzene and Pt-ethynylthiophene complexes reported in the
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literature (45.0o and 74.0o respectively).63,164 As with the monosubstituted complexes,
this observation is likely to be related to intermolecular packing interactions. Pt4b
and Pt6b exhibit much larger spacer torsion angles, consistent with the observations
for Pt4a and Pt6a, an observation that can be correlated to the greater steric
demands of the ligands in these systems, resulting in greater repulsion from the
phosphine

ligands.

Indeed,

it

has

been

shown

that

in

(PBu3)2Pt(bis-

ethynylanthracene), containing a bulkier phosphine, the torsion angles of both
spacers relative to the Pt square-plane are 90o.158 The differing torsion angles for the
two anthracene containing ligands of Pt6b provide evidence that the packing
environment within the crystal lattice can play a major role in determining this
parameter.

The ester moieties of the less sterically hindered complexes Pt2b and Pt5b are very
close to coplanar with their respective spacers. The systems with bulkier spacers
exhibit larger torsion angles, but these are significantly greater for Pt6b due to steric
interactions involving the anthracene peri-protons. Similar to the observations made
for the monosubstituted complexes, a slight bending within the Pt-acetylide moiety
is observed within the disubstituted Pt-acetylide structures. The symmetry imposed
linearity of the square-planar core of Pt1b-5b means that the bending of the ligands
is purely a factor of the Pt-C≡C and C≡C-C bond angles in these systems whereas
Pt6b also exhibits a slight distortion in the C-Pt-C angle. The greatest distortion is
observed within the structure of Pt4b, although this lies within the range of angles
that have previously been reported for Pt-acetylide complexes.17,27,59,65-66,71

To allow comparisons to be drawn between the mono- and disubstituted Pt-ethynylester complexes, the molecular packing within crystal lattices of Pt1b-Pt6b were
explored. Similar to our previous observations, intermolecular stacking interactions
between ethynyl-ester ligands were observed for Pt2b-Pt5b resulting in the
formation of continuous chains within the crystal lattice. Figure 2.9 displays three
interacting molecules of Pt4b, showing that the interactions also appear to result in
the bending of the ligand system.
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Figure 2.9: A chain formed within the crystal lattice of Pt4b, shown with ellipsoids
at 30% probability and hydrogen atoms removed for clarity.

The intermolecular interactions observed for the Pt2b, Pt3b and Pt5b are similar to
those of Pt4b although, consistent with the observations made for Pt2a, there is
significantly greater ethynyl-ester overlap within the lattice of Pt2b and similar
{C≡C}···MeO hydrogen bonding interactions were observed (D···A = ca. 3.58 Å).
Similar to Pt3a, Pt3b also exhibits weak intermolecular hydrogen bonds between the
{Ph-OCH3} and {C=O} moieties (D···A = 3.563 Å). Unlike Pt5a, Pt5b exhibits no
inter-chain hydrogen bonding interactions.

Table 2.8: Data quantifying the separation between molecules within the stacking
dimers of Pt2b-5b compared to the data recorded for Pt2a-5a.

Interplanar distance (Å)

Interplanar distance (Å)

x = aa

x = ba

Pt2x

3.33

3.37

Pt3x

3.33

3.42

Pt4x

3.62

3.46

Pt5x

3.29

3.50

Compound

a

Calculated as the separation between the average coplanes defined though the
spacer

The data in Table 2.8 shows that the distance between the planes of the stacking
molecules for Pt2b-Pt5b vary slightly from the observations made for Pt2a-Pt5a
The separation of the phenylene rings in Pt4b is significantly smaller than in Pt4a
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which is accompanied by slightly closer F···F contacts (ca. 2.79 Å) and the thienyl
rings of Pt5b are significantly further apart than in Pt5a. Both Pt2b and Pt3b exhibit
only a slight increase in interplanar separation compared to the monosubstituted
analogues. Once again these distances are well within the range expected for
graphitic packing.167-169

Linear arrays are also formed within the crystal lattices of both Pt1b and Pt6b,
facilitated by intermolecular hydrogen bonding interactions between adjacent ester
groups (D···A = ca. 3.48 Å an 3.37 Å respectively). The interactions within the
crystal lattice of Pt1b are shown in Figure 2.10. It is likely that, for Pt6b, the
significant torsion of the ester group relative to the anthracene ring precludes
significant overlap between ethynyl-ester ligands thus preventing the π-π stacking
interactions observed for the phenylene- and thienyl-containing systems.

Figure 2.10: Diagram showing three molecules of Pt1b interacting via hydrogen
bonding interactions. Ellipsoids shown at 50% probability with only selected
hydrogens shown for clarity.

The crystal lattice of each of the disubstituted complexes with the exception of Pt2b
exhibit solely linear arrays of molecules, as is shown for Pt4b in Figure 2.11-i. This
is logical considering the long rod shape of the molecules which preferentially pack
length ways. However, the C2/c space group of Pt2b dictates that, whilst linear
chains of molecules are formed in the crystal lattice, these are multidirectional
(Figure 2.11-ii).
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i)

ii)

Figure 2.11: A picture of a section of the crystal lattice of Pt4b viewed down the aaxis (i) and a section of the crystal lattice of Pt2a viewed down the c-axis (ii).

2.2.5 – NMR Spectroscopic Analyses
The 1H and

13

C{1H} NMR spectra recorded for complexes Pt1a-Pt6a and Pt1b-

Pt6b are each consistent with the molecular structures determined from the single
crystal X-ray diffraction studies. The absence of an ethynyl proton resonance
differentiates each complex from the respective free ethynyl-ester systems and
coordination of the ethynyl-esters to the Pt centres is shown to result in an up-field
shift in the resonances corresponding to the close proximity protons on the
conjugated spacers. Within the 13C{1H} NMR spectra, the resonances corresponding
to the {Pt-C≡C} carbon atoms are significantly shifted down-field relative to the free
ligands corresponding to electronic deshielding of the nuclei within the Pt complexes.
Pt4a and Pt4b and their respective pre-ligands were also analysed using

19

F NMR
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spectroscopy, but no perturbation of the resonances corresponding to the {CF3}
groups was observed between any of these species.
The 31P{1H} NMR spectra recorded for each of the Pt complexes exhibited a single
resonance, providing evidence that only the trans-isomers, observed within the
molecular structures of each complex, are present in solution. The chemical shift of
the phosphorus resonances exhibited negligible difference throughout the entire
range of complexes and are thus insensitive to the identity of the conjugated spacer.
This is common for trans-substituted Pt-acetylide systems containing phosphine
ligands.
195

17,27,59,65-66,71

The

31

P resonances of each complex also exhibited a pair of

Pt satellites, corresponding to 1JP-Pt coupling, which differ significantly between

mono- and disubstituted complexes but more subtly within similarly substituted
species (vide infra).

To investigate how the identity of the conjugated spacer affects the electronic
environment at the metal centre each of the Pt-acetylide complexes were also studied
using

195

Pt NMR spectroscopy. The chemical shifts and 1JPt-P coupling constants

recorded for each species are shown in Table 2.9.
Table 2.9: 195Pt NMR data recorded for Pt1a-Pt6a and Pt1b-Pt6b. Chemical shifts
reported in ppm and 1JPt-P reported in Hz.

Terminal Sytems
δ and (1JPt-P)

Bridging Systems

Complex

195Pt

Pt1a

-4571.5 (2607 Hz)

Pt1b

-4757.2 (2292)

Pt2a

-4551.2 (2638 Hz)

Pt2b

-4724.0 (2358)

Pt3a

-4539.9 (2634 Hz)

Pt3b

-4704.3 (2343)

Pt4a

-4543.4 (2630 Hz)

Pt4b

-4709.3 (2302)

Pt5a

-4547.8 (2623 Hz)

Pt5b

-4716.1 (2329)

Pt6a

-4546.7 (2638 Hz)

Pt6b

-4706.3 (2367)

Complex

195Pt

δ and (1JPt-P)
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Pt NMR data shows that the ‘phenyl-capped’ Pt-acetylide complexes exhibit

195

more downfield chemical shifts than those of the disubsituted species, showing that
upon the addition of a second ethynyl-ester ligand the Pt nuclei become more
shielded. The acetylide ligands are therefore stronger donors of electron density than
the phenyl ligand present in complexes Pt1a-Pt6a. The Pt-P coupling is also reduced
in the presence of the second acetylide ligand. Within the monosubstituted
complexes the chemical shifts observed span ca. 30 ppm. Pt1a, containing no
conjugated spacer, exhibits the most shielded Pt nucleus of the series whereas that of
Pt3a is the most deshielded despite the electron donating methoxy substituents. The
chemical shift of the remaining complexes follow the trend Pt4a>Pt6a>Pt5a>Pt2a
although the differences between the values are small and it is only the chemical
shift of Pt1a that differs significantly. The magnitude of 1JPt-P does not directly
correlate with the order of the chemical shifts but once again the values are similar
across the series of complexes. The weakest coupling was observed for Pt1a and the
strongest for Pt2a and Pt6a.

The

195

Pt chemical shifts observed for the disubstituted complexes exhibit a greater

range than was observed for the monosubstituted systems. Once again it is the
system without a spacer that exhibits the most shielded Pt nuclei by a significant
margin followed by Pt2a. The remaining systems exhibit similar chemical shifts in
the order Pt3b>Pt6b>Pt4b>Pt5b. The 1JPt-P coupling is again weakest within the
ethyl propiolate complex Pt1b. The strongest coupling was observed for Pt6b. With
the exception of Pt1a and Pt1b there appears to be no correlation between the
chemical shifts or the magnitude of 1JPt-P between the mono- and disubstituted
complexes.
2.2.6 – Electronic Absorption and Emission Spectroscopy

To investigate the solution-state optical properties of the Pt-ethynyl-ester complexes,
each system was analysed using electronic absorption and emission spectroscopy.
All samples were analysed at room temperature using dichloromethane as solvent.
The absorption and emission spectra for Pt1a-6a are shown in Figure 2.12 and the
data is summarised in Table 2.10.

64

Chapter 2

Ester-Functionalised Pt-Acetylide Complexes

i)

ii)

Figure 2.12: Electronic absorption spectra (i) and emission spectra (ii) of Pt1a-6a
recorded at room temperature in DCM. Absorption data are reported using the
respective absorption coefficients and the emission data are normalised (recorded in
a 0.01 mmol solution)
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The electronic absorption spectra for the monosubstituted complexes exhibit
principal absorption bands which vary in energy depending on the identity of the
conjugated

spacer,

with

λmax

increasing

in

the

order

Pt1a<Pt2a<Pt4a<Pt3a<Pt5a<Pt6a. Previous studies into the optical properties of
Pt-acetylide polymers and oligomers have shown that the absorption bands exhibited
by such species are largely ligand in character but involve a degree of mixing
with the appropriate symmetry Pt d-orbitals. It is therefore unsurprising that the
highest energy absorption band is observed for Pt1a, which contains extremely
limited conjugation, whilst the lowest energy absorption band is that of Pt6a,
containing the highly conjugated anthracene spacer. A comparison of the relative
absorption energies of Pt2a-Pt4a show that addition of either electron-donating
{OMe} or electron-withdrawing {CF3} moieties to the phenylene spacer result in a
red-shift in the observed absorption band. Pt5a also exhibits a significantly lower
energy absorption band than the phenylene containing system, which can be
attributed to the diffuse nature of the sulphur p-orbital, providing greater π-orbital
overlap within the ligand system, and thus increasing the effective conjugation.

In all cases, the shape of the absorption bands for complexes Pt2a-Pt5a are very
similar, exhibiting a lower intensity band on the higher energy side of λmax. These
bands appear at similar energies for each of the complexes, as depicted by the broken
line in Figure 2.12-i, and exhibit no apparent dependence on the identity of the
conjugated spacer. Due to the similar energy of λmax in Pt1a it is possible that the
electronic transitions responsible for this relatively high energy band are localised on
the {Pt-C≡C} fragment of each complex. The structure of the absorption band of
Pt6a differs from the other complexes, exhibiting two well defined bands with a
slight shoulder to higher energy. The structure of the absorption band is likely to be
indicative of vibrational coupling within the rigid ethynyl-anthracene unit and is
consistent with the calculated peak separation of 1230 cm-1, comparable to an
aromatic {C=C} stretch. The absorption spectrum of Pt6a also exhibits a shoulder at
roughly the same energy as the low energy absorption bands observed for each of the
other Pt-ethynyl-esters.
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Table 2.10: Summarised electronic absorption and emission data for complexes
Pt1a-Pt6a.

Electronic absorption bands

Emission bands

Stokes shiftb

(nm)a

(nm)

(cm-1)

Pt1a

311 (3247)

n/a

n/a

Pt2a

308 (22334), 334 (31712)

390 (350)

2971

Pt3a

301 (14558), 355 (24467)

415*, 474, 505 (360)

1611

Pt4a

307 (14273), 347 (25982)

479*, 504 (390)

4123

Pt5a

ca.312 (8779), 362 (27714)

405 (360)

2631

550 (420)

4341

Pt6a
a

ca. 300 (6574), ca. 400 (10163),
421 (18035), 444 (19652),

Extinction coefficients shown in brackets, b calculated as the difference between the
excitation and emission energies. *signifies the highest intensity band where
appropriate.

The normalised emission spectra (Figure 2.12-ii) show that dichloromethane
solutions of Pt2a-Pt6a emit over a range of wavelengths. The relative energies of the
observed emission bands follow the order Pt2a<Pt5a<Pt3a<Pt4a<P6a. Although
solutions of Pt1a were also analysed, a combination of the weak emission and the
observation of a number of overlapping artefact signals has precluded the recording
of accurate data for this species. Consistent with the observations made in the
electronic absorption analysis, the presence of either electron-donating or electronwithdrawing substituents on the phenylene spacer result in a red-shift of the emission
bands relative to Pt2a, although the shift is a lot more pronounced for the {CF3}substituted complex Pt4a. The thienyl-containing complex (Pt5a) emits at a similar
wavelength to Pt3a whilst the anthracene complex, Pt6a, exhibits the lowest energy
emissive state. Whilst both Pt2a and Pt5a exhibit fairly sharp emission profiles,
those of the remaining complexes are significantly broader and, in the case of Pt3a
and Pt4a, exhibit a significant degree of vibrational coupling with peak separations
comparable to aromatic {C=C} vibrations.
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The Stoke’s shift observed between the excitation and emission maximum for each
of the complexes is within the magnitude expected for fluorescent emission from a
singlet excited state.17,48,143,170-171 The shift is largest for Pt4b and Pt6b suggesting a
greater structural rearrangement in the excited states of these species. The smallest
Stokes shift was observed for Pt3a indicating a much smaller Frank-Condon shift.

The same investigations were performed on the disubstituted Pt-acetylide complexes
Pt1b-Pt6b and the absorption and emission spectra observed for these species are
shown in Figure 2.13 and the data is summarised in Table 2.11.

The absorption spectra recorded for Pt1b-Pt6b are similar in profile to those of the
related monosubstituted complexes, providing evidence that analogous ππ*
electronic transitions are occurring within each class of complexes, although the
absorption coefficients are significantly higher in the presence of the second ethynylester

ligand

system.

The

magnitude

of

λmax

increases

in

the

order

Pt1b<Pt2b≡Pt4b<Pt5b≈Pt3b<Pt6b. Consistent with the observations made for the
monosubstituted species, the ethylpropiolate-containing system exhibits the highest
energy absorption band whilst the lowest energy was observed for the anthracene
containing complex. This can once again be attributed to the degree of conjugation
within the ligand system. The principal absorption bands of Pt2b, Pt3b and Pt5b are
each significantly red-shifted relative to those observed for the related
monosubstituted species suggesting a greater degree of π-conjugation within the
disubstituted complexes, which extends across the metal centre. Conversely, the
absorption bands of Pt1b, Pt4b and Pt6b are each very similar in energy to the
analogous absorption bands of Pt1a, Pt4a and Pt6a, suggesting that the ππ*
electronic transitions within these species may be more localised than the previously
described disubstituted species. The absorption spectra of Pt2a-Pt5a also exhibit
similar secondary absorption bands, each lying within a narrow energy range. These
are consistent in energy with the similar bands exhibited by each of the
monosubstituted complexes, providing further evidence that these absorption bands
originate from {Pt-C≡C} localised electronic transitions. The spectrum recorded for
Pt6b also exhibits weak shoulders at approximately the same energy.
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i)

ii)

Figure 2.13: Electronic absorption spectra (i) and emission spectra (ii) of Pt1b-6b
recorded at room temperature in DCM. Absorption data are reported using the
respective absorption coefficients and the emission data are normalised (recorded in
a 0.01 mmol solution).
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Table 2.11: Summarised electronic absorption and emission data for complexes
Pt1b-Pt6b.

Electronic absorption

Emission bands

Stokes shift

bands (nm)a

(nm)b

(cm-1)c

Pt1b

312 (8295)

n/a

n/a

Pt2b

303 (29348), 347 (50489)

385, 482* (345)

1959, 7186

Pt3b

300 (21728), 376 (58945)

400*, 519 (375)

1882, 7236

Pt4b

302 (21676), 347 (47229)

400, 507* (347)

3249,8525

Pt5b

309 (14492), 375 (53371)

405*, 561 (375)

950, 7816

520 (444)

3141

ca. 300 (13082), ca. 310
Pt6b

(9637), ca. 395 (18087),
420 (35105), 445 (38742).

a

Extinction coefficients shown in brackets, b excitation wavelength shown in

brackets, c calculated as the difference between the excitation and emission energies
*signifies the highest intensity band where appropriate.

Unlike the emission spectra of the related monosubstituted complexes, Pt2b-Pt5b
each exhibit two emission bands separated by a relatively large energy gap, for
which the relative intensities vary depending on the identity of the spacer. Reports
within the literature suggest that the high and low energy bands originate form
singlet and triplet emission respectively, and this is supported by the characteristic
shape of the lower energy emission bands exhibited by each of the complexes.170,172
For both Pt2b and Pt4b it is the emission from the triplet state that dominates,
suggesting efficient population of the triplet manifold within these systems. Pt4b
exhibits only a very weak emission band corresponding to the singlet state emission.
Conversely, it is the emission from the excited singlet state that is most intense for
Pt3b and Pt5b, suggesting that intersystem crossing occurs more slowly for these
systems. The singlet state emission bands of Pt2b, Pt3b and Pt5b are all very
similar in energy to those observed for the monosubstituted systems but that of Pt4b
is significantly blue shifted relative to the sole emission band observed for Pt4a. A
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single broad emission band was observed for Pt6b and it is very similar in profile to
that observed for Pt6a. However, the energy of the band is significantly blue-shifted
relative to that of Pt6a, reflecting a higher energy emissive state within the
disubstituted species. This provides further evidence that the excited state of Pt6b is
not delocalised throughout the molecule but the reasoning behind the blue-shift
observed is unknown. It is possible that the emissive state of Pt6a involves
conjugation into the Pt-coordinated phenyl ligand which could result in lower energy
emission but this postulation is not supported by theoretical analysis of the system
(vide infra).

The Stokes shifts calculated for Pt2b-6b, relating to the high energy emission band,
are all significantly smaller than those observed for the monosubstituted analogues,
indicating a lesser extent of structural reordering within the excited states. The
values are however still within the range indicative of singlet state emission.
Consistent with the data recorded for the monosubstituted systems, the largest Stokes
shift is observed for Pt4b and Pt6b. Within the literature it has been suggested that
large Stokes shifts can be indicative of restricted ligand rotation about the Ptacetylide bond,171 a characteristic that is reflected by the larger spacer torsion angles
observed within the molecular structures of Pt4b and Pt6b (Table 2.7). The Stokes
shifts of the remaining complexes are significantly smaller consistent with the much
smaller ligand torsion angles observed. The large Stokes’s shifts that are observed
for the lower energy emission bands of Pt2a-Pt4a are consistent with the assignment
of triplet state emission.

The optical properties of a number of related Pt bis-acetylide complexes have been
reported within the literature and relevant data from these studies is presented in
Table 2.12. These systems do not contain the ester functionality present in the
complexes within this study and thus allow the effects of these substituents to be
assessed. Although the majority of the species described in the literature contain
PBu3 rather than PEt3 ligands, it is generally accepted that the identity of the
phosphine in such systems has negligible bearing on the electronic structure of the
complex.17
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Table 2.12: Absorption and emission data reported for trans-substituted Pt bisethynyl-aryl complexes.

a

Complex

λmax (nm)

λemission (nm)

(PEt3)2Pt(-C≡CH)2173

305

n/a

(PBu3)2Pt(-C≡C-Ph)267

324

364a, 435b

(PBu3)2Pt(-C≡C-Thio)263

349

n/a

(PBu3)2Pt(-C≡C-Anth)2158

435

449

S1-S0 emission recorded at room temperature, b T1-S0 emission recorded at 77 K.

The absorption bands reported for each of the literature species appear at
significantly higher energy than those exhibited by the related ethynyl-ester
complexes (Pt1b, Pt2b, Pt5b and Pt6b), showing that the addition of the ester
functionality results in a reduction in the energy of the HOMO-LUMO gaps of these
species. This suggests that π-conjugation within these systems extends into the ester
moieties and is consistent with reports by Raithby et al. showing that increasing the
electron-withdrawing ability of the conjugated spacer results in smaller optical band
gaps.60 The room temperature emission data reported for (PBu3)2Pt(-C≡C-Ph)2
showed emission occurred predominantly from the singlet state, differing from the
observations made for Pt2b. The less electron-withdrawing ligand system also
renders this emission slightly higher in energy than the related ethynyl-ester species.
Although (PBu3)2Pt(-C≡C-Ph)2 exhibited negligible phosphorescence at room
temperature, analyses conducted at 77 K did result in stronger triplet state emission.
Once again this emission band is higher in energy than observed in the room
temperature emission spectrum of Pt2b. Consistent with our own observations for
Pt6b, only a single emission band was reported for (PBu3)2Pt(-C≡C-Anth)2 and this
occurs at significantly higher energy than the emission band of Pt6b. This difference
may be a result of the bulkier phosphine within the literature complex, restricting the
rotation of the relatively bulky ethynylanthracene ligands, although the electronwithdrawing ester groups of Pt6b are also likely to contribute to the energy shift.
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2.2.7 – Theoretical Studies

To aid the interpretation of the spectroscopic data, and to assess the degree of
electronic delocalisation in the ethynyl-ester complexes, theoretical studies have
been employed. Through these studies the electronic structures of each complex have
been calculated, based on geometry optimised molecules and all calculations were
performed using the B3LYP functional174-175 with the 6-31G* basis set176 for all nonmetal atoms and the SDD energy consistent pseudopotential basis set for Pt.20 For
most complexes the geometry optimisation was performed using atomic coordinates
from the experimentally determined molecular structure as a starting point, however,
symmetry related issues meant that modified structures were required for Pt4b and
Pt5b. For each of the complexes, the PEt3 ligands were modified to PMe3 and any
ethyl esters were changed to methyl esters to simplify the calculation. To avoid
confusion with the experimentally synthesised complexes, these simplified systems
will be discussed using * as a suffix (e.g. Pt1a*).

Following the geometry optimisation of complexes Pt1b*-5b* the coplanarity of the
two ethynyl-ester ligands that was observed in the molecular structures was retained.
There was no apparent energetic bias towards coplanarity between the conjugated
spacer and the Pt square-plane for either the mono- or disubstituted systems. These
results are consistent with studies in the literature that have shown little difference in
the groundstate energy upon rotation of Pt bound acetylide ligands.177 The geometry
optimisation of Pt6b* resulted in coplanarity of the anthracenyl-ester ligands,
despite starting from an out of plane geometry. However, this may be a result of
steric interactions as oppose to electronic stabilisation because the anthracene rings
are orthogonal to the Pt square plane in the optimised structure, moving the
anthracene peri-hydrogen atoms as far from the phosphine ligands as possible. In all
but the bis(trifluoromethyl)phenylene and anthracene containing systems the
geometry optimisations moved the ester moieties entirely into the plane of the
conjugated spacer units due to the stabilising π-orbital overlap. Presumably, steric
effects prevent coplanarity of these units within Pt4a/b* and Pt6a/b*, which will
restrict the electronic delocalisation into the termini of these systems.
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The frontier orbitals calculated for Pt2a*-Pt6a* are all very similar in structure and
those of Pt2a* are presented in Figure 2.14 as an example.

LUMO

LUMO+1

HOMO
HOMO-1
Figure 2.14: Calculated frontier orbitals for Pt2a*.

The frontier orbitals of Pt2a* show that electron density within the HOMO is
delocalised along the length of the molecule, facilitated by the extended πconjugated network. This delocalisation is also shown to extend into ester moiety,
which may prove to be important in regards to the electronic communication within
the targeted heterometallic complexes. The HOMO-1 is largely isolated within the
{Pt-C≡C} fragment of each complex, involving the short π-network orthogonal to
those of the phenylene spacer. The LUMO is predominantly the π*-orbitals of the
ethynyl-ester ligand with only a small amount of metal contribution and the LUMO1 is a diffuse orbital surrounding the Pt centre. The frontier orbitals calculated for
Pt3a*-Pt6a* are very similar in composition to those shown for Pt2a*. The only
notable difference is that the HOMO of Pt6a* only exhibits a very small degree of
mixing with the Pt(dπ)-orbital, renders it almost entirely ligand based.
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Time-dependant DFT calculations (TD-DFT) were also performed on each of the
monosubstituted complexes and showed that the lowest energy electronic transitions
were between the HOMO and LUMO and therefore largely ππ* in nature. This is
consistent with the assignments made within the analysis of the experimental
electronic absorption data of these species and explains the sensitivity of λmax to the
identity of the spacer. The calculations also suggest that the lower intensity
absorption bands that were observed between 300 nm and 312 nm originate from
HOMO-1LUMO+1 electronic transitions. These orbitals contain little contribution
from the spacer units, explaining why the energies of the absorption bands for each
complex are very similar.

The absence of a conjugated spacer in Pt1a* results in a slightly different set of
frontier orbitals to those observed in Pt2a*-Pt6a* and these are shown in Figure
2.15. The HOMO and HOMO-1 contain contributions from the two sets of acetylide
π-orbitals which mix with the appropriate symmetry Pt d-orbitals. The HOMO also
exhibits a significant amount of electron density within the phenylene π-orbitals
whilst the HOMO-1 is the correct symmetry to mix with the ester π-orbitals. The
LUMO orbital is similar in character to the LUMO+1 calculated for Pt2a* in terms
of the diffuse orbital surrounding the Pt centre, but also shows a significant
contribution from the ester π*-orbitals which is not observed in Pt2a*-6a*. TD-DFT
studies suggest that the absorption band observed for Pt1a (311 nm) is similar in
character to the high energy absorption bands exhibited by Pt2a-Pt6a,
predominantly involving electron transfer from the {Pt-C≡C}-localised orbitals
(HOMO and HOMO-1) to the diffuse LUMO orbital. Consistent with the electronic
absorption data collected for Pt1a, the calculation reveals a relatively low oscillator
strength for this electronic transition, helping to explain the low absorption
coefficient observed within the electronic absorption spectrum of Pt1a.
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HOMO

LUMO

HOMO-1
Figure 2.15: Calculated frontier orbitals for Pt1a*.

The calculated frontier orbitals of the disubstituted complexes (Pt1b*-Pt6b*) are
similar in composition to those of the monosubstituted analogues with the exception
that contributions from both ethynyl-ester ligands are observed. Selected frontier
orbitals calculated for Pt2b* are presented in Figure 2.16 as an example for this
series of complexes.

The HOMO and HOMO-2 of Pt2b* are composed of the out-of-phase and in-phase
π-orbitals of the two ethynyl-ester ligands respectively. These orbitals are separated
in energy due to significant mixing with the Pt d-orbital in the former. Similarly, the
HOMO-1 and HOMO-4, composed of the acetylenic π-orbitals orthogonal to those
of the phenylene ring, are also split in energy due to metal orbital mixing. The
HOMO-3 is the Ptdz2 orbital with electron density localised solely on the metal
centre. The LUMO and LUMO+1 of Pt2b* are composed of the in-phase and outof-phase combinations of the ethynyl-ester π*-orbitals respectively, again separated
in energy due to mixing with the Pt d-orbital, destabilising the out-of-phase
combination. Both the HOMO and LUMO orbitals exhibit conjugation that extends
the length of the molecule including the ester termini.
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LUMO

LUMO +1

HOMO

HOMO -1

HOMO -2

HOMO -3

HOMO -4
Figure 2.16: Calculated frontier orbitals for Pt2b*.

The frontier orbitals calculated for Pt3b*-Pt5* are each very similar to those shown
for Pt2b*. However, the in-phase ligand π-orbital (HOMO-2 for Pt2b*) appear
higher in energy than the {Pt-C≡C} localised π-orbitals (HOMO-1 for Pt2b*).
Additionally, Pt3b* also exhibits a second set of occupied ethynyl-ester π-orbitals
(HOMO-2 and HOMO-4) with the relative energies of the remaining orbitals
analogous to those of Pt4b* and Pt5b*. The frontier orbitals of Pt1b* are also very
similar to those of Pt2b* although an additional orbital localised on the {P-Pt-P}
fragment (LUMO+1) separates the in- and out-of-phase π*-orbitals of the
ethylpropiolate ligands (LUMO and LUMO+2). An important point to note is that
the HOMO of each complex is composed of the out-of-phase π-orbitals of the two
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ethynyl-ester ligands and the LUMOs are the in-phase π*-orbitals. TD-DFT
calculations have shown that the lowest energy electronic transitions occur between
these orbitals, which is consistent with the assignments within the electronic
absorption spectra of these species.

The frontier orbitals of Pt6b* exhibit some significant differences to those observed
for Pt1b*-Pt5b*. The HOMO/HOMO-1 and LUMO/LUMO+1 (Figure 2.17) are
predominantly localised on individual anthracene units, severely limiting the extent
of electronic delocalisation throughout the system. There is also negligible mixing of
the ligand orbitals with the d-orbitals of the Pt. Electronic transitions within Pt6b*
are therefore shown to be between the π- and π*-orbitals of the isolated anthracene
ligands, which helps to explains why the experimentally observed absorption band of
Pt6b was not red-shifted relative to that of Pt6a.

HOMO -1

HOMO

LUMO

LUMO+1

Figure 2.17: Calculated frontier orbitals for Pt6b*.

The HOMO-LUMO energy separations within the Pt-ethynyl-ester complexes are
very sensitive to the identity on the conjugated spacer, which is consistent with
previous studies on Pt-acetylide complexes. Simplified molecular orbital diagrams
for both the mono- and disubstituted Pt-ethynyl-ester complexes are displayed in
Figure 2.18, highlighting the magnitudes of the HOMO-LUMO gaps for each
species.
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i)

ii)

Figure 2.18: Molecular orbital diagrams of complexes Pt1a*-Pt6a* (i) and Pt1b*Pt6b* (ii) highlighting the calculated HOMO-LUMO gaps within each system.
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The data in Figure 2.18 shows that the largest HOMO-LUMO gaps within each
series of modelled complexe are exhibited by the ethylpropiolate complexes, Pt1a*
and Pt1b*, whilst the smallest were exhibited by the anthracene-containing species
Pt6a* and Pt6b*. These values correlate with the degree of conjugation present
within the respective ethyny-ester ligand systems and are in agreement with the
experimentally measured electronic absorption spectra for these species. The
monosubstituted system Pt2a* exhibits the second highest HOMO-LUMO
separation although it is significantly lower than that of Pt1a* on account of the
additional conjugation from phenylene spacer. This is again consistent with the
experimental electronic absorption data for which the principal band of Pt2a is
significantly red shifted. The electron donating {OMe} and electron withdrawing
{CF3} groups of Pt3a* and Pt4a* result in a reduction in the HOMO-LUMO
separation relative to the unsubstituted analogue Pt2a*. For Pt3a* this is due to
destabilisation of the HOMO relative to Pt2a* whereas Pt4a* exhibits a
significantly stabilised LUMO and a slightly destabilised HOMO. The thienyl ligand
of Pt5a* also provides a smaller HOMO-LUMO separation than Pt2b*. The higher
energy sulphur orbitals destabilise the HOMO and the LUMO is stabilised through
the greater conjugation provided by the diffuse sulphur p-orbital. The HOMOLUMO gaps of Pt3a*-Pt5a* are all very similar but do not follow the same trend as
the energies absorption bands observed for these species, although these too are
close in energy. The slight differences are likely to relate to the simplifications to the
systems made for the purposes of the calculations, which are performed for gas-state
molecules, negating intermolecular interactions and dynamic rotation of the acetylide
ligands that is likely to occur in solution. Indeed, studies within the literature have
shown that different rotameric forms of the same complex can result in different
energies of the calculated electronic transition.178

Of the disubstituted complexes, Pt2b* exhibits the second largest HOMO-LUMO
separation, but is significantly smaller than that observed for Pt2a* on account of the
more extended conjugation. The {OMe} substituents within Pt3b* effect a
significant destabilisation of the HOMO relative to Pt2b*, resulting in a much
smaller HOMO-LUMO gap, which is also significantly smaller than the related
monosubstituted system (Pt3a*). Conversely, the {CF3} substituents of Pt4b*
stabilise both the HOMO and LUMO providing a comparable energy gap to Pt2b*,
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which is oberseved experimentally by the similar values of λmax of Pt2b and Pt4b
within their respective electronic absorption spectra. The calculations are also in
agreement with the near iso-energetic absorption bands exhibited by of Pt4a and
Pt4b. The HOMO-LUMO gap of Pt5b* is shown to be very similar to that of Pt3b*
and significantly smaller than that of Pt5a*, again consistent with the electronic
absorption data recorded for these species. Finally, whilst the HOMO-LUMO
separation of Pt6b* is the smallest observed for the series, it does not differ greatly
from that calculated for the monosubstituted system Pt6a. This supports the similar
energy of the absorption bands exhibited by each species and is likely to be a result
of the restricted electronic delocalisation observed within the calculated frontier
orbitals of Pt6b* (Figure 2.17).
2.2.8 – Ethynyl-ester Complexes Containing Other Metal Centres

Within this chapter the Pt complexes have been shown to be highly tuneable by
changing the identity of the ethynyl-ester ligand. An alternative approach to
manipulating these properties is to change the identity of the metal centre. A wide
range of metals have been shown to support acetylide ligands and these offer a range
of characteristic properties. Low et al. have previously shown that the phenylene
containing ligand (2) can be coordinated to a range of Ru centres.147-148 In terms of
precursors for heterometallic complexes these are interesting on account of their
redox activity as well as potential acetylide/vinylidine switching, which have
previously been utilised in Ru-acetylide dimers.179

Preliminary work within the group has seen the synthesis a range of Au-ethynyl-ester
complexes, showing that the ligands provide scope beyond the syntheses of Pt and
Ru systems. Complexes of Au are of particular interest because of their emissive
properties and the additional properties that can arise from aurophilic interactions.180
PPh3-supported complexes containing 2(Au2), 5 (Au5) and 6 (Au6) were
synthesised using the method shown in Scheme 2.5 and the molecular structure of
Au2 is shown in Figure 2.19.
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Scheme 2.5: Synthesis of Au-ethynyl-ester complexes.

Figure 2.19: Molecular structure of Au2 shown with 30% thermal ellipsoids.
Hydrogen atoms have been omitted for clarity.
Each of the Au complexes exhibit very similar rigid-rod structures in which the bond
lengths and angles are within the range expected for Au acetylide complexes.181-183
Although a full discussion of these complexes will not be presented here it is
interesting to note that the intermolecular dimers observed in the crystal lattices of
the Pt-acetylide analogues are not observed for any of the Au complexes, suggesting
that the {Pt(PEt3)2} fragment is important in this respect. Unfortunately
intermolecular Au···Au interactions were not observed in any of the structurally
characterised species. Consistent with the related Pt complexes, the ester groups of
Au2 and Au5 were almost coplanar with the conjugated spacer whereas that of Au6
was near perpendicular.

Studies into the optical and electronic properties of these complexes are ongoing but
their syntheses demonstrate the versatility of the ethynyl-ester ligand systems. This
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allows the consideration of range of metal acetylide precursors for {Mo2} containing
oligomers and polymers that extends beyond Pt.
2.3 – Conclusions
In summary, we have designed and synthesised a series of ester-functionalised Ptacetylide complexes, incorporating a variety of different conjugated spacer units to
allow the optical and electronic properties of these materials to be tuned. These
species represent potential precursors for the ‘terminating’ and ‘bridging’ Pt subunits
within the targeted heterometallic frameworks outlined at the beginning of this
chapter.

Single crystal X-ray diffraction studies have allowed us to determine the solid-state
molecular structures of each of the Pt-containing complexes, showing that, where
sterically possible, the ester groups are close to coplanar with the conjugated spacer
units, providing efficient π-orbital overlap throughout the ligands systems. The
majority of the disubstituted Pt-complexes (Pt1b-Pt5b) are composed of two
symmetry equivalent half-molecules, dictating crystallographic coplanarity of the
trans-ethynyl-ester ligands, which allows conjugation to extend through the metal
centre and between ligands in these species. However, the structure of Pt6b
exhibited two symmetry independent ethynyl-ester ligands, with a significant torsion
angle between the two anthracene units. This suggests that electron density is
localised within the individual ligand systems, which is supported by the
computationally calculated frontier orbitals for this complex. Interestingly, the
polarisation of the ethynyl-ester ligand systems facilitate intermolecular stacking
interactions within the crystal lattices of most of the Pt-complexes, facilitated by
hydrogen bonding and π-π interactions. These have not been observed for closely
related systems within the literature.

Electronic absorption spectroscopy showed that the HOMO-LUMO energy gaps are
highly sensitive to the identity of the conjugated spacer, allowing λmax to be tuned
over ca. 150 nm. This was also demonstrated by theoretical electronic structure
calculations. The highest energy absorption bands were observed in the absence of a
chromophore (Pt1a/1b) whereas the anthracene-containing complexes (Pt6a/6b)
provided the lowest energy absorption bands, highlighting the importance of
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conjugation towards manipulating the properties of these systems. Interestingly the
absorption bands observed for Pt4b and Pt6b are almost identical in energy to those
of the related mono-substituted complexes, suggesting that the π*-conjugation in
these systems does not efficiently extend through the Pt centre. For Pt6b this is
consistent with the observations made from both the structural and theoretical
analyses.

Emission spectroscopic analyses of the monosubstitted Pt-complexes have shown
that the energy of the fluorescence of these species can be tuned over a range of
wavelengths, spanning the UV to red regions of the spectrum. The lowest energy
emission was exhibited by the highly conjugated anthracene-containing complex
Pt6a. The disubstituted complexes Pt2b-Pt5b exhibit both fluorescent and
phosphorescent emission at room temperature, with the lower energy emission
tuneable over ca. 80 nm. For both Pt2b and Pt4b the phosphorescent emission is
significantly more intense than the fluorescence, suggesting that ISC is efficient
within these complexes. Only a single emission band is observed for Pt6b and
strangely, it is blue-shifted relative to that of the mono-substituted analogue,
reflecting a higher energy emissive state.

The Pt-acetylide systems developed within this study are interesting as materials in
their own right, on account of their highly tuneable opto-electronic properties;
however, the ester functionalities also make them promising precursors for the
construction of heterometallic frameworks. With this in mind, Chapter 3 continues
the study by addressing the application of these Pt-containing building blocks
towards the systematic assembly of our targeted mixed Pt-{Mo2} complexes.
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Chapter 3 – Heterometallic Pt-{Mo2} Polyyne Oligomers
3.1 – Introduction

In Chapter 2, three model heterometallic frameworks were identified, composed of
{Pt acetylide} and quadruply-bonded {Mo2 carboxylate} fragments (Figure 3.1).
Each of these molecular species represent subunits within a proposed mixed-metal
extended polymer network. Using these models as a guide, a series of ‘bridging’ and
‘terminating’ Pt ethynyl-ester complexes were designed and synthesised as potential
precursors for the targeted heterometallic systems.

Figure 3.1: Three targeted heterometallic frameworks containing Pt acetylide and
{Mo2}-carboxylate units.
Within this chapter, suitable ‘bridging’ and ‘terminating’ {Mo2} precursors are
identified and the chemistry by which they can be combined with the previously
discussed Pt complexes is developed.
3.1.1 – Controlling Ligand Substitution About {Mo2} Centres

In order to achieve the molecular architectures shown in Figure 3.1 we must first
consider some fundamental aspects of the chemistry surrounding {Mo2} carboxylate
systems.
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{Mo2} carboxylate dimers, such as Mo2(O2CCH3)4, are common precursors towards
the templating and synthesis of more complicated heteroleptic species. This is
largely due to the substitutional lability of the alkyl carboxylate ligands, which can
readily be exchanged for more electron-withdrawing ligand systems.98,121,139,184
However, a significant challenge encountered when designing a heteroleptic {Mo2}
complex is gaining control over the degree of ligand substitution around the {Mo 2}
core. For instance, the reaction between an {Mo2} carboxylate dimer (Mo2(O2CR)4)
and a carboxylic acid (HO2CR’ where R ≠ R’) can result in the formation of a
mixture of substitution products regardless of the stoichiometry used. This results
from both uncontrolled ligand substitution and ligand scrambling processes.98,185 The
possible products from a 1:1 stoichiometric reaction are depicted in Scheme 3.1. To
target the mono- and trans-disubstituted motifs, required for the synthesis of the
previously outlined heterometallic complexes (Figure 3.1), the chemistry must be
refined to favour a single substitution product.

Scheme 3.1: Multiple substitution products possible upon a 1:1 reaction between
Mo2(O2CCH3)4 and a carboxylic acid.
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Monosubstituted complexes offer a particular synthetic challenge because the
coordination of a single relatively electron-withdrawing ligand can result in the
activation of the trans-ligand towards substitution, on account of the trans-influence
applied. Despite these difficulties Chisholm et al. have shown that {Mo2}
carboxylate dimers can be used to access a number of dicarboxylate bridged
oligomers by carefully selecting appropriate ligand systems.76,95,98,121,124,130-131,186
Carboxylic acid metathesis reactions are reversible processes and to drive the
reaction towards the product side, products that would precipitate upon formation
were targeted. An example of the synthesis of an oxalate bridged system is shown in
Scheme 3.2.98

Scheme 3.2: Synthesis of an oxalate bridged {Mo2} dimer via carboxylic acid
metathesis.98

Although the technique was effective for certain ligand systems it was not
universally applicable to all carboxylic acid ligands, especially those that offer more
soluble products. The chemistry is also largely limited to dicarboxyates or closely
related ligand systems, which would not support the syntheses of the full range of
complexes targeted within this study. A more recent example in which monosubstitution has been observed at a {Mo2} tetracarboxylate centre was reported by
Patmore et al., resulting from the stoichiometric reactions between Mo2(O2CAr)4 (Ar
=

2,4,6-triisopropyl

benzene)

and

2,7-dihydroxy-

naphthyridine

or

3,6-

dihydroxypyridazine.106 Although the reason behind the unusual substitution
chemistry was not approached it is possible that intermolecular hydrogen bonding in
solution may hinder further ligand substitutions.
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The most efficient method by which to access monosubstituted {Mo2} products is to
use a precursor that contains only a single reactive coordination site. To provide this
control Cotton et al. developed a range of {Mo2} tris-formamidinate complexes in
which three coordination sites are blocked by the bulky ligand systems and reactivity
is directed to the remaining coordination site (Figure 3.2).77,100,126,187

Figure 3.2: Examples of {Mo2}-tris-formamidinate complexes as synthons for
‘terminating’ {Mo2} units.77,100,126,187

The tris-formamidinate complexes have proven to be extremely versatile synthons
for {Mo2} ‘terminating’ units. In addition to the compatibility with a wide range of
dicarboxylate ligands,77,96,125 the systems also facilitate reactions with monocarboxylic acids.77,117 It is noteworthy that Chisholm et al. have also reported the
preparation of [(tBuCO2)3Mo2(NCCH3)2]+, an analogue of Figure 3.2-A, in which
pivalate ligands replace the formamidinates (Figure 3.3).98 This system was used to
synthesise systems that could not be isolated using the corresponding
tetracarboxylate as a precursor, however, the preparation of this species is difficult,
involving a reversible comproportionation reaction, and is therefore not a practical
choice as a precursor.
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Figure 3.3: A carboxylate stabilised complex for directing mono-ligand
substitution.98
Although trans-substituted {Mo2} bis-amidinate184 and bis-formamidinate118 have
also been synthesised in the past, there is only limited evidence that they support
trans-ligand substitution188 and studies have shown that the amidinate complexes are
subtitutionally labile towards ligand scrambling, especially when heated above room
temperature.184 Instead, it has been reported that trans-substitution can be efficiently
facilitated using a precursor that contains bulky carboxylate ligands. More
specifically the complex Mo2(TiPB)4,189-190 where TiPB = 2,4,6-triisopropylbenzoate
(Figure 3.4), has been widely used as a synthon for {Mo2} ‘bridging’ units and
presents a promising precursor towards the synthesis of the targeted {Pt}-{Mo2}-{Pt}
framework (Figure 3.1-III).107-109,191

Figure 3.4: Mo2(TiPB)4 as a synthon for a {Mo2} bridging unit.189
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The iPr substituents on the arene rings prevent planarity of the carboxylate ligands,
and as such there is no conjugation extending from the {Mo2} core to the arene rings.
The ligands therefore behave as bulky alkyl carboxylates in which the ligands can be
readily substituted for those that are more electron withdrawing. Trans-disubstitution
is both electronically favoured by increasing the length of the π-conjugated network,
which passes through the {Mo2} core, and sterically, by relieving the steric
interactions between the bulky cis-TiPB ligands. Products formed from these ligand
substitution reactions are often poorly soluble in solvents such as EtOH and toluene.
Reactions performed in these solvents therefore result in precipitation of the desired
product, protecting the integrity of the disubstituted system and potentially
facilitating straightforward isolation.
3.2 – Results and Discussion
3.2.1 – Synthesis of a {Mo2} Tris-Formamidinate Complex

The discussion in section 3.1 showed that the most versatile method of ensuring
single ligand substitution about a {Mo2} core is to use a precursor with a single
activated site and preferably three kinetically inert ligands, to negate post-synthetic
ligand scrambling. The formamidinate-stabilised complexes shown in Figure 3.2 are
ideal in this respect and, for the purposes of this study, the complex containing a
kinetically labile acetate ligand (C) was selected as a potential precursor for our
targeted heterometallic frameworks (Figure 3.1-I and -II). The decision was made
both on the relative ease of synthesis for this species and on account of the versatile
reactivity that is reported for the species within the literature.101,117,126,192-194
The preparation reported for the heteroleptic species involves the 3:1 reaction
between the desired formamidinate ligand and Mo2(O2CCH3)4 using three
equivalents of NaOMe. Upon repeating this method for our own study it was found
that significant amounts of the trans-disubstituted and tetra-substituted compounds
were formed in addition to the desired product and, due to the similar solubility of
the three substitution products, purification of the product was not possible. To
overcome this problem a modified synthetic approach was employed in which three
equivalents of a lithiated formamidine system were reacted with Mo2(O2CCH3)4
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at -78 oC (Scheme 3.3). The same preparation has previously been reported in the
literature for related complexes containing alkyl-substituted amidinate ligands.195

Scheme 3.3: Synthesis of a {Mo2} chain-terminating unit.

Preliminary studies showed that when Ar = p-anisyl the product was highly airsensitive and difficult to work with. However, by replacing these groups with less
polar p-tolyl substituents the product (Mo1) was markedly more stable, providing a
more attractive precursor for our chemistry. This observation is consistent with
studies in the literature, which have shown that, Mo2(DPTF)4,196 is air-stable in
dichloromethane solution whereas the p-anisyl analogue is highly air-sensitive.123 To
synthesise Mo1, a slight excess of the lithiated ligand was used to ensure that no
disubstituted product remained in solution. Although a small amount of the tetraformamidinate complex is formed in the reaction, this species exhibits very low
solubility in non-polar solvents and, as such, Mo1 can be purified via extraction into
toluene followed by filtration. Bright yellow needle-like crystals of Mo1, suitable for
single crystal X-ray diffraction studies, were obtained by layering a concentrated
dichloromethane solution of Mo1 with pentane.
The identity of Mo1 was confirmed through elemental analysis and both 1H and
13

C{1H} NMR spectroscopy, for which the data was consistent with the structure

shown in Scheme 3.3. Within the 1H NMR spectrum, the methyl protons of the ptolyl substituents and the protons on the backbone of the DPTF ligands each exhibit
two well resolved resonances in a 2:1 ratio. These correspond to the DPTF ligands
cis and trans to the acetate ligand and in both cases the resonances corresponding to
the two cis ligands appear downfield from those of the single trans ligand. The 1H
NMR spectrum also exhibits a single resonance corresponding to the acetate methyl
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protons (δ = 2.51 ppm) and relative resonance integrals confirm the desired 3:1
ligand ratio within Mo1.
3.2.2 – Synthesis of a {Pt}-{Mo2} Complex
Having identified suitable {Mo2} ‘terminating’ (Mo1) and ‘bridging’ (Mo2(TiPB)4)
precursors, the chemistry was then developed by which they could be combined with
the previously described Pt ethynyl-ester precursors (presented in Chapter 2).

Within the literature it has been reported that the acetate ligand within precursors
such as Mo1 can be replaced with a number of different ligand systems using salt
metathesis reactions.97,117,125,192-194 With this in mind we sought a means by which
the ester groups within the Pt precursors could be converted to carboxylate metal
salts, which could potentially facilitate ligand substitution reactions with Mo1.

Through these studies it was found that Pt2a could be cleanly converted to the
corresponding K-carboxylate via reaction with a slight excess of KOtBu (in THF at
50 oC). The progress of the reaction was followed using TLC analysis (DCM eluent)
and 1H NMR analysis of the reaction mixture after 12 h confirmed quantitative
conversion of the starting material. KOtBu is an ideal base for the reaction due its
solubility in common organic solvents, removing the requirement for an aqueous
medium, and it’s relatively large molecular mass makes it applicable within small
scale reactions. When synthesised under an inert atmosphere, the K-carboxylate of
Pt2a can be used in situ for a further reaction with Mo1, which is outlined in
Scheme 3.4. Upon combining a yellow solution of Mo1 with the colourless solution
of the K-carboxylate, the mixture immediately turned bright orange, reflecting the
formation of the heterometallic species PtMo1. The solution was stirred for 2 h after
which solvent was removed in vacuo and the orange residue was extracted into
toluene and filtered to remove the potassium acetate. After removing all volatiles in
vacuo the residue was suspended in hexane and the solvent was heated to reflux.
With continued heating, toluene was added drop-wise until all solid material had
dissolved. Slow cooling of the solution to room temperature followed by further
cooling to -28 oC yielded a crop of orange block-like crystals of PtMo1 suitable for
single crystal X-ray diffraction studies (vide infra).
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Scheme 3.4: Synthesis of PtMo1 involving in situ de-esterification of Pt2a.
PtMo1 was characterised using multinuclear NMR spectroscopy. The 1H NMR
spectrum of PtMo1 is presented in Figure 3.5 with those of the two parent
compounds Pt2a and Mo1. The spectrum of the heterometallic complex exhibits
resonances closely resembling those of the two precursors, but the absence of the
ester-CH3 resonance of Pt2a (δ = 3.48 ppm) and the acetate-CH3 resonance of Mo1
(δ = 2.51 ppm) are evidence of the successful ligand substitution reaction. Within the
1

H NMR spectrum of PtMo1, the resonances corresponding to the formamidinate

{NC(H)N} protons are reversed relative to the analogous resonances observed for
Mo1, with those corresponding to the two trans DPTF ligands appearing at lower
field strength. This can be attributed to the greater degree of Mo2δcarboxylate-π*
backbonding in PtMo1, an effect that has been observed for previously reported
complexes containing formamidinate ancillary ligands.77,96,117,125 The coordination of
Pt2a to the {Mo2} centre also results in a significant down-field shift of the doublet
resonance corresponding to the phenylene protons of PtMo1 (ortho to the
carboxylate) reflecting a significant deshielding effect on this proton environment in
the heterometallic species. The chemical shift corresponding to the second phenylene
proton environment is not affected by the reaction.
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i)

*

ii)

*

iii)

*
*

*

*

Figure 3.5: A comparison of the 1H NMR spectra of Pt2a (i), PtMo1 (ii) and Mo1
(iii), each recorded in C6D6. The signals marked with an asterisk represent solvent of
crystallisation, H2O or silicon grease.

The

31

P{1H} NMR spectrum of PtMo1 exhibits a single resonance with associated

Pt-satellites, consistent with the single isomeric form expected for the product. The
magnitude of the chemical shift and 1JP-Pt are negligibly different from those
observed for Pt2a. PtMo1 was also analysed by 195Pt NMR spectroscopy, however,
the chemical shift observed (δ = -4559 ppm) only differs slightly to that observed for
Pt2a (δ = -4551 ppm), exhibiting only a slight up-field shift. The presence of the
{Mo2} moiety within the complex therefore has negligible effect on the magnetic
environment of the Pt centre.

Although the reaction outlined in Scheme 3.4 proceeds efficiently using Pt2a, it was
not applicable to the full range of Pt ethynyl-ester precursors. When analogous
reactions were attempted using Pt1a and Pt3a, it was found that hydrolysis of the
ester groups was inefficient. Although the 1H NMR spectra of the reaction mixtures,
recorded following the addition of Mo1, showed that some heterometallic product
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was formed in each case, we were unable to isolate these products on account of
their similar solubility to the unreacted starting material. The same problem was
experienced when using Pt5a, however, a small number of crystals were isolated
from the reaction by cooling a toluene / hexane solution of the crude product to 28 oC. This allowed structural characterisation of the thienyl-bridged heterometallic
complex PtMo2 (vide infra). Interestingly the reaction between Pt4b and KOtBu
resulted in complete deprotection of the carboxylate functionality, however, the
subsequent reaction with Mo1 was largely unsuccessful. We have attributed this to
the bulky {CF3} subsitutents of Pt4a which are too sterically demanding to facilitate
reaction with Mo1.
The ester group of Pt6a proved to be entirely inert towards KOtBu and all other
common bases that were trialled in its place. It is likely that the stability of the ester
relates to the steric demands of the anthracene spacer, preventing conjugation
between the ester and the ring system, which would offer little stabilisation towards
an anionic carboxylate species. This is supported by the molecular structure
determined for Pt6a (Available in the Appendix) in which the ester is orientated
almost 90o to the plane of the anthracene. Difficulties regarding the ester hydrolysis
of several anthracene-containing complexes have been described within the literature.
The difficulties were overcome using relatively harsh methods, such as high
temperature pyrolysis on silica and acid catalysed hydrolysis using F3CCOOH,
which are not applicable to the Pt-containing complex.197-198
3.2.3 – Synthesis of a {Mo2}-{Pt}-{Mo2} Complex

The second targeted heterometallic framework (Figure 3.1-II) differs from PtMo1
in that it requires the use of a bridging Pt precursor, but Mo1 remains applicable as a
Mo2 ‘terminating’ unit. Following the successful application of the phenylene
containing precursor Pt2a for the synthesis of PtMo1, the disubstituted analogue
Pt2b was employed in an attempt to synthesise the more extended framework.
Unfortunately, when Pt2b was reacted with KOtBu, under the same conditions
described for the synthesis of PtMo1, the potassium salt of the dicarboxylate species
precipitates from solution and the subsequent addition of Mo1 resulted in no reaction.
The solubility of the potassium salt is therefore too poor to facilitate reaction with
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Mo1, which is likely to be due to the formation of a coordination polymer in the
solid-state.

In search of an alternative route to access the Pt-bridged heterometallic system it was
found that treatment of Pt2b with KOtBu followed by and acid work up led to
formation of a trans-substituted Pt bis-carboxylic acid species (Pt2d) as shown in
Scheme 3.5. The product was purified by washing with DCM and characterisation
by both multinuclear NMR spectroscopy and elemental analysis confirmed the
identity of the product.

Scheme 3.5: Hydrolysis of the esters within Pt2b using KOtBu to prepare Pt2d.

The dicarboxylic acid is soluble in THF, making it a more attractive precursor for the
desired heterometallic complex than the potassium salt that was described above.
Cotton et al. have previously reported that, to react carboxylic acids with {Mo2}
precursors such as Mo1, the {Mo2} precursor must first be ‘activated’ by removing
the acetate ligand,117 which can be achieved through reaction with NaOMe. It is
thought that the reaction forms a basic {Mo2}-methoxide intermediate, which can
deprotonate the carboxylic acid to facilitate coordination of the new ligand system.

Following the method outlined in Scheme 3.6, Mo1 was reacted with one equivalent
of NaOMe in THF, providing a bright orange solution. After 3 h the solution was
filtered directly onto half an equivalent of Pt2d, which darkened the solution
significantly. After stirring for a further 3 h, the volatiles were removed in vacuo and
the resulting residue was washed with EtOH and hexanes. The crude product was
then extracted into toluene, filtered through celite. After removing the solvent in
vacuo the residue was dissolved in a small amount of THF and cooled to -28 oC to
yield a bright orange precipitate of MoPtMo. Single crystals of MoPtMo were

97

Chapter 3

Heterometallic Pt-{Mo2} Acetylide Oligomers

obtained from a toluene / hexanes mixture using the same method outlined for
PtMo1 (Vide supra).

Scheme 3.6: The synthesis of MoPtMo.

The 1H NMR spectrum of MoPtMo is consistent with the coordination of a
{Mo2DPTF3} unit to the carboxylate groups at either end of the Pt precursor and the
spectrum closely resembles that of PtMo1, but for the absence of the phenyl
hydrogen resonances. Once again the two resonances corresponding to the
formamidinate backbone protons are reversed relative to those observed for Mo1 and
a similar down-field shift is observed for the doublet resonance corresponding to the
phenylene protons (ortho to the carboxylate) relative to the analogous resonance of
Pt2b. Similar to the observations made for PtMo1, the

31

P{1H} resonance of

MoPtMo exhibits negligible difference to that of Pt2b and 1JP-Pt is only slightly
larger for the heterometallic species. The 195Pt resonance for MoPtMo is observed at
δ = -4735 ppm which is again very similar to that of Pt2b (δ = -4724 ppm), however,
it is notable that the

195

Pt chemical shifts of both PtMo1 and MoPtMo appear

slightly up-field relative to the parent Pt complexes. This suggests that the presence
of the {Mo2} unit has a slight shielding effect on the nuclei of the Pt centres.
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3.2.4 – Synthesis of a {Pt}-{Mo2}-{Pt} Complex

For the synthesis of the third of the targeted model complexes (Figure 3.1-III)
{Mo2TiPB2} was employed as a synthon for the required {Mo2} bridging fragment.
The initial approach used to synthesise the heterometallic system utilised the
carboxylic acid form of Pt2a (Pt2c), which was synthesised using the same approach
outlined for Pt2d in Scheme 3.5. Two equivalents of Pt2c were combined with
Mo2TiPB4 in EtOH and stirred for 24 hours, yielding a bright orange precipitate of
PtMoPt, which was isolated on a glass frit and washed with both EtOH and hexane.
The reaction is outlined in Scheme 3.7.

Scheme 3.7: Synthesis of PtMoPt via a carboxylic acid metathesis reaction.

Although the reaction described above resulted in the isolation of pure PtMoPt, the
yield was poor (35 %). In order to isolate a greater amount of the product, for the
purposes of characterisation and further spectral and electrochemical analysis, a
second approach was developed.

Following a literature preparation, 1,4-trimethylsilyl-methyl-ethynyl-benzoate was
hydrolysed in the presence of NaOH to remove both the silyl and ester protecting
groups, yielding an ethynyl-carboxylic acid species (Scheme 3.8-i).199 The
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carboxylic acid was then reacted with Mo2TiPB4 in a 2:1 stoichiometry, using an
identical method to that described for the synthesis of PtMoPt, yielding the transsubstituted complex (Mo2) (Scheme 3.8-ii). This species contains ethynyl groups at
the extremities of the two ligands, which provide sites at which Pt can potentially be
coordinated. The reaction was also used to synthesise the thienyl containing
analogue (Mo3) by starting with 2,5-trimethylsilyl-ethynyl-thiophenecarboxylate.200

i)

ii)

Scheme 3.8: Synthesis of ethynyl-carboxylic acid systems (i) and their coordination
to {Mo2} centres (ii).
The 1H NMR spectra of Mo2 and Mo3 were consistent with the structure depicted in
Scheme 3.8, exhibiting singlet resonances at 3.8 and 4.1 ppm respectively,
corresponding to the two acetylinic protons of each product. The terminal ethynyl
functionalities were also confirmed through solid-state IR spectroscopy, in which the
ethynyl C-H stretch was observed at 3330 cm-1 for both systems. A signal
corresponding to the {C≡C} stretch was not observed for Mo2, but a weak signal
was observed for Mo3 at 2106 cm-1. Both products have also been characterised
structurally using single crystal X-ray diffraction studies (vide infra).

During the writing of this work Mo3 was reported independently by Chisholm et al.
using an identical synthetic approached to that outlined above.108 The work also
outlined the synthesis of the {W2} analogue of Mo3, attainable using the precursor
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W2TiPB4. Through our own work we also obtained small amounts of the {W2}
analogues of Mo2 and Mo3, which were characterised by multinuclear NMR
spectroscopy. However, the products form as very fine precipitates that could not be
isolated by filtration. For this reason sufficient amounts of each product could not be
isolated to facilitate full characterisation and analysis. Chisholm et al. report that
centrifugation is required to isolate greater quantities of these products, a technique
that we are currently unable to perform air-sensitively.

The terminal ethynyl functionality of Mo2 and Mo3 make these systems attractive
synthons for a number of organic and organometallic transformations. This has been
illustrated in the work of Chisholm et al. in which Mo3 was utilised as a precursor
for a Sonogashira reaction and the synthesis of a Au-acetylide complex (Scheme
3.9).108 Work within the group has shown that an analogue of Chisholm’s mixed
Mo2-Au complex can be accessed using a similar method using Mo2 and NaOMe in
place of NEt3.

Scheme 3.9: Sonogashira coupling (i) and Au-acetylide coupling (ii) using Mo3.108

Of particular relevance to this study is the application of these ethynyl functionalised
{Mo2} systems in the synthesis of {Pt}-{Mo2}-{Pt} frameworks and as such Mo2
was tested as an alternative precursor for the synthesis of PtMoPt. Using standard
Cu-catalysed Pt acetylide coupling methodology,52-53 Mo2 and trans-Ph(PEt3)2PtCl
were dissolved in a THF / NEt3 solvent mixture followed by the addition of a small
amount of CuI. The reaction is outlined in Scheme 3.10. The solution was stirred for
24 h after which all volatiles were removed in vacuo, providing an orange residue.
The product was purified by washing with EtOH and hexane followed by extraction
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into toluene and filtration through celite. The solvent was removed in vacuo, yielding
PtMoPt as an orange powder. The isolated yield from the reaction was 60%, proving
the method to be more efficient than the previously utilised carboxylic acid
metathesis approach. Orange block-like crystals of PtMoPt were grown by layering
a concentrated THF solution of PtMoPt with hexane.

Scheme 3.10: Synthesis of PtMoPt via a Cu-catalysed Pt acetylide coupling
reaction.

The 1H NMR spectrum of PtMoPt (black) is shown in Figure 3.6 and compared to
those of Pt2a (blue) and Mo2 (red).
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*

*
*

*

Figure 3.6: A comparison of the 1H NMR spectra of Pt2a (i), PtMoPt (ii), Mo2 (iii)
recorded in d8-THF. The signals marked with an asterisk represent solvent of
crystallisation and silicon grease.
The 1H NMR spectrum of PtMoPt closely resembles those of the related complexes
Pt2a and Mo2. The acetylinic proton resonance of Mo2 (δ = 3.79 ppm) is absent
from the spectrum of PtMoPt, consistent with the Pt coupling reaction and all
resonances corresponding to the TiPB ligands are negligibly affected by the reaction.
The only significant perturbations that are observed are for the two doublet
resonances that correspond to the phenylene protons. Within PtMoPt these
resonances are both shifted up-field relative to those of Mo2 and down-field relative
to those of Pt2a. The latter is consistent with the observations made for PtMo1 and
MoPtMo. The presence of the {Pt} unit therefore has a shielding effect on these
proton environments.
Analogous to the observations made for PtMo1 and MoPtMo, neither the 31P NMR
resonance (10.4 ppm) nor the 1JP-Pt (2635 Hz) of PtMoPt is significantly different
from those observed for Pt2a. The

195

Pt resonance, appearing at -4564 ppm, is,

however, shifted slightly up-field from that of Pt2a showing a slightly more shielded
metal centre in the heterometallic complex. This is again consistent with the
observations made in the previously discussed mixed metal complexes.
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3.2.5 – Structural Analyses

Mo1 crystallises in the triclinic space group P-1 with one molecule in the
asymmetric unit. The asymmetric unit also contains a mixture of both DCM and
pentane solvent molecules disordered over the same site in a relative occupancy of
30%:70% respectively. One of the p-tolyl moieties exhibits rotational disorder which
was modelled over two positions, with the greater component present at 55%
occupancy. The molecular structure of Mo1 is presented in Figure 3.7 and selected
bond lengths and angles are shown in Table 3.1.

Figure 3.7: Molecular structure of Mo1 with ellipsoids shown at 50% probability
and hydrogen atoms removed for clarity.

The structure of Mo1 contains three formamidinate ligands and a single acetate
ligand coordinated to the {Mo2} core. The Mo-Mo bond length observed in Mo1 is
within the range of parameters that have been reported for related heteroleptic
species within the literature (2.0702(3) – 2.1057(6) Å),126,195,201 which include the panisyl analogue of Mo1. An analysis of the Mo-N bond lengths of Mo1 shows that
there is negligible difference between those trans or cis to the acetate ligand. These
bond lengths also lie within the range of Mo-N bonds lengths reported for the tetraformamidinate complex Mo2(DPTF)4),196 showing that the acetate ligand has no
influence over these parameters. The Mo-O bond lengths of Mo1 are also within the
range of values observed for both the p-anisyl analogue and Mo2(O2CCH3)4.202 The
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cis-N-Mo-O angles of Mo1 are each sub-90o and are significantly smaller the cis-NMo-N angles, reflecting the steric repulsion between the relatively bulky
formamidinate ligands. The fact that the trans-N-Mo-N angles are smaller than the
cis-N-Mo-O can be justified by the same steric effects. Similar steric effects have
been reported within a large number of {Mo2} complexes that contain three
formamidinate and one carboxylate ligand.
Table 3.1: Selected bond lengths (Å) and bond angles (o) observed within the
molecular structure of Mo1.
Bond angles (o)

Bond lengths (Å)
Mo-Mo

2.0823(3)

trans-N-Mo-N

Mo-Na

2.145(2), 2.112(2)

cis-N-Mo-N

171.18(8), 173.02(9)
92.25(9), 94.09(9),
90.87(9), 93.30(9)

Mo-Nb

2.113(2), 2.145(2),
2.156(2), 2.153(2)

trans-N-Mo-O

175.82(8), 174.42(8)
86.50(8), 86.74(8),

Mo-O

2.146(2), 2.145(2)

cis-N-Mo-O
88.30(8), 87.01(8)

a

trans to acetate, b cis to acetate.

Mo2 crystallises in the orthorhombic space group Pbca with half a molecule in the
asymmetric unit. The second half of the molecule is generated through an inversion
centre located at the centre of the Mo-Mo bond. The asymmetric unit also contains
three molecules of THF. One solvent molecule is loosely coordinated to the axial site
of the Mo-Mo bond (Mo-O(THF) = 2.614(3) Å) and is present at 100% occupancy.
The other two solvent molecules occupy void space and exhibit lower occupancies of
15% and 30%, respectively. The latter is disordered and was modelled over two
positions with the greatest component present at 20% occupancy. The molecular
structure of Mo2 is shown in Figure 3.8-i accompanied by diagrams showing
sections of the crystal lattice viewed down the b- and a-axes respectively. Selected
bond lengths and angles are presented in Table 3.2.
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i)

ii)

iii)

Figure 3.8: i) Molecular structure of Mo2 shown with ellipsoids at 30% probability
and hydrogen atoms and solvent of crystallisation removed for clarity. ii) Section of
the crystal lattice of Mo2 viewed along the b-axis with solvent molecules removed.
iii) Section of the crystal lattice of Mo2 viewed down the a-axis, showing calculated
void space in the absence of solvent, using a contact surface calculation with a 1.2 Å
probe radius and 0.1 Å grid spacing.

Although the molecular structure of Mo3 was also determined within this study, the
data has since been reported by Chisholm et al.108 and, as such, the structure is not
presented here. The data recorded within this study (shown in Table 3.2) is in full
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agreement with that presented by Chisholm; however, the asymmetric unit of Mo3
contains one molecule of uncoordinated THF in addition to the axially coordinated
solvent, which was not mentioned within the literature.

Both Mo2 and Mo3 exhibit the desired trans-geometry of the ethynyl-carboxylate
ligands and in both complexes the aromatic spacers of these ligands are vey close to
co-planar with their attendant carboxylate groups, providing near optimum π-orbital
alignment along the length of the entire complexes. The aryl groups of the TiPB
ligands are essentially perpendicular to their attendant carboxylate moieties, with the
o-iPr groups projecting above and below the plane of the ethynyl-carboxylate ligands.
The core structures of the two systems are almost identical to each other within the
error of the measurements, and there is negligible difference between the Mo-O bond
lengths exhibited by the different carboxylate ligand systems. The Mo-Mo and
Mo-O bond lengths are typical for molybdenum tetracarboxylate species.107,111,189,191
Table 3.2: Selected bond lengths (Å) bond angles (o) and planar torsion angles (o)
observed in the molecular structures of Mo2 and Mo3.

Mo2

Mo3

Mo-Mo

2.100(1)

2.1080(7)

Mo-Oa

2.093(3), 2.105(3)

2.105(5) – 2.118(5)

Mo-Ob

2.099(3), 2.106(3)

2.112(5) – 2.123(5)

Mo-O(THF)

2.614(3)

2.568(6), 2.581(6)

C≡C

1.177(7)

1.17(1), 1.18(1)

cis-O-Mo-O

89.5(1) - 90.4(1)

88.4(2) - 91.3(2)

trans-O-Mo-O (TiPB)

176.6(1)

176.8(2), 176.6(2)

trans-O-Mo-O (Ethynyl-carboxylate)

176.4(1)

176.1(2), 176.8(2)

[L]{CO2}c

4.5

4.1, 5.4

a

ethynyl-carboxylate, b TiPB, c [L] = -C6H4- or -C4H2S- (torsion defined between the
plane defined through [L] and one defined through the adjacent CO2 fragment).
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An analysis of the crystal lattice of Mo2 revealed that that the uncoordinated
molecules of THF reside in large channels that extend along the length of the b-axis.
These channels are shown in the absence of solvent in Figures 3.8-ii and 3.8-iii. The
channels facilitate desolvation of the crystals at room temperature resulting in rapid
loss of crystallinity. No such channels are observed within the lattice of Mo3 and, as
a result, the crystals are significantly less susceptible to loss of structure. In addition
to this, the axial Mo-O(THF) contacts observed within Mo2 are significantly longer
than those of Mo3, which may also aid desolvation in the former.

PtMo1 crystallises in the triclinic space group P-1 with one molecule in the
asymmetric unit. One of the PEt3 ligands is disordered over two positions by rotation
about the Pt-P bond, with the larger component present at 58% occupancy. The
second phosphine ligand is disordered over two positions by both rotation and a
slight translation out of the Pt square plane with the larger component present at 71%
occupancy. The asymmetric unit also contains three molecules of toluene and a
molecule of hexane. One molecule of toluene and the hexane molecule are present in
100% occupancy but are both disordered over inversion centres. The remaining
toluene molecules are present with 52% and 48% occupancies and are both
disordered by rotation. This disorder has precluded the location of the methyl
carbons for these solvent molecules. PtMo2 crystallises in the monoclinic space
group C2/c with one molecule of PtMo2 and two molecules of toluene in the
asymmetric unit. One toluene molecule is disordered over two postions by rotation
with each component exhibiting an occupancy of 40%. The second toluene molecule
is present at 80% occupancy.

The molecular structures of both PtMo1 and PtMo2 are shown in Figure 3.9-i &
3.9-ii and selected bond lengths and angles are presented in Table 3.3.
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i)

ii)

Figure 3.9: The molecular structures of PtMo1 (i) and PtMo2 (ii) shown with
ellipsoids at 30% probability. In both structures the hydrogen atoms and solvent of
crystallisation have been removed for clarity. All but the i-carbons of the p-tolyl
substituents have also been omitted.

The data presented in Table 3.3 shows that the geometries of the two heterometallic
complexes are very similar. The bond lengths surrounding both the {Mo2} and Pt
centres of each complex are the same within error for both species. The same is true
for the C≡C and Mo-Mo bond lengths, which do not differ from the analogous
measurements recorded for the parent complexes. The geometry around the Pt centre
of both complexes is square planar with only slight deviations from the idealised 90o
and 180o bond angles. The geometry around the {Mo2} core of each complex is also
very similar in which steric repulsion between the formamidinate ligands results in a
slight distortion of the cis-N-Mo-N and cis-N-Mo-O bond angles, consistent with our
observations for Mo1. However, within the structure of PtMo1 only one set of cisN-Mo-O bond angles is affected by the steric interactions, unlike both Mo1 and
PtMo2, in which each of the cis-N-Mo-O angles are contracted. The Mo2···Pt
distances observed in both structures, are longer than has been reported for any
intramolecular {Mo2}···heterometal distance within the literature. The longest
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previous to this is the {Mo2}···Rh distance reported by Cotton et al. in a
Rh2(O2CCH3)4-bridged {Mo2}-isonicotinate dimer (ca. 9.23 Å).117.
Table 3.3: Selected bond lengths (Å), bond angles (o) and planar torsion angles (o)
within the molecular structures of PtMo1 and PtMo2.

PtMo1

PtMo2

Pt-C(Ph)

2.061(5)

2.060(6)

Pt-C(C≡C)

2.017(5)

1.998(7)

Pt-P

2.278(2), (2.222(1) and 2.300(4))f

2.273(2), 2.284(2)

C≡C

1.199(7)

1.22(1)

C-Pt-C

179.1(2)

177.2(3)

P-Pt-P

(169.1(4) and 173.8(2))f

179.27(8)

P-Pt-C(Ph)

90.1(1), (89.4(2) and 90.9(3))f

90.1(2), 90.6(2)

P-Pt-C(C≡C)

88.9(2), (90.1(4) and 91.5(2))f

86.6(2), 92.7(2)

Mo-Mo

2.0861(6)

2.0842(7)

Mo-O

2.131(3), 2.135(3)

2.131(4), 2.136(4)

Mo-Na

2.119(4), 2.132(4)

2.121(5), 2.130(5)

2.137(4), 2.142(4),

2.138(5), 2.140(5),

2.150(4), 2.164(3)

2.145(5), 2.147(5)

171.1(2), 174.1(1)

171.1(2), 172.6(2)

88.9(1), 91.0(2),

89.6(2), 91.4(2),

94.7(1), 94.8(2)

94.9(2), 95.4(2)

172.8(1), 173.3(1)

174.3(2), 175.4(2)

83.1(1), 85.2(1),

86.3(2), 86.9(2),

90.7(1), 90.7(1)

87.1(2), 87.5(2)

{O2C}{spacer}c

ca. 2.3

ca. 8.0

{Pt}{spacer}d

ca. 53.3

ca. 77.0

Pt···Mo2e

ca. 11.7

ca. 11.0

Mo-Nb
trans-N-Mo-N
cis-N-Mo-N
trans-N-Mo-O
cis-N-Mo-O

a

trans to carboxylate, b cis to carboxylate, c torsion angle between the planes of the

{CO2} and {spacer} moieties, d torsion angle between Pt square plane and the plane
of the spacer, e through space separatiom between Pt and {Mo2} centroid, f bond
lengths and angles for both positions of the disordered PEt3 provided.
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Within both PtMo1 and PtMo2 the phenylene and thienyl spacer units are close to
coplanar with their attendant carboxylate groups, maximising the π orbital overlap
within these species. In contrast, the Pt square plane of both of the heterometallic
complexes exhibit large torsion angles relative to the respective phenylene and
thienyl spacer units, suggesting that there is no energetic bias towards coplanarity of
these fragments. The torsion angles are also significantly larger than observed for the
parent Pt complexes (ca. 17.8o (Pt2a) and ca. 21.1o (Pt5a)). However, electronic
delocalisation throughout these systems can still be considered on account of the
proposed ‘cylindrical nature’ of the acetylinic π-orbitals.56,59,203

MoPtMo crystallises in the triclinic space group P-1 with half a molecule in the
asymmetric unit. The Pt lies on a special position and the second half of the molecule
is generated by inversion through this point. The asymmetric unit of MoPtMo also
contains three molecules of toluene, each present at 100% occupancy. Two of these
solvent molecules are disordered by rotation with the major components present at
50% and 56% respectively. Two of the p-tolyl rings are also disordered by rotation
and were modelled over two positions with the larger component of each present at
76% occupancy. It is also noteworthy that a significant amount of thermal motion is
observed in the ethyl substitutents of the phosphine ligands that could not rationally
be modelled as disorder. The molecular structure of MoPtMo is shown in Figure
3.10-i and selected distances and angles are displayed in Table 3.4.

The structure of MoPtMo exhibits a linear conformation in which {Mo2} termini are
bridged by the Pt-containing ligand system. Consistent with observations made for
most of the crystal structures of the Pt bis-ethynyl-ester complexes (discussed in
Chapter 2), the ‘rigid-rod’ type structure promotes a 1D packing motif in which all
molecules are oriented along a single vector (Figure 3.10-ii).
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i)

ii)

Figure 3.10: Molecular structure of MoPtMo (i) shown with 30% thermal ellipsoids
and crystal packing diagram viewed down the b-axis. Hydrogen atoms, p-tolyl
groups and solvent of crystallisation have been omitted from diagram i and hydrogen
atoms and solvent of crystallisation are omitted from diagram ii.

The geometry around the Pt centre is square-planar with only slight deviations from
90o in the P-Pt-C angles whilst the 180o C-Pt-C and P-Pt-P angles are defined by
symmetry. All bond lengths and angles surrounding the Pt, in addition to the C≡C
bond length, are the same within error to those of Pt2b. The geometry about the Mo2
core is very similar to that of the parent complex, Mo1, in which the cis-N-Mo-O
angles are each lower than 90o due to steric interactions between the formamidinate
ligands. The Mo-Mo bond length is the same as that observed in PtMo1 within error,
and negligibly larger than that of the parent complex Mo1. The distance between the
{Mo2} termini, measured using centroids at the centre of the Mo-Mo bonds, is 23.3
Å, representing the largest separation that has been reported within conjugated {Mo2}
oligomers. Previous to this the largest {Mo2}···{Mo2} distances had been observed
for {Rh(O2CCH3)4}-bridged {Mo2} isonicotinate complexes, for which the distances
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were 20.8 and 20.9 Å respectively.111,117 These systems are distinctly different from
our own complex, however, as they are assembled through Lewis basic interactions.
Table 3.4: Selected bond lengths (Å), angles (o) and planar torsion angles (o)
observed in the molecular structure of MoPtMo.

Angles (o)

Distances (Å)
Pt-C

2.015(7)

C-Pt-C

180

Pt-P

2.286(2)

P-Pt-P

180

C≡C

1.182(9)

P-Pt-C

88.3(2), 91.7(2)

Mo-Mo

2.0872(8)

cis-N-Mo-Nc

Mo-O

2.141(4), 2.120(4)

trans-N-Mo-Nd

Mo-Na

2.135(7)-2.419(6)

cis-N-Mo-Oc

Mo-Nb

2.133(5), 2.134(6)

trans-N-Mo-Od

{Mo2}···{Mo2}

ca. 23.3

{O2C}{C6H4}c

ca. 6.7

{Pt}{C6H4}c

ca. 23.5

a

90.5(2), 91.6(2),
93.4(2), 93.5(2)
173.4(2),
172.2(2)
86.8(2), 87.4(2),
87.6(2), 88.3(2)
175.6(2),
174.5(2)

cis to carboxylate, b trans to carboxylate, c torsion angle between planes defined

though both fragments, d torsion angle between Pt square plane and the plane of the
phenylene ring.

Consistent with the observations made for PtMo1, the phenylene ring is close to
coplanar with the attendant carboxylate fragment. The angle between the planes
defined through the Pt square plane and the phenylene ring is significantly smaller
than was observed for PtMo1 but is slightly larger than that observed for Pt2b (ca.
13.1o). The π-orbital alignment within the solid state structure of MoPtMo is
therefore greater than was observed within the smaller oligomeric system PtMo1.
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PtMoPt crystallises in the monoclinic space group P21/c with half a molecule in the
asymmetric unit. The second half molecule is generated by an inversion centre
though the centre point of the Mo-Mo bond. The asymmetric unit also contains a
single molecule of THF, which is coordinated to the axial position of the Mo-Mo
bond (Mo-OTHF = 2.593(5) Å). The molecular structure of PtMoPt is shown in
Figure 3.11-i.

i)

ii)

Figure 3.11: i) Molecular structure of PtMoPt shown with 30% thermal ellipsoids
and a packing diagram viewed down the b-axis. Hydrogen atoms and THF molecules
have been removed for clarity. ii) a section of the crystal lattice of PtMoPt viewed
along the b-axis.
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The molecular structure of MoPtMo exhibits a trans-geometry of the Pt-containing
carboxylate ligands about the Mo-Mo bond, in which the through-space separation of
the two Pt cores is ca. 23.3 Å, the same as the separation between {Mo2} units
within MoPtMo. Consistent with the observations made within the structure of the
parent complex, Mo1, the aryl groups of the TiPB ligands are close to perpendicular
to their attendant carboxylate units. Similar to the molecular packing of MoPtMo,
the molecules of PtMoPt are arranged in linear arrays within the crystal lattice,
which is likely to be promoted by the long rod-like shape of the molecules. This
packing is illustrated by the packing diagram presented in Figure 3.11-ii, viewed
along the b-axis. Selected bond lengths and angles are shown in Table 3.5 with other
relevant distances and angles.
Table 3.5: Selected bond lengths (Å), bond angles (o) and planar torsion angles (o)
within the molecular structure of PtMoPt.

Angles (o)

Distances (Å)

90.0(1), 89.3(1),
Mo-Mo

2.103(9)

cis-O-Mo-O
89.8(1), 90.7(1)

Mo-Oa

2.096(3), 2.105(3)

trans-O-Mo-Oa

176.3(1)

Mo-Ob

2.107(4), 2.110(4)

trans-O-Mo-O b

176.3(1)

Pt-C(C≡C)

2.001(6)

P-Pt-C(C≡C)

93.7(2), 86.3(2)

Pt-C(Ph)

2.058(5)

P-Pt-C(Ph)

91.4(2), 88.2(2)

P-Pt-P

172.83(7)

2.284(2),
Pt-P
2.281(2)
C≡C

1.223(8)

C-Pt-C

176.2(2)

{Mo2}···Ptc

ca. 11.7

{O2C}{C6H4}d

ca. 6.8

{Pt}···{Pt}

ca. 23.3

{Pt}{C6H4}e

ca. 26.9

a

ethynyl carboxylate, b TiPB, c using Mo2 centroid, d torsion angle between planes

defined through the two fragments, g angle between planes defined though phenylene
ring and Pt square plane.
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The bond lengths and angles of PtMoPt, about the {Mo2} core, are comparable,
within error, to those observed for the parent complex Mo2, showing that there is no
influence from the introduced {Pt} units. There is also no difference in the length of
the Mo-Mo bond. The geometries exhibited at the Pt centres are both square planar
and the associated bond lengths and angles do not differ greatly to those observed for
Pt2a, with the exception of a greater P-Pt-P angle within Pt2a (177.66(3)o). There is
also negligible difference between the lengths of the C≡C bonds of PtMoPt to those
observed within Mo2, reflecting no influence from the coordinated Pt centre. Similar
to both PtMo1 and MoPtMo, the phenylene rings within the bridging ligands are
close to coplanar with their attendant carboxylate groups, facilitating efficient πorbital alignment with the Mo2δ orbitals. The torsion angles between the phenylene
rings and the Pt square plane are also relatively small and similar in magnitude to the
analogous parameter within MoPtMo.

3.2.6 – Electronic Absorption Spectroscopy

To investigate the solution-state optical properties of the novel heterometallic
complexes, each product was analysed using electronic absorption spectroscopy and
the data were compared to that recorded for the related {Pt} and {Mo2} species. All
experiments were performed at room temperature under an inert atmosphere using
THF as the solvent. The data for all complexes are summarised in Table 3.6, at the
end of this section.

The normalised absorption spectrum of PtMo1 and those recorded for the related
species, Pt2a and Mo1 are presented in Figure 3.12.
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PtMo1

Pt2a

Mo1

Figure 3.12: Normalised electronic absorption spectra of PtMo1, Pt2a and Mo1,
recorded at room temperature in THF.

The absorption spectrum of PtMo1 exhibits a broad absorption band at 421 nm,
which can be attributed to the Mo2δbridge-π* electronic transition. A similar
absorption band is not observed for Mo1 on account of the poor electron
withdrawing nature of the acetate ligand. PtMo1 also exhibits a second, higher
energy, absorption band at 301 nm with a shoulder at ca. 317 nm. This absorption
band is close in energy to the principal absorption bands of both Mo1 and PtMo1
but the intensity is more similar to that of the former (see Table 3.6). Theoretical
studies performed by Cotton et al. on the complex Mo2(DPTF)4 suggest that the
intense absorption bands within {Mo2} formamidinate complexes arise from
NMo2π* electronic transitions.196 This provides a possible assignment for the
intense absorption band exhibited by PtMo1. However, there is also likely to be a
contribution form the bridging ligand ππ* electronic transition, which is exhibited
by Pt2a.The corresponding absorption band would be significantly lower in intensity
than that of the NMo2π* process and would therefore obscured by the more
intense absorption band. For this reason we are unable to assess the perturbation in
energy of the ππ* transition process upon coordination to the {Mo2} centre.
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The spectrum of Mo1 is very similar to that reported for Mo2(DPTF)4.196 In addition
to the intense absorption band, described above, Mo1 also exhibits two low intensity
shoulders at ca. 436 nm and 375 nm. The former can be attributed to the
Mo2δMo2δ* electronic transition, and appears at almost the same energy as the
analogous transition within the p-anisyl analogue of Mo1. The calculations
performed by Cotton et al. suggest that the second shoulder originates from
NMo2δ* electronic transitions,196 which could also potentially be the case for Mo1.
However, the Mo2δDPTF π* orbital has also been shown to occur at a similar
energy so cannot be ruled out. The energy of the shoulder is too low to be considered
for a Mo2δacetate π* transition which Gray et al. calculated would appear at ca.
300 nm,204 which would be obscured by the NMo2π* absorption band.

The electronic absorption spectrum of MoPtMo is presented in Figure 3.13
alongside the spectra recorded for Pt2b and Mo1.

MoPtMo

Pt2b

Mo1

Figure 3.13: Normalised electronic absorption spectra of MoPtMo, Pt2b and Mo1
recorded at room temperature in THF.

The electronic absorption spectrum of MoPtMo is very similar in appearance to that
of PtMo1, exhibiting a broad absorption band at 438 nm and a more intense band at
300 nm. The latter exhibits a slight shoulder at ca. 325 nm, which is poorly resolved.
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The low energy absorption band, attributed to the Mo2δbridge-π* electronic
transition, is observed at slightly lower energy to that of PtMo1, which is likely to
reflect slightly lower energy bridge-π* orbitals within MoPtMo. This is consistent
with the lower energy of the ππ* electronic transition of Pt2b, relative to that of
Pt2a. The absorption band observed at 300 nm can again be attributed to NMo2π*
electronic transitions. The absorption coefficient observed for this process in
MoPtMo is approximately double that of PtMo1 (see Table 3.6) which correlates
with the presence of double the amount of {Mo2DPTF3} units within the former. The
absorption coefficient for the MLCT band of MoPtMo is also significantly larger
than that of PtMo1.

The electronic absorption spectrum of PtMoPt is shown in Figure 3.14 with the
corresponding spectra of Pt2a and Mo2 to aide comparison between the species.

PtMoPt

Pt2a

Mo2

Figure 3.14: Normalised electronic absorption spectra of PtMoPt and the parent
complexes Pt2a and Mo2 all recorded at room temperature in THF.

The electronic absorption spectrum of PtMoPt exhibits a broad absorption band at
457 nm (Mo2δbridge-π*) and a second, more intense, absorption band at 329 nm
with a shoulder at 304 nm. The MLCT band is the lowest energy that has been
observed throughout the series of mixed-metal complexes. The high energy
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absorption bands are almost identical to those observed for Pt2a, suggesting that
they originate from bridge ππ* electronic transitions. The absorption coefficient of
this process is significantly greater for PtMoPt, which is likely to be due to the
presence of two bridging ligands and the mixing between Mo2δ and bridge-π-orbitals.
Interestingly the energy of this ππ* transition does not appear to be affected by the
presence of the {Mo2} unit.
A comparison between the spectra recorded for PtMoPt and Mo2 reveals a blueshift of the absorption band corresponding to the Mo2δbridge-π* electronic
transition upon coordination of the two {Pt} units. Correlated with electrochemical
data recorded for these species (vide infra), this can be related to an increase in the
energy of the bridge-π* in the heterometallic species. Chisholm et al. also noted a
red-shift in the analogous absorption band of Mo3 following the coordination of
{AuPPh3} at the termini.108 It is likely that these observations related to destabilising
orbital mixing between the metal d-orbitals and the π*-orbitals of the bridging
ligands. The absorption spectrum of Mo2 does not exhibit the intense band observed
for PtMoPt at 329 nm, suggesting that the ethynyl-carboxylate ππ* transition
occurs at higher energy within Mo2, which is consistent with the observations made
by Chisholm et al. for Mo3.108

In addition to the broad MLCT band observed in the absorption spectrum of Mo2, a
weaker band is also observed at 336 nm. Similar absorption bands have been
observed at approximately the same energy for a range of {Mo2TiPB2}-bridged
complexes within the literature,108-110,191 and are attributed to Mo2δTiPB-π*
electronic transitions. This absorption band appears at lower energy than the
previously described MLCT band due to the lesser degree of conjugation within the
TiPB ligands relative to the ethynyl-carboxylate ligands.

In order to illustrate our ability to tune the optical properties of these systems, the
electronic absorption spectra of Mo2 and Mo3 are presented in Figure 3.15 and are
compared to the absorption spectrum of Mo2(TiPB)4. It should be noted that the data
presented for Mo3 is in direct agreement with that published by Chisholm et al..108
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Mo2

Mo3

Mo2(TiPB)4

Figure 3.15: Electronic absorption spectra of Mo2, Mo3 and Mo2(TiPB)4 recorded at
room temperature in THF. {Mo2} represents Mo2(TiPB)2.

Consistent with the discussion above, both Mo2 and Mo3 exhibit low intensity
absorption bands at almost identical energies (ca. 330 nm), corresponding to the
Mo2δTiPB-π* electronic transition. However, the absorption band corresponding
to the Mo2δbridge-π* electronic transition is red-shifted upon changing form a
phenylene to a thienyl spacer unit due to the difference in electron withdrawing
ability of the two ligand systems. In a study by Chisholm et al. it was suggested that
the relatively low energy MLCT processes observed within thienyl bridged {Mo2}
dimers could be ascribed to efficient conjugation in the low lying ligand-π* orbital
due to the resonance form shown in Figure 3.16.122 A similar explanation can be
used to support our experimental observations, although the diffuse nature of the
conjugated sulphur p-orbital is also likely to aid conjugation within the ligand
system.
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Figure 3.16: Resonance form of the 2,5-thiophene-dicarboxylate ligand-π* orbital
responsible for the relatively low energy MLCT band observed for the {Mo2}
dimer.122

Although it was not mentioned within the literature, the energy of the MLCT of Mo3
is significantly red shifted relative to the analogous band that was reported for the
related bis-thienyl-carboxylate analogue (443 nm). This shows that the ethynyl
moieties significantly lower the energy of the ligand π*-orbitals within Mo3.
Finally, the MLCT bands exhibited by Mo2 and Mo3 are both significantly redshifted relative to the absorption band observed for the parent complex, Mo2(TiPB)4,
which correlates to the lesser degree of conjugation within the latter. This is largely
due to the steric demands of the TiPB ligands which hinders the conjugation between
the aryl and carboxylate moieties.189

All of the electronic absorption data discussed within this section is summarised
within Table 3.6.
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Table 3.6: A summary of the electronic absorption data for the mixed metal species
and their parent complexes. All data was collected in THF solution. Extinction
coefficients are given in brackets (dm.mol-1.cm-1).

Complex

λ (nm)

PtMo1

421 (9069), ca. 317 (51174), 301 (58863)

MoPtMo
PtMoPt
Mo1

438 (26276), ca. 325(89514), 300
(120590)
457(24649), 329 (58185), 304 (45581)
ca. 436 (3075), ca. 375 (7342), 300
(59323)

Mo2

479 (15065), 336 (7173)

Mo3

495 (16825), 334 (7828)

Mo2TiPB4

387 (15033)

Pt2a

330 (17894), 298 (6603)

Pt2b

343 (48936), 302 (28272)

3.2.7 – Electrochemical Analyses

To investigate the effect that the Pt centres have on the electronic environment of the
{Mo2} centres within the novel heterometallic complexes, each system was analysed
electrochemically using cyclic voltammetry and compared to the analogous data of
the appropriate {Mo2} precursor. Specifically, this is to investigate the relative
energy of the {Mo2}4+/5+ redox couple, reflecting the energies of the Mo2δ orbitals.

The analysis of each complex was carried out under Ar, using a 1 mM THF solution
of the analyte and 0.1M concentration of [NBu4][PF6] as the electrolyte. The working,
counter and reference electrodes were glassy carbon, gold and platinum respectively
for each of the analyses. Initially a silver wire reference electrode was used but there
were signs that it was reacting with the heterometallic complexes during the analyses
and, as such, a Pt reference was found to be a more reliable option. Each data set was
referenced using the ferrocene (Fc), Fc0/1+, redox couple via the addition of a small
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amount of FeCp2 to the analysed solutions. The redox couple for PtMoPt was not
resolvable from that of FeCp2 and as such a secondary cobaltocenium reference was
used to provide a more accurate value for the half-wave potential (E1/2).

The cyclic voltammograms recorded for PtMo1 (yellow), MoPtMo (cyan) and Mo1
(black), which all contain the {Mo2DPTF3} fragment, are presented in Figure 3.17-i.

i)
ii)

PtMo1

MoPtMo

Mo1

E1/2

-253 mV

-239 mV

-223 mV

ΔEp

147 mV

131 mV

188 mV

Figure 3.17: i) Normalised cyclic voltammogram plots for PtMo1 (yellow),
MoPtMo (cyan) and Mo1 (black) collected in 0.1 M THF solutions of [NBu4][PF6]
and referenced to the Fc0/+ couple, ii) Differential pulse plot for MoPtMo recorded
under the same conditions at a scan rate of 100 mV s-1. (ΔEpFc = 142 mV)

The data presented in Figure 3.17-i shows that each of the complexes exhibits a
single reversible redox process, corresponding to the {Mo2}4+/5+ redox couple, and
exhibit negative E1/2 values relative to the Fc reference. This is common for
formamidinate-stabilised {Mo2} systems.123 The magnitude of the E1/2 for the three
complexes increases in the order Mo1>MoPtMo>PtMo1, although there is little
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difference between the three values. PtMo1 is therefore the easiest to oxidise,
relating to the highest energy Mo2δ orbital, whilst the precursor Mo1 is the hardest to
oxidise, with the lowest energy Mo2δ orbital. It is likely that E1/2 of MoPtMo is not
as high as that of PtMo1 because the destabilising effect of the Pt is shared between
two {Mo2} units within the former.

The cyclic voltammogram of MoPtMo exhibited no signs of broadening relative to
that of PtMo1, which suggested that the former exhibits a single two electron redox
process with both termini oxidising at the same potential. This observation was
supported by a differential pulse analysis Figure 3.17-ii, showing a single peak.
There is therefore no evidence of electronic coupling between the two {Mo2} termini
within MoPtMo, which is likely to be due to the large {Mo2}···{Mo2} separation
(23.3 Å in the solid-state).

The comparisons made from the data in Figure 3.17 show how E1/2 is affected upon
coordination of the Pt ethynyl-carboxylate complexes to Mo1. However, performing
the same analysis on PtMoPt and Mo2 allows the discrete effect of the {Pt}
fragment to be investigated, because Mo2 already contains the conjugated bridging
ligand. The cyclic voltammograms of PtMoPt (green), Mo2 (blue) are shown in
Figure 3.18 to facilitate this investigation. The electrochemical data for Mo3, which
was not discussed within the literature, is also presented in the diagram.

Once again, each of the complexes exhibits a single reversible redox wave,
corresponding to the {Mo2}4+/5+ redox couple, each of which appear at positive
potential relative to the Fc reference. The carboxylate complexes therefore exhibit
lower energy Mo2δ orbitals than the previously studied formamidate species, which
is consistent with data reported in the literature.98 Interestingly, the data shows that
E1/2 of PtMoPt is significantly anodically shifted from that of the precursor, Mo2.
The {Pt} unit, therefore, has a significant destabilising effect on the Mo2δ orbital.
This shows that, within the heterometallic complex, the ligand system is significantly
less electron withdrawing than the ethynyl-carboxylate ligands of Mo2 and therefore
less able to stabilise the electron density in the Mo2δ orbital. It is likely that this is
due to mixing between the filled Pt d-orbital and the ligand π-orbitals, resulting in a
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more electron rich ligand system. This theory also helps to explain why the MLCT
band of PtMoPt is blue-shifted relative to that of Mo2.

PtMoPt

Mo2

Mo3

E1/2

-48 mV

110 mV

154 mV

ΔEp

109 mV

164 mV

176 mV

Figure 3.18: Normalised cyclic voltammogram plots for PtMoPt (green), Mo2
(blue) and Mo3 (red), recorded in 0.1 M THF solutions of [NBu4][PF6] and
referenced to the Fc0/1+ couple. Each recorded at a scan rate of 100 mV s-1. (ΔEpFc =
150 mV)

The data in Figure 3.18 also show that the thienyl-containing complex, Mo3,
exhibits a more positive E1/2 than the phenylene analogue, relating to a more
stabilised Mo2δ orbital. This can be correlated with the more electron-withdrawing
nature of the thienyl spacer unit and illustrates how the electronic properties of these
systems can be tuned.

In addition to the reversible oxidation waves, presented in Figures 3.17 and 3.18, the
heterometallic complexes each exhibit a second irreversible process at more positive
oxidation potential. An example of this process is shown in Figure 3.19 for PtMoPt,
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for which three consecutive scans are shown. The data shows that, following the
initial scan of the high potential region, the intensity of the reversible oxidation wave
drops considerably, and subsequent scans show that the intensity of the irreversible
process also drops. The intensity of the signals does not recover unless the surface of
the working electrode is polished using alumina. Solely rinsing the surface of the
electrode has no effect. This shows that a layer of material is being coated onto the
electrode during the analysis, although the identity of the substance is currently
unknown. Irreversible processes were also observed for the Pt-free complexes Mo1,
Mo2 and Mo3, however, high potential scans for these complexes did not result in a
change in the intensity of the Mo24+/5+ oxidation waves, suggesting the {Pt} units are
responsible for the unusual behaviour that was observed.

Figure 3.19: Cyclic voltammogram plot showing an irreversible process occurring at
high potential for PtMoPt.
3.2.8 – Theoretical Studies

In order to gain a greater understanding of the electronic structures of the novel
heterometallic complexes, PtMo1 and PtMoPt were investigated using theoretical
studies. Analogous studies have also been extended to the {Mo2} complexes, Mo2
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and Mo3, to investigate how the identity of the conjugated spacer affects the
electronic structures of these species. Calculations performed on Mo2 also allow
comparisons to be drawn with the related heterometallic system (PtMoPt), to assess
how the presence of the {Pt} units affects the properties of the frontier molecular
orbitals.

All electronic structure studies were preceded by geometry optimisation calculations,
using the experimentally determined atomic coordinates (from single crystal
diffraction experiments) as a starting point. All calculations reported within this
section utilised the B3LYP functional174-175 with the 6-31G* basis set176 for all non
metal atoms and the SDD energy-consistent pseudopotential basis set for Mo and
Pt.20 Where relevant the calculations were simplified by replacing PEt3 ligands with
PH3 and replacing both TiPB and DPTF ligands with formates ({O2CH}). The
simplified molecules will be referred to using ‘*’ as a suffix. Although identical
conditions were used in an attempt to model MoPtMo, attempts to optimise the
geometry did not converge and as such a reliable electronic structure is yet to be
calculated.

The geometry optimisation of the structures of Mo2*and Mo3* resulted in retention
of the coplanar conformation of the ethynyl-carboxylate ligand systems that was
observed in the experimentally determined structures. This provides optimum πorbital overlap along the length of the two complexes. Using these optimised
geometries, the frontier orbitals of both molecules were calculated and those of
Mo2* are presented in Figure 3.20. The orbitals calculated for Mo3* are identical in
structure to those shown for Mo2* and have previously been reported by Chisholm
et al. Our results are entirely consistent with those presented within the literature.108
Figure 3.20 also displays calculated molecular orbital diagrams for Mo2* and Mo3*,
allowing the energies of the frontier orbitals to be compared.
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Figure 3.20: Calculated frontier molecular orbitals of Mo2* and molecular orbital
diagram showing the relative energies of the frontier molecular orbitals of Mo2* and
Mo3*.
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The HOMO for both Mo2* and Mo3* is the Mo2δ orbital, which exhibits significant
mixing with the filled ligand π-orbitals. The HOMO-1 and HOMO-2 are the in-phase
and out-of-phase ethynyl-carboxylate π*-orbitals respectively, which are separated in
energy on account of significant mixing with the Mo2δ orbital in the latter. Below
these in energy lie the Mo2π- and Mo2σ-orbitals. The LUMO for both complexes is
the in-phase combination of the ethynyl-carboxylate π*-orbitals which lie just lower
in energy than the Mo2δ* orbital (LUMO-1). The out-of-phase ethynyl-carboxylate
π*-orbitals, LUMO-2, are raised in energy due to mixing with the filled Mo2δ
orbitals.

The molecular orbital-diagrams presented in Figure 3.20 show that the ethynylcarboxylate π-orbitals of Mo3* are higher in energy than those of Mo2*. Conversely
the π*-orbitals of Mo3* are energetically stabilised. This results in a smaller
Mo2δligand-π* (HOMO-LUMO) energy gap for Mo3* and is consistent with the
significant red-shift that was observed for the MLCT absorption band of Mo3
relative to that of Mo2. Whilst the theoretical calculations support the experimental
electronic absorption data that was recorded for Mo2 and Mo3, the calculated
energies of the Mo2δ orbitals do not agree with the electrochemical analyses, in
which the Mo2δ of Mo3 was shown to be the most stable. It is possible that this
irregularity arises due to the simplifications required to run the calculation, which
was performed on static molecules within the gas-state. These simplifications do not
take into account the dynamic nature of molecules in solution and both
intermolecular and solvent interactions are not taken in consideration.

The geometry optimisation calculations for both PtMo1* and PtMoPt* resulted in
retention of the coplanar geometries of the ethynyl-carboxylate ligand systems.
However, the significant torsion angles between the Pt square planes and the
phenylene rings remained following the optimisation. This provides further evidence
that there is no significant energetic bias towards coplanarity of the two moieties.
The frontier molecular orbitals calculated for PtMo1 are displayed in Figure 3.21.
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LUMO +1

LUMO

HOMO

HOMO-1

HOMO-2

Figure 3.21: Calculated frontier molecular orbitals for
PtMo1*.

The HOMO of PtMo1* is dominated by the Mo2δ orbital with a smaller contribution
from the ethynyl-carboxylate π-orbitals and those of the formate supporting ligands.
The HOMO-1 is the filled π-orbital orbital of the bridging ligand and exhibits
electronic delocalisation along the length of the molecule with significant
contributions from the Pt (15%) and {Mo2} (12%) orbitals. This suggests a degree of
electronic communication between the two metal termini. The HOMO-2 is largely
localised around the {Pt-CC} fragment, involving the acetylenic π-orbitals
perpendicular to those of the phenylene spacer. The orbital is similar in structure to
the HOMO-1 that was calculated for Pt2a (discussed in Chapter 2). The lowest
lying unoccupied orbital of PtMo1 is the Mo2δ* orbital and the LUMO+1 is almost
entirely localised on the bridge π*-orbitals with negligible mixing with the orbitals
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of the Pt or {Mo2}. The LUMO+2 and LUMO+3 (not shown) are both {Pt}-localised
orbitals. The compositions of the above frontier orbitals, regarding the contributions
from the Pt, {Mo2} and bridging ligand orbitals, are summarised in Table 3.7.

Table 3.7: Calculated {Pt}, {Mo2} and {bridging ligand} contributions to the
frontier molecular orbitals of PtMo1*. (%)

2{Pt}

{Mo2}

2{4-ethynylbenzoate}

LUMO+1

5

3

75

LUMO

0

86

4

HOMO

1

70

15

HOMO-1

15

12

63

HOMO-2

36

1

55

TD-DFT calculations performed on PtMo1* support the assignment of the low
energy MLCT, observed within the electronic absorption spectrum of PtMo1, arising
from HOMOLUMO electronic transitions. The calculations also suggest that the
higher energy absorption band of PtMo1, observed at ca. 300 nm, is contributed to
by the ethynyl-carboxylate ππ* transition (HOMO-1LUMO+1). This could not
be assigned experimentally due to overlap with the intense NMo2δ absorption
band.

The calculated frontier orbitals for PtMoPt* are shown in Figure 3.22.
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LUMO+2

LUMO+1

LUMO

HOMO

HOMO-1

HOMO-2

HOMO-3

HOMO-4

Figure 3.22: Frontier molecular orbitals calculated for PtMoPt*.

Consistent with the previously described complexes, the HOMO of PtMoPt* is the
Mo2δ orbital, which mixes with the ethynyl-ester π-orbitals, and below this in energy
lie the in-phase (HOMO-1) and out-of-phase (HOMO-2) combinations of the filled
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Pt ethynyl-carboxylate π-orbitals. The latter exhibits mixing with both the Mo2δ
(13%) and Pt (20%) orbitals, facilitating electronic delocalisation throughout the
molecule within the groundstate. The HOMO-3 and HOMO-4 are both
predominantly localised on the {Ph-Pt-C≡C} fragments, involving π-orbitals
perpendicular to those of the phenylene rings, analogous to the HOMO-2 of PtMo1*.
The LUMO of PtMoPt* is composed of the in-phase combination of the ethynylcarboxylate π*-orbital with the Mo2δ* orbital (LUMO+1) observed at slightly higher
energy. The out-of-phase combination of the ligand-π* orbitals (LUMO+2) is raised
in energy due to a small amount of mixing with the filled Mo2δ and Pt d-orbitals.

The data presented in Table 3.8 summarises the compositions of the frontier orbitals
of PtMoPt* with respect to the Pt, {Mo2} and ethynyl-carboxylate subunits,
illustrating the degree of metal contributions to these orbitals.

Table 3.8: Calculated {Pt}, {Mo2} and {bridging ligand} contributions to the
frontier molecular orbitals of PtMoPt*.(%)

2{Pt}

{Mo2}

2{4-ethynylbenzoate}

LUMO+2

11

3

46

LUMO+1

0

86

8

LUMO

8

0

65

HOMO

2

68

22

HOMO-1

21

0

75

HOMO-2

20

13

63

Analogous to the studies for PtMo1*, TD-DFT calculations performed on PtMoPt*
support the assignment of the low energy electronic absorption band of PtMoPt as a
Mo2δethynyl-ester π* MLCT process whilst the higher energy absorption band is
predicted to be predominantly ethynyl-carboxylate π-π* in character.
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In order to assess how the {Pt} units within PtMoPt perturb the electronic structure
of the molecule, relative to the parent complex Mo2*, the relative energies of the of
the frontier orbitals of both systems are compared within Figure 3.23.
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Figure 3.23: Molecular orbital diagram comparing the frontier orbital energies of
Mo2* (left) and PtMoPt* (right).
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The molecular orbital diagrams show that upon replacing the acetylinic protons of
Mo2* with {Pt} units, the energy of the ethynyl-carboxylate π- and π*-orbitals are
significantly increased. This is likely to be due to the mixing with the filled Pt dorbitals, which is observed in the frontier orbital plots within Figure 3.22. Both the
Mo2δ and Mo2δ* orbitals of PtMoPt* are also higher in energy than the analogous
orbitals of Mo2*. This is consistent with the experimental electrochemical
measurements for Mo2 and PtMoPt, in which E1/2 was significantly more negative
for the heterometallic complex. The HOMO-LUMO energy gaps of the two
complexes are calculated to be very similar, however, the electronic absorption data
for Mo2 and PtMoPt exhibited a red-shift in the MLCT of the latter, suggesting a
smaller HOMO-LUMO separation in this complex. This small inconsistency is likely
a result of the simplifications effected by the gas-phase calculations which do not
take into account potentially important intermolecular and solvent interactions.
3.3 – Conclusions

In summary, we have demonstrated the syntheses of a series of novel mixed-metal
complexes through the assembly of purpose designed Pt and {Mo2} building blocks.
Utilising different combinations of these precursors has allowed us to systematically
synthesise three different heterometallic motifs, which represent model subunits
within a hypothetical polymeric system.

The molecular structures of the heterometallic complexes have been unambiguously
determined using single crystal X-ray diffraction studies and each systems exhibits
the expected planar arrangement of the ethynyl-ester bridging ligand, providing
efficient π-orbital alignment between the Mo2δ orbitals and the π-network of the
ligands. However, there appears to be no energetic bias that influences the
orientation of the Pt square plane in each complex. What is observed is the result of a
combination of a range of solid state intermolecular interactions, however, the
cylindrical nature of the acetylide ligands means that conjugation is possible along
the principle axis of the molecule, This is supported by DFT studies, performed on
PtMo1 and PtMoPt, which have shown that electron density is delocalised
throughout the entire molecules within the HOMO-1 and HOMO-2 respectively,
including significant orbital contributions from both Pt and {Mo2} metal centres.
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The electronic absorption spectra recorded for each of the mixed-metal systems
exhibit low energy absorption bands attributed to Mo2δ→bridge-π* electronic
transitions. These were observed at similar energy for both PtMo1 and MoPtMo but
appeared at significantly lower energy for PtMoPt on account of the transdisubstituted {Mo2} core. A comparison between the spectra of Mo2 and PtMoPt
show that the MLCT band is blue-shifted in the presence of the {Pt} fragments,
relating to a greater separation of the HOMO-LUMO energy gap. DFT studies reveal
that this is largely due to significant destabilising interactions within the LUMOs of
the heterometallic complexes, involving mixing between the filled Pt(dπ) orbitals
and the π*-orbitals of the bridging ligands. Therefore, by careful choice of metal and
ligand fragments it is possible to tune the energy gap and thereby manipulate the
optical properties of the materials.

Electrochemical analyses provide no evidence of electronic coupling between the
{Mo2} termini within MoPtMo, which is likely to be in part due to the large distance
between these fragments in the molecular structure (23.3 Å). However, the analyses
do show that the Pt units can be used to tune the energy of the Mo2δ orbitals and,
therefore, the energy of the overall molecular system, consistent with the
spectroscopic observations. Most notably, comparison between the E1/2 values
recorded for Mo2 and PtMoPt show that Mo2δ orbitals are significantly higher in
energy in the presence of the {Pt} fragments, due to a reduction in the electronwithdrawing nature of the carboxylate ligand system.

The work reported here demonstrates the scope for the tuning of the
optical/electronic properties of mixed-metal acetylide complexes by altering both the
nature of the linker group and of the metal fragment involved. There is great
potential for extending these studies to a wide range of organometallic oligomers and
polymers with potential applications in new opto-electronic materials.
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Chapter 4 – Ru-Amidinate and -Bis-amidinate Complexes
4.1 – Introduction
4.1.1 – Conjugated Bridging Ligands

To date, a wide range of ligand systems have been used to bridge, and in many cases
electronically couple, pairs of quadruply bonded {M2} centres (M = Mo or W), but
the field has been largely dominated by the study of π-conjugated dicarboxylate
ligands and their derivatives of the type shown in Figure 4.1.

Figure 4.1: Generic form of a bridged {Mo2} dimer

Through these studies it was discovered that the degree of electronic coupling
between {M2} units could be tuned by either changing the identity of the conjugated
spacer (L) or by changing the coupling {CX2} moiety. A series of related ligand
systems containing different {CX2} termini are presented in Figure 4.2.

i)

ii)

iii)
iv)
Figure 4.2: {Mo2}2 complexes featuring O, S and N substituted ligand systems.
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The groups of Chisholm and Liu have shown that replacement of the carboxylate
units within a terephthalate bridging ligand with isoelectronic {CSO} (Figure 4.2i)124 or {CS2} (Figure 4.2-ii) 125 units results in greater electronic coupling between
the {Mo2} termini, which improves with increasing sulphur content. In a similar
study Cotton et al. showed that a N,N’-diphenylterephthaloyldiamide bridged
complex, containing {CN(Ph)O} termini (Figure 4.2-iii), facilitated greater
electronic communication than the analogous terephthalate {CO2} bridged
system.116,127

At present there is only one example of a complex in which {Mo2} units are bridged
by a {CN2} type ligand and this is the fluoflavinate system shown in Figure 4.2iv.205 The complex facilitates excellent electronic communication, aided by the
locked planarity and extended conjugation of the ligand. However, derivatisation of
this ligand system is not easy and, as such, unfused bis-amidine ligands potentially
have more scope for investigation (Figure 4.3).

Figure 4.3: Structural framework for a linear bis-amidine ligand.

Aryl-substituted formamidinate ligands have long been used as supporting ligands
for {Mo2} quadruply bonded complexes and it has been shown that the electronic
properties of the {Mo2} core can be tuned by altering the substituents on the aryl
rings.123 More recently, Chisholm et al. have extended the field by synthesising a
range of {Mo2} and {W2} ethynyl-amidinate complexes, such as the example shown
in Figure 4.4-i,184,206 which exhibit tuneable absorption within the visible region of
the spectrum. The inclusion of the ethynyl units minimise the steric repulsion
between the amidinate backbone and the N-bound substituents. This is an important
consideration because, as the steric interactions between these moieties increase, the
directionality of the nitrogen lone pairs is distorted making the ligand less conducive
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towards a bridging coordination mode (Figure 4.4-ii).184 The ethynyl units therefore
provide greater flexibility of the amidinate backbone, which may facilitate multiple
coordination modes. A second advantage of the ethynyl linker is to maintain
conjugation between the amidinate backbone and the aryl terminus; an aspect that
has been supported by theoretical studies.184,206

i)

ii)

Figure 4.4: i) An example of a {Mo2} complex bearing ethynyl-amidinate ligands
reported by Chisholm et al. ii) Illustration of the impact of bulky substituents on the
directionality of the nitrogen lone pairs.184

Several bis-amidine ligand systems have previously been reported in the literature
and some examples of these are presented in Figure 4.5.207-212

Figure 4.5: A series of bis-amidine ligands present in the literature.207,209-210
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Analyses of the molecular structures of these bis-amidines, and those of their
respective metal-amidinate complexes, reveal large torsion angles of the {CN2} units
relative to the conjugated backbone of the ligand, due to steric repulsion between
these parts of the molecules. This prevents effective π-orbital overlap throughout the
systems, making them inappropriate ligand systems to facilitate electronic
communication between metal centres.

Within this work we propose the development of novel ethynyl-functionalised bisamidine ligand systems (of the form shown in Figure 4.6). The ethynyl units will
help to minimise the undesirable intraligand steric interactions, which will
potentially provide more effective π-conjugation than has been possible in
previously reported bis-amidine systems. The tuning of the resultant optical and
electronic properties can then be envisaged by varying both the conjugated spacer (L)
and the N-bound substituents (R).

Figure 4.6: A generic ethynyl functionalised bis-amidine ligand.
4.2 – Results and Discussion
4.2.1 – Syntheses of Conjugated Amidine and Bis-Amidine Systems

Studies reported within the literature describe the syntheses of a series of lithiumethynyl-amidinate complexes via the insertion of lithium acetylides into
carbodiimides.184,213 Using an analogous method, followed by an acid work up, we
have shown that neutral ethynyl-amidine systems can be isolated (Scheme 4.1),
which represent simple models for the targeted bis-amidine systems. The scope of
the reaction has been demonstrated by incorporating both phenyl and anthracenyl
groups into the backbone as well as utilising both iPr and Cy substituted
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carbodiimides. Prior to this study both A1a and A1b have been reported by Wang et
al. and were prepared using an alternative lanthanide-catalysed method.214

Scheme 4.1: Synthesis of ethynyl-amidines systems.

To access the desired bis-amidine systems an analogous procedure was followed
using a series of diethynyl-arene precursors and two equivalents of both BuLi and
the appropriate carbodiimide (Scheme 4.2).

Scheme 4.2: Synthesis of ethynyl-bis-amidine systems.

143

Chapter 4

Ru-Amidinate and Bis-Amidinate Complexes

Using this method, four different conjugated spacers have been incorporated into the
ligand systems, providing variation in the electron-donating/-withdrawing character
of the ligands as well as the degree of conjugation present. Unfortunately the Cyderivatives of Ba2a and Ba3a could not be obtained due to solubility issues.
The 1H NMR spectra of the amidines and bis-amidines are consistent with the
structures depicted in Schemes 4.1 and 4.2. Each system exhibits resonances
corresponding to a single iPr or Cy environment suggesting that interconversion
between isomers, which has been observed in related systems in the
literature,207,210,215-217 occurs faster than the NMR time-scale. However, evidence for
a degree of solution-state fluxionality can be observed in the corresponding 13C{1H}
NMR spectra in which the resonances corresponding to the N-bound iPr or Cy
carbon atoms are significantly broadened.
4.2.2 – Syntheses of Ru-Amidinate and -bis-Amidinate Complexes

Prior to investigating the compatibility of the novel amidine ligand systems towards
the synthesis of complicated {Mo2} containing complexes, a series of Ru-containing
complexes were initially targeted as simpler model systems, on account of their
relative ease of synthesis and the air-stability of the products.

Significantly, a number of Ru-amidinate and -guanidinate complexes have been
reported within the literature, showing that Ru is able to support chelating ligand
systems similar to our own amidine-functionalised systems.218-232 The literature
complexes include a series of phenyl-substituted amidinate species, such as the
example shown in Figure 4.7-i. Analyses of the respective molecular structures
reveal {phenyl}-{NCN} torsion angles close to 90o, highlighting the steric
interaction between these two sections of the ligand and the requirement to relieve
these interactions to promote more extended electronic delocalisation. During the
course of this work, Seidel et al have also reported two ethynyl functionalised Ruamidinate complexes (Figure 4.7-ii),213 containing ligands very similar to our own
amidine species.
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ii)

Figure 4.7: i) An example of a phenyl-substituted amidinate coordinated to a Ru
centre. ii) A Ru-arene complex supported by an ethynyl-amidinate ligand.213

The syntheses for the majority of the Ru-amidinate complexes reported within the
literature involve salt metathesis reactions between the lithium salts of the
appropriate ligand and a {Ru-Cl}-containing precursor.218,224-226 For our own studies
[(p-cymene)RuCl2]2 was utilised as the Ru precursor, however, reactions performed
with the lithiated amidines resulted in the production of a significant amount of black
material and no products could be isolated from the reactions. Instead, it was found
that treatment of the amidine ligands with a stoichiometric amount of NaOMe prior
to the addition of [(p-cymene)RuCl2]2 was a much more successful approach. The
syntheses of the Ru-bis-amidinate complexes are outlined in Scheme 4.3 and an
identical approach was used to access the ethynyl-benzene (Ru1a/Ru1b) and
ethynyl-anthracene (Ru2a/Ru2b) Ru-monoamidinate complexes, using a single
equivalent of the Ru precursor.

Upon combining the Na-amidinates with the [(p-cymene)RuCl2]2 in THF, dark red
solutions were formed, which were stirred for 12 h to ensure that the reaction had
gone to completion. After this time the solvent was removed in vacuo and the
product was extracted into toluene and filtered to remove any salt. Each product was
then purified by crystallisation, for which individual details are reported within the
experimental section of this work. All complexes yielded red/orange crystals
although those of the anthracene-containing systems were significantly darker in
colour and the needle crystals obtained for Ru6b were almost black.
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[L]
-C6H4-

-C6H2(OMe)2-

-C6H2(CF3)2-

-C14H8-

R = iPr

Ru3a

Ru4a

Ru5a

Ru6a

R = Cy

Ru3b

n/a

n/a

Ru6b

Scheme 4.3: Synthesis of Ru-bis-amidinate complexes via a salt metathesis reaction.
The 1H NMR spectra of each of the complexes were very similar exhibiting
characteristic resonances corresponding to the p-cymene and amidinate ligand ligand
systems. The iPr-CH3 protons of the amidinate ligands exhibit two doublet
resonances for each of the relevant complexes. This presumably reflects differing
magnetic environments above and below the plane of the amidinate ligand. The

19

F

NMR resonance of Ru5a is observed at δ = -63 ppm, which is unshifted from that of
the free ligand (BA3a).

13

C NMR spectra were also recorded for each complex and

were consistent with the proposed structures.
4.2.3 – Attempted Syntheses of {Mo2}-bis-Amidinate Complexes

Following the successful coordination of the novel bis-amidine ligands to
monometallic Ru centres, attention was then turned to their potential application as
bridging ligands within {Mo2} complexes. Due to the lower acidity of amidine
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ligands vs. carboxylic acids, direct ligand exchange reactions using Mo2(O2CCH3)4
and Mo2(O2CtBu)4 are not possible. In order to promote reactivity between bisamidines and the {Mo2} precursors, the ligands were first lithiated using BuLi. This
results in a more reactive species and provides a driving force for the reaction
through the formation of Li-acetate or Li-pivalate. The proposed coordination
reaction is shown in Scheme 4.4.

Scheme 4.4: Proposed synthesis of an amidinate-bridged {Mo2} dimer using salt
metathesis methodology.

To test the proposed reaction the phenylene-containing ligand (BA1a) was utilised
on account of its relative ease of synthesis and isolation. Following double lithiation
of the bis-amidine in THF, a white precipitate formed and, after stirring for 30 mins
to ensure that the reaction was complete, the slurry was combined with a solution of
the {Mo2} carboxylate dimer. In the reactions involving both Mo2(O2CCH3)4 and
Mo2(O2CtBu)4, dark purple solutions were formed immediately upon addition of the
Li-ligand. The dramatic colour changes suggest the formation of products that
exhibit strong and relatively low energy MLCT processes. After stirring the
solutions for 2 h the solvent was removed in vacuo and the residues extracted into
toluene and filtered to remove any salts. Upon removing the toluene dark purple
powders were obtained, however, analysis of the respective 1H NMR spectra
revealed a large number of unidentifiable resonances which suggests that the
reaction yields a number of different substitution products.

In order to try and impose some control over the substitution around the {Mo2} core,
the tris-formamidinate precursor, Mo1 (introduced in Chapter 3), was utilised on
account of its single labile acetate ligand.
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Scheme 4.5: The attempted reaction between BA1a and Mo1 following activation of
the precursor with NaOMe. {Mo2} = {Mo2DPTF3}.

The proposed coordination reaction is shown in Scheme 4.5, using NaOMe to first
remove the acetate ligand of Mo1 to form a reactive {Mo2} methoxide species in
situ.194 However, the addition of the bis-amidine to a solution of the activated {Mo2}
precursor resulted in no colour change and an analysis of the 1H NMR spectrum of
the reaction mixture showed that no reaction had occurred. Although this synthetic
approach is established for the coordination of carboxylate and amidate ligand
systems,97,127 the observations made in this study suggest that the additional steric
demands of BA1a, due to the two N-bound substituents, precludes reaction with the
{Mo2} reagent. Work is continuing to develop a more refined method by which the
bis-amidine species may be utilised as bridging ligands for {Mo2} dimers.
4.2.4 – Structural Analyses

During the course of this study, crystals suitable for single crystal X-ray diffraction
analyses were grown for the novel bis-amidine systems BA1a and BA1b, which
allow the structural characteristics of the free-ligands to be compared to those within
the organometallic complexes.

Both BA1a and BA1b crystallise independently in the orthorhombic space group
Pbca with half a molecule in the asymmetric unit. The second half-molecule is
generated by an inversion centre located at the centre of the phenylene ring. The
structures of the two compounds are very similar and that of Ba1a is presented in
Figure 4.8-i as an example. The packing motifs exhibited by the two systems are
also extremely similar, in which hydrogen bond arrays form ‘zig-zag’ layers that run
along the a- and b-axes of each crystal lattice. Packing diagrams for Ba1a, which
illustrating these interactions, are presented in Figure 4.8-ii and -iii. To aid the
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analyses of the hydrogen bonding interactions, the amidine N-H protons were
located with the structural solutions and allowed to refine without constraint. Data
regarding these interactions for both bis-amidines, in addition to selected bond
lengths and angles, are presented in Table 4.1.

i)

ii)

iii)

Figure 4.8: i) Molecular structure of BA1a shown with 50 % thermal ellipsoids with
all but the amidinate hydrogen atoms removed for clarity. ii) A section of the crystal
lattice of BA1a viewed down the a-axis showing the H-bonding interactions. iii) A
section of the crystal lattice of BA1a viewed down the b-axis.

BA1a and BA1b each crystallise with E-syn conformations of both amidine termini,
which is consistent with the geometry observed for the similar 1,4-phenylene-bisamidines reported by Coles et al..208 The bond lengths and angles observed within
the two systems are highly comparable. Both exhibit one long and one short C-N
bond length, reflecting localised single and double bonds and the C≡C bond length is
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typical for an alkyne moiety. The N-C-N bond angles reflect the sp2-hybridisation
within the amidine functionality and the similarity of these angles for the two
complexes reveals negligible influence from the size of the N-bound substituents.
The H-bonds observed within the crystal lattice of BA1b are significantly longer and
weaker than those observed for BA1a, suggesting that the proximity of the H-bond
donor and acceptor are limited by the greater steric demands of the Cy substituent.
Table 4.1: Selected bond lengths (Å) and angles (o) in the molecular structures of
BA1a and BA1b.

a

BA1a

BA1b

C(1)-N(1)

1.362 (1)

1.370(2)

C(1)-N(2)

1.289(1)

1.280(2)

C≡C

1.199(2)

1.192(2)

N-C-N

123.35(9)

122.2(1)

{CN2}{C6H4}a

ca. 32.5

ca. 14.8

H-Bond D···Ab

3.292(1)

3.642(2)

H-Bond H···Ab

2.43(2)

2.81(0.02)

H-Bond D-H···Ab

173(1)

176(2)

The angle between the planes defined through the {CN2} and phenylene moieties, b

symmetry operation relating H-bonding components for BA1a and BA1b are 3/2-x,
y +1/2, z and –x-1/2, y-1/2, z respectively.

The torsion angle of the phenylene ring within BA1a, relative to {CN2} moieties, is
approximately twice that observed within the structure of Ba1b, however, these
angles are significantly smaller than those reported for the 1,4-phenylene-bisamidinates by Coles et al. (62.4-80.3o).208 This shows that the ethynyl units
effectively reduce the steric interactions between {CN2} and {C6H4}, which will
potentially result in greater π-conjugation throughout the molecules than in the
previously reported ligand systems. A similar observation was made by Wang et al.,
who have previously reported the molecular structure of A1a, showing that the
phenylene and {NCN} moieties are near coplanar in the solid-state (ca. 6.5o).214 The
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mono-amidine was also shown to share the same E-syn conformation to those
observed within our own bis-amidine species.

With the exception of Ru4a, for which high quality crystals could not be obtained,
each of the Ru-amidinate and -bis-amidiante complexes were also structurally
characterised using single crystal X-ray diffraction studies. However, on account of
the similarity between the structures determined for the related iPr- and Cysubstituted species, where relevant, only the former will be discussed within this
section. The molecular structures and structural data corresponding to Ru1b, Ru2b,
Ru3b and Ru6b are available within the appendices of this work.

For the Ru monoamidinate complexes, Ru1a crystallises in the monoclinic space
group P21/c with two molecules in the asymmetric unit. The anthracene analogue,
Ru2a, crystallises in the triclinic space group P-1 and also contains two molecules in
the asymmetric unit in addition to a molecule of toluene. The solvent molecule is
disordered over two positions with the greater component modelled at 65 %
occupancy. The molecular structures of both complexes are presented in Figure 4.9
and selected bond lengths and angles are displayed in Table 4.2. Data is also
included for the related complex, reported by Seidel et al. (RuSiMe3),213 which
contains TMS functionality at the terminus of the ethynyl group (Figure 4.7-ii).

Figure 4.9: Molecular structures of Ru1a and Ru2a shown with ellipsoids at 30%
probability and hydrogen atoms omitted for clarity.
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Table 4.2: Selected bond lengths (Å) and angles (o) observed for Ru1a and Ru2a
compared with a literature complex RuSiMe3 (Figure 4.7).

Ru-N

Ru-Cl
Ru-C(arene)a

N-C(amidinate)

N-Ru-N

N-Ru-Cl

N-C-N

C(1)-C≡C
C≡C-(C4/Si)
{NCN}{spacer}b (o)
a

Ru1a

Ru2a

RuSiMe3213

a) 2.098(3), 2.117(3)

a) 2.091(2), 2.106(2)

2.088(2),

b) 2.090(3), 2.102(3)

b) 2.091(2), 2.114(2)

2.106(2)

a) 2.407(1)

a) 2.424(6),

b) 2.411(1)

b) 2.4049(6)

a) 2.139(4)-2.219(4)

a) 2.179(2)-2.205(3)

b) 2.160(4)-2.211(4)

b) 2.150(3)-2.219(3)

a) 1.324(4), 1.321(5)

a) 1.321(3), 1.331(3)

1.327(3),

b) 1.333(4), 1.322(4)

b) 1.329(3), 1.331(3)

1.320(3)

a) 62.1(1)

a) 62.41(2)

b) 62.5(1)

b) 62.58(8)

a) 86.79(9), 85.64(8)

a) 86.41(6), 84.72(6)

ca. 86.9,

b) 85.92(9), 85.16(8)

b) 85.16(6), 84.85(5)

87.1

a) 110.5(3)

a) 110.1(2)

b) 110.1(3)

b) 110.3(2)

a) 176.3(4)

a) 176.2(3)

b) 176.7(4)

b) 174.7(2)

a) 178.4(4)

a) 179.5(3)

b) 177.3(4)

b) 177.7(2)

a) ca. 7.19

a) ca. 13.1

b) ca. 50.0

b) ca. 14.7

2.4083(7)

2.14-2.19

ca. 62.2

110.3(2)

176.6(3)

177.0(3)

n/a

Provided as a range of the Ru-C(arene) separations, b angle between planes defined
through each fragment.

The molecular structures of Ru1a and Ru2a exhibit pseudo-octahedral geometries
about the Ru centres, in which the η6-p-cymene ligands cap one of the octahedral
faces and the amidinate ligands are coordinated through bidentate interactions. The
orientation of the p-cymene ligand is approximately the same in both of symmetry
independent molecules of each system, with the iPr moieties projecting away from
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the chloride ligand, occupying the void between the two iPr substituents of the
amidinate ligand.

The data in Table 4.2 shows that the bond lengths and bond angles that surround the
Ru centres are extremely similar in all three complexes, providing evidence that the
steric demands of the amidinate backbone substituents have negligible influence over
these parameters. The range of Ru-C bond lengths observed in each complex reflects
a slight slant of the p-cymene ligands, resulting from steric interactions between the
methyl substituent and the close proximity chloride ligand. The bond lengths and
angles observed within the amidinate ligands are also very similar for all three
complexes. The two N-C bond lengths observed are the identical, within e.s.d.s,
reflecting the delocalisation of electron density throughout the amidinate backbones.
The N-C-N bond angles are each significantly lower than were observed by
Chisholm et al. within their {Mo2} ethynyl-amidinate complexes (118.5o and
118.7o),184 illustrating the flexibility of this class of ligand towards both bridging and
chelating coordination modes. Analysis of the angles surrounding the {C≡C}
moieties of each complex reveals only slight deviation from the idealised linear
geometries.

The torsion angles observed between the {NCN} and phenyl moieties of Ru1a differ
significantly between the two symmetry independent molecules. This shows that,
whilst small torsion angles can be tolerated by these ligand systems, there appears to
be no significant energetic bias for planarity of the ligand. Conversely, the analogous
angles observed in the two symmetry independent molecules of Ru2a are very
similar and there is only slight deviation from ligand planarity in each case. However,
this ligand geometry is likely to be influenced by intermolecular crystal packing
interactions (vide infra)

An analysis of the molecular packing within the crystal lattice of Ru2a revealed that
each of the independent molecules within the asymmetric unit interact with a second
through {anthracene}···{anthracene} π-stacking interactions to form discrete
dimeric units (Figure 4.10-i). The distances between planes defined through the
anthracene rings for the two symmetry independent dimers are ca. 3.47 Å and 3.52 Å,
respectively. Figure 4.10-ii shows that the two sets of stacking anthracene rings are
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offset from one another resembling graphite AB-type stacking.167-169 Although it is
not shown here, analogous π-stacked dimers are also observed within the crystal
lattice of the Cy-substituted analogue Ru2b (see appendices) for which the interanthracene planar separation is comparable to that of Ru2a (ca. 3.49 Å).

i)

ii)

Figure 4.10: i) Intermolecular stacking interaction exhibited in the crystal lattice of
Ru2a. ii) Diagrams exhibiting the offset of anthracene rings (normally observed for
graphitic packing)167-169.

For the Ru-bis-amidinate complexes; Ru3a and Ru6a crystallised in the tetragonal
space groups P42/n and I41/a respectively. Both contain half a molecule in the
asymmetric unit with the full molecule generated through an inversion centre at the
centre of the phenylene or anthracene spacer units. Ru5a crystallises in the triclinic
space group P-1, containing two independent half molecules in the asymmetric unit.
Inversion centres at the centre of the substituted phenylene rings again generate the
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complete molecules. The asymmetric unit of Ru5a also contains one molecule of
toluene which is disordered over two positions in a 1:1 ratio. An isopropyl group
located on the amidinate ligand of a single half molecule is also disordered by
rotation about the N-iPr bond and was modelled over two positions with the larger
component at 57% occupancy. The molecular structures of Ru3a, Ru5a, and Ru6a
are displayed in Figure 4.11 and selected bond lengths and angles observed within
each system are presented in Table 4.3.

i)

ii)

iii)

Figure 4.11: Molecular structures of Ru3a (i), Ru5a (ii) and Ru6a (iii) shown with
ellipsoids at 30% probability with hydrogen atoms and solvent of crystallisation
removed for clarity.
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Table 4.3: Selected bond lengths (Å) and angles (o) within Ru-bis-amidinate
complexes Ru3a, Ru5a and Ru6a.

Ru3a
Ru-N

2.096(2), 2.099(1)

Ru-Cl

2.4110(4)

Ru-C(arene)a

2.151(2) – 2.230(2)

N-C (amidinate)

1.324(2), 1.326(2)

Ru5ad
a) 2.087(2), 2.131(2)
b) 2.087(2), 2.137(2)
a) 2.4082(6),
b) 2.4180(6)
a) 2.173(2)-2.205(2)
b) 2.170(1)-2.204(2)
a) 1.321(3), 1.335(3)
b) 1.324(3), 1.332(3)

C≡C

1.189(2)

N-Ru-N

62.58(6)

C(1)-C≡C

177.0(2)

C≡C-C(Ar)

178.9(2)

N-Ru-Cl

86.18(4), 85.08(4)

N-C-N

110.6(1)

{NCN}{spacer}b

ca. 22.26

Ru···Ruc

ca. 15.93

a

Ru6a
2.095(2), 2.121(2)

2.4131(7)
2.155(3) – 2.229(3)

1.332(3), 1.332(3)

a) 1.196(3)

1.195(4)

b) 1.195(3)
a) 62.32(7)

62.51(8)

b) 62.29(7)
a) 179.2(3)

179.4(3)

b) 178.7(3)
a) 176.4(3)

176.5(3)

b) 178.4(30
a) 86.79(6), 83.67(5)
b) 86.67(6), 83.58(5)

86.51(7), 85.15(6)

a) 110.8(2)

110.4(2)

b) 110.5(2)
a) ca.10.91

ca. 9.61

b) ca. 23.69
a) ca. 15.92
b) ca. 15.89

ca. 15.73

Provided as a range of the Ru-C(arene) separations, b angle between planes defined
through each fragment, c intramolecular separation of Ru atoms, d different
symmetry independent molecules reported as ‘a)’ and ‘b)’.
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The molecular structures of the Ru-bis-amidinate complexes exhibit the desired
‘rigid-rod’-type motifs, in which a ruthenium atom is chelated at either end of the
bridging ligand. The intramolecular separation between the metal centres is ca. 16 Å
in each of the complexes. Similar to the structures previously described for Ru1a
and Ru2a, the geometries about the Ru centres are pseudo-octahedral, with the pcymene ligands orientated such that the iPr groups project away from the Chloride
ligand.

The bond lengths angles observed within the three bis-amidinate complexes are
almost identical to the analogous parameters observed within the structures of Ru1a
and Ru2a. One slight difference is that within Ru5a and Ru6a, one of the Ru-N
bond lengths is slightly longer than the second. For Ru5a this can be related to steric
interactions between the {CF3} and {iPr} moieties of the bridging ligand, however,
the anthracene spacer of Ru6a is symmetrical and, as such, a similar explanation
cannot be used. It is therefore possible that intermolecular packing interactions also
play a role. The torsion angles observed between the conjugated spacer units and the
amidinate backbones of each complex are all relatively small, facilitating efficient πorbital alignment along the length of each molecule within the solid-state. This
shows that the introduction of the ethynyl units have successfully alleviated the intraligand steric interactions that have prevented planarity within previously reported
bis-amidinate metal complexes.207-208,210-211 It is, however, difficult to assess whether
the small torsion angles observed here are due to favourable π-conjugation or
subtleties within the crystal packing environment.

A significant difference between the structures of the three complexes reported here
is that Ru4 exhibits an alternative structural isomer to those observed for Ru1a and
Ru3a. In both of the latter the chloride ligands project in different directions, one
above the plane of the bis-amidinate and one below, providing a ‘trans’ geometry.
Conversely, the chloride ligands of Ru4 are both oriented over the same face of the
bis-amidinate ligand, providing a ‘cis’ geometry. Side-on views of each of the
molecules are shown in Figure 4.12. Although there is no evidence of fluxionality
within the room temperature 1H NMR spectra of these complexes, it is probable that
the conversion between isomers occurs faster than the NMR time-scale.
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Trans-Cl

Trans-Cl

Cis-Cl

Figure 4.12: Side-on views of Ru3a, Ru5a and Ru6a to illustrate the two different
isomeric forms.

The molecular profiles presented in Figure 4.12 also reveal that there is a significant
deviation from linearity along the length of the molecules, in which the Ru atoms lie
out of the plane of the bridging ligand system. This is particularly apparent by the
bowed shape of Ru6a, with the ruthenium atoms lying ca. 1.26 Å above the plane of
the anthracene ring. These distortions arise from a non-linear coordination mode of
the amidinate ligands within each complex, which can be quantified by the angles
presented in Table 4.4.

Table 4.4: Data showing the bend in the amidinate coordination mode defined by
the angle between the Ru atom, a centroid calculated between the two N atoms and
the closest ethynyl-C. This is depicted in the accompanying diagram.
Complex

θ (o)

Ru3a

ca. 165.3

Ru5a

ca. 159.5 and 159.4

Ru6a

ca. 163.6
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The data in Table 4.4 shoes that the deviation from linearity increases with the steric
demand of the aromatic spacer, with the CF3-substituted structures exhibiting the
smallest angles. Similar observations have been made within the structures of Ruamidinate and -guanidinate complexes within the literature, where it was also
suggested that the effect is influenced by the steric environment.213,218,221-224
However, Nagashima et al. reported a large distortion (ca. 150o) in the significantly
less congested complex [(Arene)Ru(Amidinate)][PF6], suggesting that electronic
factors may also play an important role.225
An analysis of the crystal lattice of Ru6a reveals that π-π stacking interactions result
in the formation of discrete dimers in the solid-state in which the anthracene rings
are separated by ca. 3.57 Å. However, unlike the intermolecular interactions
previously described for Ru2a (vide supra), the interacting molecules of Ru6a are
orientated perpendicular to each other, involving overlap of both the anthracene and
ethynyl moieties of the bridging ligand. This interaction is illustrated in Figure
4.13-i.
i)
3.57 Å

ii)

Figure 4.13: A stacking dimer of Ru6a viewed down the c-axis (i) and down the
plane of the stacking anthracene rings (ii).
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The two stacking amidinate ligands bend towards each other, which is facilitated by
the ‘cis’ arrangement of the {Ru} termini, unique to this complex. Figure 4.13-ii
shows that the central six-membered rings of the anthracene fragments are perfectly
overlapped but rotated by 90o relative to each other. This potentially provides πorbital interactions between the ethynyl moiety of one molecule and the anthracene
ring system of the other. Although various stacking modes of diethynyl-anthracene
units have been observed in the literature, to the best of our knowledge this is the
first example of this precise stacking motif.233-237 Unlike graphitic type stacking, the
90o rotation of the anthracene rings does not impose a significant offset of the two
ring systems.167-169 For this reason there is likely to be greater electron repulsion
between the two molecules, which may be in part responsible for the greater
{anthracene}···{anthracene} separation than was observed for Ru1a and Ru1b. It
must also be considered that the overall steric requirements of the crystal packing
may ‘lock’ the two molecules in this orientation within the crystal lattice.
The crystal lattice of the related complex, Ru6b, reveals that no intermolecular πstacking interactions were present, which may reflect the greater steric demands of
the Cy-substituents. Interestingly, the molecular structure of Ru6b exhibits the
trans-arrangement of the {Ru} termini (Figure 4.14), not the cis-arrangement that is
observed for Ru6a. This may suggest that cis-form is only favoured in the presence
of the {anthracene} stacking interactions.

Trans-Cl

Figure 4.14: Side-on view of a molecule of Ru6b showing the trans-orientation of
the {Ru} termini.
4.2.5 – Electronic Absorption Spectroscopy

With a particular interest in how the identity of the ligand systems could be used to
tune the optical and electronic properties of the novel Ru-amidinate and -bis160
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amidinate complexes, each of the iPr-substituted products has been analysed by
electronic absorption spectroscopy. To aid the interpretation of the spectroscopic
data the corresponding amidine and bis-amidine preligands were also analysed under
the same conditions.

The electronic absorption spectra of the amidines, A1a and A2a, and their
corresponding Ru-amidinate complexes, Ru1a and Ru2a, are presented in Figure
4.15-i and -ii respectively. The electronic absorption spectrum of [(pcymene)RuCl2]2 has been included in the latter to allow comparison. All data was
recorded at room temperature using DCM as solvent.

The Electronic absorption spectrum of A1a exhibits a single absorption band within
the spectral window shown (λmax = 255 nm), which is attributed to a ππ* electronic
transition. Ru1a exhibits an absorption band at almost identical energy and the
similar shape of this band to that of A1a again suggests a ππ* transition. However,
Ru1a also exhibits a second, broader, absorption band at lower energy (λmax = 300
nm), which has been attributed to a Ru(dπ)π* electronic transition.

The electronic absorption spectra of A2a and Ru2a are very similar, exhibiting an
intense absorption band in the high energy region of the spectrum and a second
lower intensity band, which extends into the visible region of the spectrum. Ru2a
also exhibits a shoulder at ca. 295 nm which is not observed for the free ligand. For
A2a the lower energy absorption band (λmax = 410 nm) exhibits well defined
vibrational structure, which is common for anthracene based ππ* electronic
transitions.57 The low energy absorption band of Ru2a (λmax = 424 nm) is slightly
red-shifted relative to that of A2a and the vibrational structure is much less resolved,
which may indicate a degree of MLCT character. However, the comparable shape
and energy of this absorption band to that of A2a suggests that responsible electronic
transition remains predominantly ππ* in character. Once again, the absorption
coefficient of the lower energy absorption band is significantly greater for the metal
complex. There are no correlations between the absorption bands observed for Ru1a
or Ru2a and those exhibited by [(p-cymene)RuCl2]2, showing that the amidinate
ligand is responsible for the observed absorption processes.
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i)

A1a

A2a

ii)

Ru1a

Ru2a

Figure 4.15: Normalised electronic absorption spectra of i) A1a and A2a and ii)
Ru1a, Ru2a and [(p-cymene)RuCl2]2 (black). All data was recorded at room
temperature from DCM solutions.
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The electronic absorption data recorded for the monoamidines and the Rumonoamidinate complexes are summarised in Table 4.5.

Table 4.5: Electronic absorption data for A1a, A2a, Ru1a, Ru2a and [(pcymene)RuCl2]2.

Complex

λ (nm)a

A1a

ca. 266 (15130), 255 (19558)

A2a

410 (10117), 390 (10785), 370 (7188), ca. 351 (3733)

Ru1a

300 (13765), 253 (18626)

Ru2a

424 (16180), 406 (17469), 294 (10206)

[(p-cymene)RuCl2]2

447 (1123), 338 (1116), 269 (3347)

a

Absorption coefficients shown in brackets (dm.mol-1.cm-1)

The electronic absorption spectra of the bis-amidines BA1a-BA4a and Ru-bisamidinate complexes Ru3a-Ru6a are shown in Figure 4.16-i and -ii. All data was
recorded at room temperature from DCM solutions of the analytes.

BA1a-BA3a and their respective Ru complexes each exhibit high energy absorption
bands, observed between 286 and 295 nm, showing negligible dependence on either
the {Ru} fragment or the identity of the conjugated spacer unit. For this reason these
absorption bands do not reflect electronic transitions from charge-delocalised states
but are more likely to represent π-π* electronic transitions from orbitals localised
within the {NC(C≡C)N} fragment of each ligand. Similar absorption bands were
observed by Chisholm et al. for a series of related {Mo2}-ethynyl-amidinate
complexes (example shown in Figure 4.4-i), but the band was absent from the
absorption spectrum of a related complex containing no ethynyl functionality,184
which supports our assignment. Although analogous absorption bands are not
observed for the Ru6a and BA4a, they may be masked by the intense absorption
bands that extend further into the UV-region of each spectra.
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i)

BA1a

BA3a

BA2a

BA4a

ii)

Ru3a

Ru5a

Ru4a

Ru6a

Figure 4.16: Normalised electronic absorption spectra of i) BA1a-BA4a and ii)
Ru3a-Ru6a and [(p-cymene)RuCl2]2 (black). All data was recorded at room
temperature from DCM solutions.
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The electronic absorption spectra of the bis-amidines each exhibit second lower
energy absorption bands which are attributed to π-π* electronic transitions. λmax
increases in the order Ba1<BA3<BA2<BA4. The lowest energy absorption band is
therefore observed for the highly conjugated anthracene containing system, which
also exhibits a significant degree of vibrational structure. The highest energy
absorption band is that of the phenylene containing system BA1a, although, this is
red-shifted from the analogous absorption band of A1a, reflecting the greater degree
of conjugation within the bis-amidine. Both electron-donating and electronwithdrawing substituents on the phenylene spacer units result in a red-shift of λmax
relative to BA1a, but this is much more pronounced for the methoxy-substituted
system, BA2a.

The Ru complexes also exhibit second, lower energy absorption bands, which are
red-shifted relative to those of the related free ligands and are relatively broad in
each case. The energies of these bands again vary greatly depending on the identity
of

the

conjugated

spacer

unit,

with

λmax

increasing

in

the

order

Ru3a<Ru4a<Ru5a<Ru6a. Interestingly the relative energies observed for Ru4a
and Ru5a are reversed relative the trend observed for the free ligands (BA2a and
BA3a), with the electron-withdrawing spacer unit providing a slightly lower energy
absorption band. This provides evidence that responsible electronic transitions differ
from the π-π* processes assigned for the free ligands. On account of the similarity
between the spectra of Ru3a-Ru5a the low energy absorption bands for these
species are attributed to MLCT processes, similar to that discussed previously for
Ru1a. The low energy absorption band of Ru6a exhibits very little vibrational
structure, which is also consistent with a degree of MLCT character. However, due
to the similar appearance of the absorption spectra of Ru6a and BA4a it is likely that
the electronic transition remains predominantly π-π* in character, similar to the
assignment of the analogous absorption band in Ru2a.

The electronic absorption data for the ruthenium bis-amidinate complexes and the
parent bis-amidine ligands are summarised in Table 4.6.

165

Chapter 4

Ru-Amidinate and Bis-Amidinate Complexes

Table 4.6: Electronic absorption data for bis-amidinate ligands (BA1a-BA4a) and
their respective Ru complexes (Ru3a-Ru6a).

Complex

λ (nm)a

BA1a

292 (32452), 286 (32726)

BA2a

360 (22712), 290 (34400)

BA3a

317 (24086), 287 (28800)

BA4a

446 (25640), 420 (21709), 398 (11388), 380 (7463)

Ru3a

333 (33118), 289 (36955)

Ru4a

382 (34601), 289 (29891)

Ru5a

396 (25678), 295 (39749)

Ru6a

471 (34430), ca. 313 (14981), ca 291 (29424)

[(p-cymene)RuCl2]2

447 (1123), 338 (1116), 269 (3347)

a

Absorption coefficients shown in brackets (dm.mol-1.cm-1).

4.2.6 – Electrochemical Analyses

To investigate the electronic properties of the Ru-amidinate and -bis-amidinate
complexes and to aid the interpretation of the electronic absorption data, each of the
i

Pr-substituted complexes were analysed electrochemically using cyclic voltammetry.

This facilitates the measurement and analysis of the Ru2+/3+ redox couple which
corresponds to removing an electron from the highest lying Ru d-orbitals.

Each of the experiments was carried out using a 1 mM solution of the analyte and a
0.1 M [NBu4][ PF6] electrolyte solution in DCM. A glassy carbon working electrode,
gold counter electrode and platinum reference electrode were also utilised in each
study and the data was referenced relative to the ferrocene (Fc) Fe2+/3+ redox couple.

The normalised cyclic voltammograms of the Ru-mono-amidinate complexes, Ru1a
and Ru2a, are shown in Figure 4.17. Both complexes exhibit a single reversible
redox process, corresponding to the Ru2+/3+ couple, which appear at positive potential
relative to the ferrocene reference. The half-wave potential (E1/2) of the anthracene
derivative is slightly higher than that of Ru1a, suggesting that the additional
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conjugation presented by the anthracene group stabilises the Ru(dπ) orbital to a
small degree.

Ru1a

Ru1a

Ru2a

E1/2

325 mV

333 mV

ΔEp

173 mV

169 mV

Ru2a

Figure 4.17: Cyclic voltammograms of Ru5a (red) and Ru6a (green) recorded in a
0.1 M [NBu4][ PF6] DCM solution using a glassy carbon w/e, Au c/e and Pt r/e. Data
is referenced to the Fc0/+ couple. (ΔEpFc = 150 mV)

The normalised cyclic voltammograms of the Ru-bis-amidinate complexes are
displayed in Figure 4.18, showing that each of the dimetallic species also exhibits
only a single reversible oxidation process. No splitting of the oxidation or reduction
waves was observed for any of the complexes studied, providing no evidence for the
formation of mixed-valence species. Analogous observations were also made using
differential pulse analysis in which single peaks were observed. The absence of
electronic coupling between the bridged ruthenium centres may be, in part, a result
of the relatively large interatomic separations present in these complexes. However,
electronic communication has previously been observed between ruthenium centres
over greater distances.238
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Ru3a

Ru4a

Ru5a

Ru6a

Ru3a

Ru4a

Ru5a

Ru6a

E1/2

348 mV

314 mV

403 mV

375 mV

ΔEp

188 mV

192 mV

205 mV

170 mV

Figure 4.18: Cyclic voltammograms of Ru3a (red), Ru4a (yellow), Ru5a (blue) and
Ru6a (green), recorded in a 0.1 M [NBu4][ PF6] THF solution using a glassy carbon
w/e, Au c/e and Pt r/e. Data is referenced to the Fc0/+ couple. (ΔEpFc = 148 mV)

The

magnitude

of

the

E1/2

of

Ru3a-Ru6a

increases

in

the

order

Ru4a<Ru3a<Ru6a<Ru5a. Ru5a is therefore the most stable complex towards
oxidation which is likely to be a result of the electron-withdrawing ligand system
which promotes Ru→Ligand backbonding. Conversely the complex most
susceptible to oxidation is that which contains the electron-donating {OMe}
substituents, which reduce the amount of back-bonding. The E1/2 of Ru3a,
containing the un-substituted phenylene-bis-amidinate ligand, is approximately
halfway between those of the {OMe}- and {CF3}-substituted analogues. Increasing
the conjugation within the ligand system, by changing from a phenylene to an
anthracene spacer (Ru6a), results in a slightly higher oxidation potential, which is
again likely to reflect a greater degree of metalligand back-bonding. Both Ru3a
and Ru6a exhibit significantly higher E1/2 values than the related monometallic
species (Ru1a and Ru2a), which can be correlated with the greater degree of π-
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conjugation within the bis-amidinate ligand systems, resulting in more electronwithdrawing character.

The electrochemical data provides further evidence to support the assignment of the
MLCT bands in the electronic absorption spectrum. Both Ru4a and Ru5a exhibit
comparable λmax energies (382 and 396 nm) despite the electron-donating and
electron-withdrawing nature of the substituents respectively. The {OMe} groups
destabilise the ligand π*-orbitals relative to the unsubstitiuted phenylene spacer,
whereas the {CF3} groups have the opposite effect. The electrochemical data

shows that the difference in the energy of the π*-orbitals are offset by the
relatively high energy of the appropriate Ru d-orbital in Ru4a and low energy of the
analogous orbital of Ru5a.
4.3 – Conclusion

In summary, a series of ethynyl-functionalised amidine and bis-amidines have been
developed as potential ligand systems for redox-active metal centres. These have
been designed to remove undesirable intraligand steric interactions that have
precluded π-conjugation within related ligand systems reported in the literature.207-212
In line with the goals of this thesis, a number of different conjugated subunits have
been incorporated into these species, providing scope to tune the optical and
electronic properties of the organometallic complexes in which they are coordinated.

In order to test the properties accessible though these ligand systems, a series of Rucomplexes were synthesised. The Ru-centre offers ready redox conversion that does
not alter the coordination geometry around the metal centre during this process. Both
monometallic and dimetallic complexes were prepared and their spectroscopic and
electrochemical properties investigated.

The molecular structures of the Ru-bis-amidinate complexes showed that the
bridging ligand systems were close to planar in each case, facilitating efficient πorbital alignment along the length of the molecules in the solid-state. This reflects
the utility of the ethynyl subunits within the ligand systems, which effectively
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prevent steric interactions between the conjugated spacer unit and the amidinate
backbone. With the exception of Ru6b, each of the anthracene-containing complexes
form dimers in the solid-state through π-π stacking interactions and, for Ru6a, these
interactions are aided by the alternative isomeric geometry exhibited by this complex.
Electronic absorption analyses of the Ru-bis-complexes reveal that λmax is tuneable
over ca. 140 nm by changing the identity of the conjugated spacer unit. λmax of both
Ru3a and Ru6a are also red-shifted relative to the absorption bands of the related
monoamidinate complexes on account of their more extended π-conjugated networks.
The lowest energy absorption bands were observed for the anthracene-containing
complexes, reflecting their highly conjugated ligand systems. However, the data
suggests that the low-energy electronic transitions within these species are
predominantly ππ* in character, contrasting with the MLCT bands exhibited by
each of the phenylene-containing complexes.

Electrochemical analyses of Ru3a-Ru6a provide no evidence of electronic coupling
between the bridged metal centres, although, the energy of the Ru2+/3+ redox couple
varies significantly, depending on the electronic properties of the bridging ligand.
The electron-withdrawing substituents of Ru5a promote efficient RuLigand backbonding, stabilising the appropriate Ru d-orbital, whereas the electron-rich bridging
ligand of Ru4a imparts the opposite effect. The E1/2 of the anthracene containing
complex, Ru6a, is closer in energy to that of Ru2a than would be expected, based
upon the degree of conjugation within each complex. This provides evidence of
limited mixing between the Ru and ligand orbitals in Ru6a, which is likely to stem
from the small energy separation between the π- and π*-orbitals of this ligand system.

Although the bis-amidinate ligand systems were originally designed as bridging
ligands for {Mo2} dimers, attempts to synthesise such species have been largely
unsuccessful and, as such, the preparative chemistry requires further refinement in
order to access these complexes.
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Chapter 5: N-Heterocyclic Carbene Adducts of {Mo2} Carboxylate Dimers
5.1 – Introduction

Throughout this thesis so far, the work and background have largely focussed on the
ability to tune the optical and electronic properties of quadruply bonded {Mo2}
complexes via ligand substitution reactions. In this way there is much scope for
tuning the energy of the δπ* electronic transitions in such complexes, and by
extension the degree of electronic communication within the system, resulting in a
wide range of accessible properties. Within this chapter, we investigate the
application of Lewis bases, specifically N-heterocyclic carbenes, to provide an
alternative method by which the electronic and physical structure of simple {Mo2}
carboxylate dimers can be manipulated.
5.1.1 – Lewis Base Adducts of {M2} Carboxylate Dimers

To put this work into context, we are interested in methods by which the optical,
electronic and structural properties of quadruply bonded {Mo2} complexes can be
tuned. In addition to ligand substitution reactions, reports in the literature show that
the coordination of Lewis basic ligands can also have significant effects on both the
electronics and structure of these systems.95,111,239-240 We hold a particular interest in
how these reactions affect the properties of simple {Mo2} carboxylate dimers as
these represent model subunits of the di-carboxylate bridged oligomers discussed in
Chapter 1 as well as the more complicated heterometallic species developed in
Chapter 3. It is conceivable therefore that interaction between these species and
Lewis bases may facilitate post synthetic tuning/switching of the observed optical
and electronic properties or templating of their solid-state structures.

To aid the discussion within this chapter Figure 5.1 displays a series of isomeric
mono- and di-substituted adducts that may be obtained through the reaction of Lewis
bases with {Mo2} or {W2} carboxylate dimers. For relevance to this study we have
limited this to complexes containing up to two Lewis base ligands.
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Figure 5.1: Potential geometric isomers of mono- and bis-Lewis base adducts of
quadruply bonded {M2} carboxylate dimers.

{Mo2} carboxylate dimers possess only two unsaturated coordination sites, which
are situated at the termini of the M-M bonds. Coordination to these ‘axial’ sites has
been shown to be weak, relative to carboxylate dimers containing metals from other
periodic groups such as {Rh2} and {Ru2} systems.95 This has been attributed to the
strong trans-effect imparted by the σ-component of the Mo-Mo bond.95 Despite the
relative weakness of these interactions coordination to the axial sites is possible and
Figure 5.1 shows that this can potentially lead to the formation of mono- (type-I) or
diaxial (type-II) coordination complexes. Examples of both types of substitution
product are reported in the literature but mono-substituted complexes are extremely
rare and only limited structurally characterised species have been reported.98,115,241-245
Examples of these are shown in Figure 5.2 and whilst most exhibit some form of
steric protection at the uncoordinated axial site (Figure 5.2-i and Figure 5.2ii),98,242,245 the absence of steric hindrance in examples such as Figure 5.2-iii and
Figure 5.2-iv suggest that electronic factors are also important in determining the
coordination mode that is observed.
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i)

ii)

iii)

iv)

Figure 5.2: Examples of type I adducts of quadruply bonded Mo complexes.98,242,245

Symmetrically coordinated type II adducts are significantly more common within
the literature and two representative examples are displayed in Figure 5.3.

i)

ii)

Figure 5.3: THF246 and 4,4’-bipyridine239 adducts of Mo2(O2CF3)4.

Bis-solvent adducts, such as the complex depicted in Figure 5.3-i, are often obtained
from syntheses conducted in coordinating solvents. The use of trifluoroacetate
substituted systems increases the Lewis acidity of the metal centres and for this
reason it has been utilised in coordination studies that span a greater range of ligands
that provide type II motifs. An interesting extension of these studies has seen the
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synthesis of a variety of polymeric systems made though the 1:1 reaction with
bidentate Lewis bases such as 4,4-bipyridine (II-ii),239 bis-phosphines247 and
polynitriles.248 There are also examples of {Mo2} complexes that contain Lewis base
substituted carboxylate ligands, such as pyridyl111 and phosphine oxide
functionalities,249 which facilitate the formation of intermolecular coordination
networks.

The remaining adduct types shown in Figure 5.1 involve equatorial interactions
around the M-M core. Although this does not seem intuitive, because these sites are
saturated by μ-carboxylate ligands, it has been shown that certain phosphines are
able to displace one arm of the carboxylate to assume the equatorial coordination
site.250-251 All {Mo2} equatorial phosphine adducts have been shown to adopt the
type III conformation in the solid state, however there is an isolated example of a
type IV complex with a {W2} core.252 Studies using phosphines have also been
shown to provide complexes of type II but none of the other motifs in Figure 5.1
have been observed in the solid-state.250,253 Examples of the two phosphine adduct
types that have been structurally characterised for {Mo2} systems are shown in
Figure 5.4.

Figure 5.4: Type II and type III phosphine adducts of Mo2(O2CCF3)4.250-251,254

The molecular structures that have been obtained for type III adducts show that the
monodentate carboxylate ligands rotate about their Mo-O bonds, which seemingly
allows an axial interaction between the uncoordinated oxygen atom and the metal
centre. The equatorial Mo-P bonds are significantly shorter than those observed at
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axial sites, reflecting the stronger nature of the interaction. Although crystallographic
analysis has shown that all equatorial adducts of molybdenum carboxylate dimers
are type III in the solid state, NMR analysis has shown that the systems are fluxional
in solution and are likely to exist in a number of different forms.250-251,254 These are
likely to include the remaining adduct types suggested in Figure 5.1.

Although our primary interest concerns {Mo2} complexes, it is worth mentioning
that both type II and III phosphine adducts have also been reported for {W2}
carboxylate systems in addition to isolated reports of a type IV complex and a trisphosphine adduct (Figure 5.5).240,252,255 All of these systems exhibit stronger M-P
bonds at both equatorial and axial sites than the respective bonds observed in Mo
complexes. The complexes also hold their structural integrity in solution with no
obvious fluxionality. This has been justified on account of the greater radial
extension of the W d-orbitals, which providing better orbital overlap with the
phosphine, and thus a stronger bonding interaction.

i)

ii)

Figure 5.5: A type IV adduct and tris-phosphine adduct of W carboxylate
dimers.240,252

Following studies with a wide variety of phosphines, it was determined that the
factors determining whether a phosphine forms type I or II adducts involve a
delicate balance between the electronic and steric properties of the phosphine. Bulky
phosphines such as PPh3 have been shown to provide axial coordination products
whereas a smaller more basic phosphine such as PEt3 assume equatorial sites (Figure
5.6).251 PPh2Me has been shown to lie on the borderline between type I and II and
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both forms have been isolated and structurally characterised, made possible through
the use of different reaction solvents.250,253

Figure 5.6: A demonstration of how the nature of the phosphine ligand affects the
coordination mode.250
5.1.2 – Electronic Effects of Equatorial Lewis Base Coordination

Consistent with our interest in manipulating the optical and electronic properties of
quadruply bonded carboxylate dimers, it has been shown that the displacement of
carboxylate bridging ligands into monodentate coordination modes, as in type III
systems, results in a significant red shift of λmax, observed by electronic absorption
spectroscopy. Specifically, this relates to a decrease in the energetic separation of the
Mo2δ and Mo2δ* orbitals. This observation can be rationalised by considering the πorbital interactions between the carboxylates and the M2δ orbitals, which are shown
in Figure 5.7.

Figure 5.7: Symmetry-labelled Mo2δ and Mo2δ orbitals (red) and π-orbital
combinations for the four μ-carboxylate ligands (blue).
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The orbital pictures A-C, Shown in Figure 5.7, are composed of the bonding, non
bonding and antibonding combinations of the {-O2CR} π-orbitals (blue). When
combined into the ‘paddlewheel’ motif shown, the combined ligand orbitals span b2g
(A and C) and b1u (B) symmetry which allow interaction with the M2δ (b2g) and
M2δ* (b1u) orbitals (red). Both A and B are filled orbitals whereas C is empty. A
simplified molecular orbital diagram, constructed by Sattelberger et al. shows how
the interaction between the π/π* and M2δ/δ* orbitals affect the electronic structure of
the complex (Figure 5.8). The red orbital levels on the left represent the M2δ/δ*
orbitals in a system with purely σ-type donors, e.g [Mo2Cl8]4-, and the blue orbital
levels represent the three ligand orbital combinations, A-C (shown in Figure 5.7).
The molecular orbitals levels shown at the centre (ψ1 - ψ5) represent a metal
carboxylate dimer in which all carboxylate ligands are bridging.

Figure 5.8: π-Molecular orbital combinations between a {Mo2} quadruple bond and
a set of carboxylate ligands.254
In a complex of form Mo2(O2CR)4 the interactions between the M2δ orbitals and the
π-manifold of the carboxylate ligands significantly perturb the energy of the metal
orbitals. Calculations by Gray et al.204 have shown that, of the two b2g orbital
combinations of the ligands (A and C), it is the higher energy set, C, that
predominantly interacts with the Mo2δ orbital combinations. This has a stabilising
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effect on this metal orbital (ψ3) whilst destabilising the orbital combination of the
ligands (ψ5). The M2δ* orbital is destabilised via interaction with the filled ligand
orbital combination B, pushing it to higher energy (ψ4) whilst stabilising the ligand
orbital combination (ψ2). The overall effect of this orbital mixing is to increase the
energy gap between the Mo2 δ and δ* orbitals.

The type III phosphine adducts lie in between the two extremes of [MoL8] and
Mo2(O2CR)4 (Scheme 5.9). The replacement of two μ-carboxylate ligands by σinteractions, results in a decrease in the δδ* energy gap relative to the system with
four μ-carboxylate ligands. This is observed by a significant red shift in the
absorption spectrum for this electronic transition.

Figure 5.9: Diagram showing how the M2δ  M2δ* energy gap is affected by the
number of μ-O2CR ligands using [Mo2Cl8] and Mo2(O2CCH3) as examples of the
two extremes and a “Type II” phosphine adduct as an intermediary case.
5.1.3 – N-Heterocyclic Carbenes

Since Arduengo reported the first example of a stable N-heterocyclic carbene in the
early 1990s,256 they have been shown to be extremely popular as ligands and applied
in a wide range of organometallic and maingroup complexes. Electronically they are
singlet species in which the high energy lone pair of electrons occupies a sp2
hybridised orbital making the carbenes strong σ-donors. The empty p-orbital on the
carbenic carbon is stabilised by donation of electron density from the two adjacent
nitrogen lone pairs, which renders N-heterocyclic carbenes very poor π-acceptors.
These orbitals are shown in Figure 5.10. Unlike Fisher and Schrock type carbenes,
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which are related only by the presence of a divalent carbon atom, N-heterocyclic
carbenes can be isolated in the absence of a stabilising metal atom making them
significantly more versatile. It is also very easy to introduce a wide range of
substituents on both the nitrogen atoms and upon the backbone of the ligand.

Figure 5.10: Diagram showing the lone pair and π-electron delocalisation in a
simple N-heterocyclic carbene.

Comparisons are frequently drawn between N-heterocyclic carbenes and phosphines
as they are both good σ-donors and can be modified in order to tune their σ-donor
ability.257-259 As such these ligands can be used to tune the steric and electronic
properties of the species to which they are attached. Typically carbenes are stronger
σ-donors than phosphines on account of the stabilisation provided by the adjacent
heteroatoms. The steric demands of N-heterocyclic carbenes differ from phosphines
and can be hard to quantify.260-261 The geometry of a phosphine bound to a metal is
roughly conical and for this reason, the relative sizes of phosphines are discussed in
terms of a cone angle.262 The shape of a carbenes is very different as their projection
parallel and perpendicular to the imidazolylidene can differ greatly. For this reason
Nolan proposed that two “wedge” angles (AL and AH) could be used to express the
two dimensions (Figure 5.11).261 These however do not fully describe the steric
properties and, although other parameters have also been suggested,260 it is difficult
to predict reactivity of these ligands based on their expected steric demands.
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Figure 5.11: Tolman’s cone angle and similar angles measurable within Nheterocyclic carbenes to describe the ligands steric demands.260,262

To the best of our knowledge, there are no examples of carbene adducts of quadruply
bonded dimolybdenum complexes within the literature. We therefore set out to
investigate such reactivity to allow comparison with the existing phosphine
coordination products. To this end, we have used a range of N-heterocyclic carbene
ligands with varying steric properties (Figure 5.12).

Figure 5.12: N-heterocyclic carbenes studied within this work.

Two of these are aryl-substituted carbenes and contain either mesityl (L1) or 2,6diisopropylphenyl (dipp) (L2) groups attached to the nitrogen atoms and have an
unsubstituted and unsaturated carbon backbone. The second class of carbenes
studied within this work are alkyl-substituted systems with iPr (L3) or Et (L4)
groups attached to the nitrogen atoms and methyl substituted, unsaturated carbon
backbones. The alkyl substituted carbenes are significantly less sterically demanding
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than the aryl containing species, which will potentially effect different reactivity with
{Mo2} carboxylate systems. The presence of the unsaturated backbone in each of the
carbene investigated in this study mean that, by Huckel’s rule,263 they are pseudoaromatic through the five-membered ring.
5.2 – Results and Discussion
5.2.1 –Aryl-Substituted Carbene Adducts of {Mo2} Carboxylate Dimers

Following the known reactivity between {Mo2} carboxylate dimers and phosphine
ligands, we proposed an analogous approach to the synthesis of N-heterocyclic
carbene adducts (Scheme 5.1), involving a 2:1 reaction stoichiometry. We began our
study by investigating the reactivity of the mesityl-substituted carbene (L1) and, to
extend the study, a variety of {Mo2} carboxylates were used to investigate how their
steric and electronic properties affect their reactivity.

Scheme 5.1: The proposed reaction of Mo2(O2CR)4 with N-heterocyclic carbenes.

The 2:1 reaction between L1 and MoFAc in toluene resulted in the immediate
formation of a fine yellow precipitate which, on account of the appreciable solubility
of both reagents in toluene, suggested that a reaction had occurred. A very similar
observation was made for the reaction between L1 and MoAc and, although MoAc
exhibits negligible solubility in toluene, the morphology of the precipitate differed
from the needle-like appearance of the precursor. The precipitates obtained from
each reaction could be dissolved by heating the supernatant solvent to reflux. Slow
cooling of the resultant solutions yielded highly air sensitive yellow block-like
crystals of MoFAc·L1 and MoAc·L1. Interestingly, upon crystallisation both
products became essentially insoluble in toluene. The analogous reaction between
L1 and MoPiv in toluene produced an orange solution and no precipitate. However,
yellow needle-like crystals of MoPiv·L1 were obtained by cooling a concentrated
solution of the reaction mixture to -28 oC. These too were highly sensitive, rapidly
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turning black upon exposure to air. The crystals obtained from the above reactions
were all suitable for single crystal X-ray diffraction studies and the molecular
structures determined for each product are presented in Figure 5.13

i)

ii)

iii)

Figure 5.13: Molecular structures of MoFAc·L1 (i), MoAc·L1 (ii) and
MoPiv·L1 (iii) with ellipsoids shown at 50 % probability and hydrogen atoms
removed for clarity.

MoFAc·L1 and MoPiv·L1 both crystallise in the monoclinic spacegroup P21/n with
one molecule in the asymmetric units. The latter also contains a single molecule of
toluene within the asymmetric unit which is disordered over an inversion centre in
full occupancy. MoAc·L1 crystallises in the triclinic spacegroup P-1 with two
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symmetry independent molecules within the asymmetric units. Selected bond lengths
within the three structures are displayed in Table 5.1.

Unlike the common type II diaxial adducts obtained from the analogous reactions
with a number of bulky phosphine ligands,247,250,253 the solid state structures
containing L1 are each examples of the much rarer type I monoaxial adducts, despite
the 2:1 reaction stoichiometry applied in these reactions. Following these
observations each of the experiments was repeated using only a single equivalent of
the carbene, resulting in the formation of the same species. To the best of our
knowledge there are currently no examples of type I mono-phosphine adducts of a
{Mo2} dimer.

Table 5.1: Selected bond lengths (Å) within the structures of MoFAc·L1,
MoAc·L1 and MoPiv·L1

MoFAc·L1

MoAc·L1

MoPiv·L1

Mo-Mo

2.1393(3)

2.1119(4), 2.1117(4)

2.1087(2)

Mo-C

2.550(3)

2.562(4), 2.576(4)

2.6965(19)

Mo-Oa

2.122(2)–2.130(2)

2.115(2)– 2.126(2),
2.125(1)–2.136(1)
2.115(2)–2.132(2)
2.108(2)–2.119(2),
Mo-Ob

2.106(2)–2.112(2)

2.090(1)–2.102(1)
2.104(2)–2.116(2)

a

On carbene bound {MoO4} face, b On vacant MoO4 face

The Mo-Mo bond lengths in all three adducts are longer than their parent {Mo2}
carboxylate dimers (MoFAc = 2.1036(4)246, MoAc = 2.0931(2)264 and MoPiv =
2.096(1)264) which is consistent with donation of electron density into the respective
Mo2σ* orbitals by the carbene ligands. The most significant elongation is observed
for MoFAc·L1 which exhibits the longest Mo-Mo bond of the series. The MoCarbene bond lengths of MoFAc·L1 and MoAc·L1 are very similar whilst that of
MoPiv·L1 is significantly longer, signifying a weaker interaction. We surmise that
this is likely to be due to a combination of the increased steric demands of the
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pivalate ligands and the lower Lewis acidity of the Mo centres due to the electron
rich carboxylate ligands. Each of the Mo-carbene bond lengths are however each
significantly longer than have been observed in previously reported Mo-Carbene
coordination complexes, which a search of the ‘Cambridge structural database’265
revealed lie in the range ca. 2.16266-2.35 Å267. Finally, a comparison of the Mo-O
bond lengths shows that those on the carbene-bound {MoO4} face tend to be slightly
longer than those on the carbene-free face. This is intuitive when considering that the
donation of electron density from the carbene would reduce the effective positive
charge on the coordinated Mo centre thus weakening the interactions with the
anionic carboxylate ligands.

An analysis of the crystal lattices of each of the type I carbene adducts revealed that
each of the ‘free’ axial coordination sites on the Mo-Mo bonds were involved in long
range π-interactions with a mesityl ring from a second molecule. This interaction
repeats throughout each of the lattices resulting in the formation of coordination
polymer-type arrays. One such chain observed in the crystal lattice of MoAc·L1 is
displayed in Figure 5. 14.

Figure 5.14: A section of the polymeric chain formed within the crystal lattice of
MoAc·L1

It is likely to be the formation of these supramolecular arrays that results in the
observed low solubility of MoFAc·L1 and MoFAc·L1. It is noteworthy that the
second mesityl ring of the carbene is not involved in similar interactions.
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Side-on aryl interactions such as these are extremely rare for {Mo2} carboxylate
complexes and to the best of our knowledge only four examples have been
characterised in the solid state. Unlike our own observations, these examples are
limited to interactions with solvent molecules. Both Chishholm and Campana have
reported discrete {Mo2}·Ar2 units (where Ar = C6H6268 and m-xylene248) and more
recently Calvo-Pérez has provided an example in which p-xylene, or toluene, solvent
molecules stack between adjacent molybdenum dimers forming continuous “pillar”
type conformations within the crystal lattice.112 The latter used DFT studies to show
that the interaction involves electron donation from the filled π-orbitals of the arene
to the Mo2π* orbitals. Selected parameters concerning the Mo-aryl interactions of
the three carbene adducts are presented in Table 5.2 and compared to the analogous
data from the related systems from the literature. Any required data that was not
reported within the publications was obtained from the respective CIFs.112,248,268

Table 5.2: An analysis of known axial-interactions between arene rings and Mo-Mo
quadruple bonds.

Mo-Mo

Mo···Ara

{MoO4}-Arb

(Å)

(Å)

angle (o)

2.1393(3)

3.179(1)

8.29(4)

2.1119(4),

3.264(2),

2.1117(4)

3.271(2)

MoPiv·L1

2.1087(2)

3.376(9)

10.70(8)

Mo2(O2CC2Co2(CO)6)4 – toluene112

2.102

3.12

0.6

Mo2(O2CC2Co2(CO)6)4 – 1,4-xylene112

2.102(3)

3.09

2.0

Mo2(O2CPtBu2)4 - benzene268

2.092(3)

3.01

22.3

Mo2(O2CCF3)4 – 1,3-xylene248

2.113(1)

2.99(1)

8.9

Complex
MoFAc·L1
MoAc·L1

a

4.98(5), 4.49(6)

Defined as the closed point of contact between Mo and an average plane defined
through the arene. b The torsion angle between planes defined through the
appropriate {MoO4} face and through the arene.
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The lengths of the Mo···Arene interactions increase in the order MoFAc·L1 <
MoAc·L1 < MoPiv·L1. This trend can be attributed to the decreasing Lewis acidity
of the Mo centres along this series in addition to the increased steric demands of the
pivalate containing complex. These interactions are all significantly longer than
those observed in the related systems within the literature for which the interacting
arenes are significantly smaller and less sterically demanding than the carbene within
our own studies. The torsion angles observed between the {MoO4} and aryl planes
exhibit only slight deviation from coplanarity and appear to increase with the
increasing steric demands of the carboxylate ligands (Me < CF3 < tBu). Very small
torsion angles were also observed in the majority of the literature reported species
providing evidence of side-on π-interactions with the metal centre in this class of
complex. Interestingly, the Mo-Mo bond length within the 1,3-xylene adduct is only
slightly elongated relative to the parent carboxylate dimer (2.1036(4)246 Å). The
variation in the analogous bond lengths observed within our own complexes are
therefore likely to be dominated by the σ-carbene interaction at the other end of the
molecule. This is also supported by the relatively small Mo-Mo bond lengths in the
remaining literature species, for which molecular structures in the absence of the
solvent moleules have not been obtained.

It is noteworthy that analogous mono-L1 adducts have previously been reported for
singly-bonded Rh(II) acetate dimers in addition to an example bearing the bulkier
2,6-diisopropylphenyl substituted carbene (L2).269-271 Although it was not reported,
the mesityl containing system also exhibits the same axial interactions between the
Rh-Rh bond and the mesityl ring. However, the origin of this interaction must
involve different orbitals to those in the molybdenum complexes because the Rh2π*
orbitals are occupied, so cannot accept electron density. The 2,6-diisopropylphenyl
substituted carbene did not display the same stacking which is likely due to the
isopropyl moieties preventing close enough approach of the aromatic ring to the MM bond. In addition to the reports of aryl-substituted carbene monoadducts of
dirhodium adducts, there is also an example of a tetramethyl N-heterocyclic carbene
monoadduct.272
The π-interactions proposed for these systems are very weak and involve only a
small amount of orbital overlap. The position of the arene ring relative to the Mo
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atom will therefore be important in determining how much electron density can be
donated in the interaction. Figure 5.15 shows each of the carbene mono-adducts
viewed along the length of the Mo-Mo bond.

MoAc·L1

MoFac·L1

MoPiv·L1
Figure 5.15: Diagrams showing the position of the mesityl ring relative to the axial
position on the three Mo2(O2CR)4 units.

The images show that, in both MoAc·L1 and MoPiv·L1, the ring is significantly
offset from the axial position of the Mo-Mo bonds. In contrast, the mesityl ring in
the MoFAc·L1 is almost completely centred over the molybdenum atom. This is
likely to increase the π-orbital overlap in this complex and result in a stronger
interaction than in the alkyl carboxylate systems. This observation correlates with the
relatively short Mo-Arene separation in this species and may once again be a factor
of the increased Lewis acidity of the Mo atoms in this system.
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In consideration that the each of the type I mono-carbene adducts were initially
obtained in the presence of two equivalents of carbene, it is intuitive that, in the
solid-state, the mesityl π-interaction is favoured over the coordination of a second
carbene ligand. This therefore precludes the formation of type II diaxial adducts
when using L1. In order to investigate whether it is possible to access type II
carbene adducts, the bulkier dipp-substituted carbene (L2) was investigated to try
and prevent the Mo-aryl interactions. Reactions were carried out in a 2:1 carbene to
{Mo2} ratio as depicted in Scheme 5.2.

Scheme 5.2: Proposed synthesis of type II carbene adducts of {Mo2} carboxylate
dimers.

The reaction between MoFAc and L2 in toluene resulted in the formation of a pale
orange solution, which immediately contrasted with the analogous reaction using L1
in which the product precipitated immediately upon addition of the solvent. A large
crop of highly air sensitive yellow block-like crystals of MoFAc·L2 were isolated by
cooling the concentrated reaction mixture to - 28 oC. Unfortunately, no products
could be isolated from the reactions involving either MoAc or MoPiv. It is possible
that this relates to the lower Lewis acidity of the Mo centres in these systems, which
are unable to facilitate strong enough bonding interactions with the relatively bulky
carbene.

Despite the large size of the crystals isolated for MoFAc·L2 they diffracted X-rays
very poorly and as such we were unable to obtain a structure from those grown from
toluene. However, crystals grown from xylene allowed the collection of a low
quality dataset through which the molecular structure could be determined (Figure
5.16), solved in the monoclinic spacegroup P21/c with one molecule in the
asymmetric unit and one molecule of MoFAc·L2 and one molecule of xylene within
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the asymmetric unit. Although the poor quality of the data precludes a discussion of
the magnitude of the geometric parameters, the structure definitively shows the
formation of the targeted type II diaxial adduct in the solid-state. The two carbene
molecules are arranged perpendicularly with respect to each other and the iPr
substituents on the aryl rings project into the voids between the carboxylate ligands.
On account of the poor quality of the crystallographic data, the purity of the solid
sample of MoFAc·L2 was confirmed through elemental analysis.

Figure 5.16: The core structure of MoFAc·L2 shown at 20% probability with
hydrogens, fluorines and iPr-CH3 groups removed for clarity.

To further analyse how the carbene interactions affect the nature of the Mo-Mo bond
in the solid-state we have used Raman spectroscopy to measure the Mo-Mo
stretching frequencies in each system. This also provides a means by which to
characterise the Mo-Mo bond of MoFAc·L2, which was not possible though single
crystal X-ray diffraction studies. The data recorded is displayed in Table 5.3 and,
where possible, the data is compared to the experimentally measured Mo-Mo bond
lengths. To allow comparison the analogous data for the parent {Mo2} carboxylate
dimers is also presented.
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Table 5.3: A comparison between the Mo-Mo bond length (Å) and Raman
stretching frequency (cm-1) of the {Mo2} axial carbene adducts.

Complex

Mo-Mo bond length (Å)

υ(Mo-Mo) (cm-1)

MoFAc

2.1036(4)246

397247

MoAc

2.931(2)264

403

MoPiv

2.096(1)264

403

MoFAc·L1

2.1393(3)

363

MoAc·L1

2.1119(4)

386

MoPiv·L1

2.1087(2)

378

MoFAc·L2

n/a

382

The data measured shows that axial coordination of the carbenes results in a decrease
in the υ(Mo-Mo) relative to the parent complexes. This correlates with the
concomitant elongation of the Mo-Mo bonds within the adduct species and reflects
the destabilising donation of electron density into the Mo2σ* orbitals. The lowest
energy υ(Mo-Mo) was observed for MoFAc·L1 which has been shown to contain
the longest Mo-Mo bond length of the series. However, the highest energy bond
vibration was measured for MoAc·L1, which exhibits a slightly longer Mo-Mo bond
length than MoPiv·L1. This suggests that other subtle electronic effects within the
complexes also play a role in determining the magnitude of υ(Mo-Mo). The data
measured for MoFAc·L2 suggests an intermediate bond strength lying between
those of MoAc·L1 and MoPiv·L1. This is slightly surprising considering that there
are two carbene molecules donating into the Mo2σ* orbitals in MoFAc·L2, however,
the greater steric demands of L2 versus L1 may result in a weaker bonding
interaction within this species. The υ(Mo-Mo) of MoFAc·L2 is also significantly
higher in energy than was reported by Cotton et al. for the related bis-pyrdine adduct
of MoFAc (367 cm-1),273 again providing evidence for the relatively weak Mocarbene interaction.
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5.2.2 – Theoretical Studies on Type I {Mo2} Carbene Adducts

On account of the unusual coordination modes observed within the solid-state
structures of the type I {Mo2} carbene adducts, we used DFT studies to gain a
greater understanding of the electronic structure of these species and to try and
ascertain why a π-aryl interaction appears to be favoured over the coordination of a
second σ-bound carbene. Within this study we have focussed on MoFAc·L1, as this
species exhibited the strongest Mo-carbene interactions. The gas-phase geometry of
MoFAc·L1 was optimised prior to the calculation of electronic surfaces. All
calculations were performed using the B3LYP exchange correlation functional and
the 6-31G(d) basis sets for all atoms except molybdenum for which SDD energy
consistent pseudopotential and the SDD energy consistent basis set was used.

A section of the molecular orbital diagram calculated for MoFAc·L1 is presented in
Figure 5.17, accompanied by electron density plots of selected calculated frontier
orbitals. The HOMO of the system is the Mo2δ orbital, which is standard for
quadruply bonded {Mo2} carboxylate species.76,108,126,186,204,274-275 The HOMO -1 is
the Mo2σ orbital which is higher in energy than the two Mo2π combinations due to
mixing with the carbene σ-orbitals. The HOMO-2 to HOMO-4 are largely composed
of mesityl-localised π-orbitals, exhibiting negligible mixing with the orbitals of the
metal centres. The HOMO-5 and HOMO-6 both contain significant contribution
from one set of Mo2π orbitals and exhibit significant mixing with the π-orbitals of
the imidazolylidene ring. The second Mo2π orbital (HOMO-7) is not of appropriate
symmetry to mix with the carbene based orbitals and is thus lower in energy.
The LUMO of MoFAc·L1 is the Mo2δ* orbital and the LUMO +1 and LUMO +2
are the Mo2π* orbitals. These are split in energy due to mixing from the carbene πsystem in the former, stabilising the orbital. The Mo2σ* orbital (LUMO+9) is higher
in energy than a series of carboxylate based π*-orbitals (LUMO +3 to LUMO + 6)
and two mesityl based π*-orbitals (LUMO +7 and LUMO+8).
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Figure 5.17: Molecular Orbital Diagram of MoFAc·L1 and selected orbital plots.
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In order to form a type II diaxial adduct from MoFAc·L1 a second carbene molecule
would be required to donate into the available Mo2σ* orbital (LUMO+9). However,
our calculations show that the energy of this orbital (-0.21 eV) is significantly higher
than the Mo2σ* in the parent complex MoFAc (-1.72 eV), which was calculated
under the same conditions. This provides evidence that upon formation of the
monoaxial adduct coordination of a second carbene ligand is significantly less
favourable. It is therefore feasible to consider that an interaction between the
relatively high lying filled π-orbitals of the mesityl substituents (HOMO-2 to
HOMO-4) and the relatively low energy Mo2π* orbital is favoured, providing the
orbital overlap is sufficient to stabilise the interaction.

The data obtained from the electronic structure calculations also shows that
coordination of the carbene in MoFAc·L1 results in a slight polarisation in the MoMo bond, observed through a difference in the calculated Mulliken atomic charges
of the two metal centres. The carbene coordinated Mo atom exhibits a more positive
charge than the free Mo centre, which is consistent with the longer Mo-O bonds
observed in the solid state structure on the carbene-coordinated face. Although these
calculations are performed in the gas-phase and do not take into account the Momesityl interaction, it is fair to assume that the greater distance and poorer orbital
overlap involved with the Mo-arene interaction would result in less electron donation
to the molybdenum atom than the σ-interaction at the other end of the molecule and
is therefore unlikely to counter the Mo-Mo bond polarisation.
5.2.3 – NMR Analyses of Axial {Mo2} Carbene adducts

Following observation of the interesting coordinative behaviour of the arylsubstituted N-heterocyclic carbenes towards {Mo2} carboxylate dimers in the solidstate, we were interested to see how these species behaved in solution. Unfortunately
MoAc·L1 was essentially insoluble in most common organic solvents and as such
further analysis of this species was not possible. Although the product initially
dissolves in d5-pyridine, a yellow precipitate rapidly forms and subsequent NMR
analysis revealed a sub-1:1 {Mo2} to carbene, ratio despite elemental analysis
showing that the sample is pure. We believe that the pyridine, a competitive Lewis
base is able to displace some of the carbene resulting in the formation and
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subsequent precipitation of a quantity of the diaxial pyridine adduct of MoAc, which
we have observed previously in related studies.

Although MoFAc·L1 was essentially insoluble in C6D6 and d8-toluene the product
was sufficiently soluble in d8-THF to allow analysis by NMR spectroscopy. The 1H
spectrum exhibited a single sharp resonance corresponding to each of the carbene
proton environments consistent with a single carbene environment on the NMR
time-scale. The resonance corresponding to the carbene backbone was observed at δ
= 7.49 ppm whilst the analogous resonance for the free carbene is observed at 7.01
ppm under the same conditions.276 This significant down-field shift suggests that a
degree of coordination is maintained in solution. The 19F NMR spectrum exhibited a
single sharp resonance at -73.5 ppm which exhibits negligible shift from the
analogous resonance observed for MoFAc. Due to the absence of protons in MoFAc
we cannot use this data to confirm the 1:1 ratio but the absence of any precipitate
correlated with both crystallographic and elemental analyses suggests the presence of
the same species in solution. It must be considered that this analysis was performed
in a coordinating solvent and these solvent interactions may affect the solution state
properties of the product.

Due to the greater solubility of the remaining products, NMR analyses of MoPiv·L1
and MoFAc·L2 were both performed using C6D6 solutions. Consistent with the
observations made for MoFAc·L1, the 1H NMR spectrum of MoPiv·L1 exhibited a
single sharp resonance for each of the carbene proton environments and a single
resonance corresponding to the pivalate protons. Integration of the signals confirmed
the 1:1 ratio. The backbone proton of the carbene was observed at 6.13 ppm which,
unlike the MoFAc analougue analysed in d8-THF, was shifted up-field from the
analogous resonance observed for the free L1 (6.49 ppm in C6D6). This perturbation
is again suggestive of a coordinative interaction persisting in solution but also
highlights that that the properties of these systems in solution are likely to be solvent
dependent. The 1H NMR spectrum of MoFAc·L2 also exhibited a single resonance
for each proton environment on the carbene with the exception of the isopropyl-CH3
resonances, which were represented by two doublets. Considering the solid state
structure for this species (Figure 5.16) the two doublets are likely to reflect magnetic
environments of CH3 groups pointing towards and away from the {Mo2} core. The
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resonance corresponding to the backbone proton appears at 6.16 ppm and, consistent
with the observations made for MoPiv·L1, is shifted up-field relative to the free
carbene (6.57 ppm).277 The

19

F NMR spectrum showed a single resonance at -71.0

ppm showing a single fluorine containing species was present in solution on the
NMR time-scale. As with MoFAc·L1, the carbene:{Mo2} ratio cannot be confirmed
from the NMR analyses but is supported by crystallographic and elemental analyses.
13

C{1H} NMR analyses were also performed on all of the discussed complexes and

the data was consistent with the structures that have been assigned. It is worth
mentioning that despite the long acquisition times used to collect these data, we were
unable to observe a resonance corresponding to the carbenic carbon in any of the
systems, which may be a product of ligand exchange within these systems.
5.2.4 – Alkyl-Substituted Carbene Adducts of {Mo2} Carboxylate Dimers

Following the observation that the relatively bulky, aryl-substituted carbenes (L1
and L2) react with {Mo2} carboxylate dimers to form axial adducts, the second
section of this work investigates the differing chemistry of alkyl-substituted carbenes
L3 and L4 (Scheme 5.3). The reactions were performed using an analogous method
to those described for the reactions with L1 and L2, implementing a 2:1 carbene to
{Mo2} stoichiometry and using toluene as the reaction solvent.

Scheme 5.3: The synthesis of alkyl-substituted carbene adducts of {Mo2}
carboxylate dimers.

The reaction between MoFAc and L3 in toluene instantly resulted in the formation
of a highly air-sensitive dark red solution. This colour change contrasts with the
observations made in the analogous reactions performed with L1 and L2, indicating
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a difference in the reactivity of the alkyl-substituted carbene. The same observation
was also made within the analogous reaction with MoAc. Crystals of MoFAc·L3
(red) and MoAc·L3 (purple) were grown by cooling the concentrated reaction
mixtures to -28 oC.

Very similar observations were made within both reactions with L4, however, the
products containing the ethyl-substituted carbene appeared to be significantly less
soluble than the L3-analogues. The reaction between MoFAc and L4 instantly
formed a dark red solution but after a short period of stirring a pink precipitate
formed which could not be re-dissolved. The reaction was repeated, stirring only
briefly to dissolve the reagents and, when left to stand overnight, a crop of red
crystals of MoFAc·L4 was obtained. Unfortunately the analogous reaction with
MoAc also resulted in the instant formation of a pink precipitate and this was
insoluble in all common organic solvents, preventing separation from unreacted
MoAc and precluding characterisation of this species. The observed colour change is,
however, likely to reflect the formation of a similar class of complex to those
obtained from the previous series of reactions.

The three crystalline products were characterised in the solid state using single
crystal X-ray diffraction and the molecular structures of each species are displayed in
Figure 5.18. MoFAc·L3 crystallise in the monoclinic spacegroup P21/n with half a
molecule within the asymmetric unit. Both MoAc·L3 and MoFAc·L4 crystallise in
the triclinic spacegroup P-1. The asymmetric units of each system contain one and
two symmetrically independent half-molecules respectively. The crystal lattice of the
former also contains two molecules of toluene both with 100% occupancy. The
structure of MoFAc·L4 exhibited rotational disorder of the {CF3} moieties on the μcarboxylates of both of the independent half-molecules. Each of these groups was
modelled over two positions with the major components of each half-molecule
modelled at 63% and 57%. In all of the above structures the second half molecules
are generated by inversion symmetry through a vector at the centre at the midpoint of
the Mo-Mo bonds
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ii)

i)

iii)

Figure 5.18: Molecular structures of MoFAc·L3 (i), MoFAc·L4 (ii) and MoAc·L3
(iii) with ellipsoids shown at 50 % probability. All hydrogen atoms and fluorine
atoms on the μ-[O2CCF3]- ligands have been removed for clarity.

The molecular structures are isostructural containing two coordinating carbene
ligands which occupy equatorial Mo coordination sites to provide type III adduct
systems by the classifications define in Figure 5.1. These contrast with the type I
and type II axial adduct systems obtained from the reactions involving L1 and L2,
highlighting the divide in the chemistry between the alkyl- and aryl-substituted
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carbenes towards {Mo2} carboxylate systems. In order to assume the equatorial
coordination sites, the carbenes displace two of the μ-carboxylate interactions within
each structure resulting in the presence of both bridging and monodentate
carboxylate environments. The un-bound O atoms of the monodentate carboxylate
ligands project away from the {Mo2} cores in each system facilitating apparent longrange intra-molecular Mo···O interactions. The carbene ligands also project away
from the {Mo2} resulting in pseudo trigonal-bipyramidal geometries around the Mo
atoms in each system. These systems are isostructural to the type III that have been
reported from the reactions of MoFAc with certain phosphine ligands, however, to
the best of our knowledge MoAc·L3 represents the first example of a type III adduct
featuring acetate ligands. Selected bond lengths and angles for each compound are
shown in Table 5.4. Appropriate parameters reported for phosphine analogues of our
own systems are presented in Table 5.5 to allow comparison.
Table: 5.4: Selected bond lengths (Å) and angles (o) for MoFAc·L3, MoFAc·L4
and MoAc·L3.

MoFAc·L3

MoFAc·L4

MoAc·L3

Mo-Mo

2.1205(3)

2.1180(6), 2.1134(7)c

2.1154(3)

Mo-C

2.245(2)

2.243(4), 2.234(4)c

2.254(2)

2.138(1),

2.125(3), 2.118(3),

2.111(1)

2.109(3)c, 2.147(3)c

Mo-Ob

2.158(1)

2.163(3), 2.152(3)c

2.154(1)

Mo···O (axial)

2.907(2)

2.830(3), 2.925(4)c

2.772(2)

C(1)-Mo(1)-O(3)

144.77(6)

148.6(1), 149.4(1)c

144.47(6)

Mo-Oa

a

2.142(1), 2.110(1)

For bridging carboxylate ligands, b for monodentate carboxylate ligands, c data for
the second symmetrically independent molecule of MoFAc·L4.

The Mo-Mo bond lengths observed within each of the structures are similar with
respect to each other but are each longer than the analogous bonds in the parent
complexes (MoFAc (2.1036(4)246 Å) and MoAc (2.0934(8)202). This is likely to be a
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result of the loss of two of the constraining bridging carboxylate ligands in the
adduct species. The Mo-carbene bond lengths are also very similar throughout the
series and are significantly shorter than the axial Mo-Carbene bond lengths observed
within the type I carbene adducts (vide supra), lying within the range of Mo-carbene
bond lengths reported in the literature. This highlights the greater strength of the
coordinative interactions at the equatorial coordination sites relative to the axial
positions. The monodentate carboxylate M-O bond lengths are significantly longer
than those exhibited by the bridging carboxylate ligands. This is likely to reflect the
greater trans-influence of the carbenes relative to the respective μ-carboxylate
ligands. However, each set of M-O bond lengths is very similar within the structures
of both the L3 and L4 adducts suggesting little difference in the trans-influence of
the two carbenes. The slightly greater O-Mo-C bond angles observed MoFAc·L4
does, however, reflecting the subtly different steric demands of the two carbenes.
Finally, the Mo···O separations at the axial positions vary significantly throughout
the series and are also different within the two symmetrically independent molecules
of MoFAc·L4, suggesting that the parameter is sensitive to the surrounding packing
environment. It is counterintuitive that the MoAc·L4 exhibits the shortest Mo···O
separation despite the less Lewis acidic metal centre in this species.
Table: 5.5: Selected bond lengths (Å) and angles (o) within previously reported
phosphine adducts of {Mo2} carboxylate dimers. {Mo} represents the fragment
Mo(μ-O2CCF3)2(O2CCF3)2.

{Mo}(PPhEt2)2250

{Mo}(PPh2Me)2250

{Mo}(PBu3)2254

Mo-Mo

2.100 (1)

2.107 (2)

2.105 (1)

Mo-Oa

2.109 (2), 2.108 (2)

2.102 (6), 2.086 (6)

2.105 (5)d

Mo-Ob

2.142 (3)

2.137 (6)

2.146 (4)

Mo···Oc

2.871 (8)

2.803 (7)

2.873 (7)

P-Mo-O

148.09(8)

153.8(2)

152.73

a

From bridging carboxylate, b from monodentate carboxylate, c from axial
interaction, d data provided as an average
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Unlike our own type II adducts, the phosphine analogues reported within the
literature, exhibit no elongation of the Mo-Mo bond lengths relative to MoFAc.
There is little difference in either the bridging or monodentate carboxylate Mo-O
bond lengths between the phosphine and carbene containing structures. The latter
suggests that there is little difference between the trans-influence applied by either
type of Lewis base. The axial Mo···O distances within the phosphine adducts lie
within the range observed within this study. The P-Mo-O bond angles, observed in
the phosphine adducts, are significantly larger than the related C-Mo-O angles within
MoFAc·L3 or MoAc·L3. This may reflect a greater degree of steric repulsion
between the carboxylate and carbene ligands across the Mo-Mo bond relative to the
analogous situation in the phosphine adducts. A greater steric interaction would
cause the two ligands to repel each other to a greater degree and thus result in a
smaller L-Mo-O angle, where L = Lewis base (Figure 5.19). By this analogy, L3
appears to be more sterically demanding within such systems than the phosphine
ligands. In contrast, the C-Mo-O angles within MoFAc·L4 lies within the range
exhibited by the phosphine systems relating to the lower steric demands of this
carbene.

Figure 5.19: An illustration of how an increase in the size of a Lewis base can result
in a decrease of the trans-L-Mo-O angle.

To aid our interpretation of our structural data, we have also implemented Raman
spectroscopic analyses of our three carbene adducts to correlate the Mo-Mo bond
length with the stretching frequency. The analyses were carries out on crystalline
samples under an inert atmosphere and the measured data is reported in Table 5.6.
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Table 5.6: Table comparing υ(Mo-Mo) and the Mo-Mo bond lengths in the type III
{Mo2} carbene adducts and their parent complexes.

Complex

Mo-Mo bond length (Å)

υ(Mo-Mo) (cm-1)

MoFAc

2.1036(4)246

397247

MoAc

2.0934(8)202

403

MoFAc·L3

2.1205(3)

371

MoFAc·L4

2.1180(6), 2.1134(7)

373

MoAc·L3

2.1154(3)

372

Both carbene adducts exhibit significantly lower stretching frequencies than their
parent compounds, which is consistent with the longer bond lengths observed within
the molecular structure of the adduct systems. We only observed a single stretching
frequency for MoFAc·L4 despite the presence of two independent molecules in the
lattice. There is little difference between the υ(Mo-Mo) of the three carbene adducts
despite the difference in bond lengths, suggesting that the magnitude of υ(Mo-Mo) is
strongly influenced by coordinative environment than a direct reflection of the MoMo bond length. Unfortunately there has been no Raman data reported in the
literature for the previously reported type III phosphine adducts, precluding a
comparative analysis.
5.2.5 – Imidazolium Salt Adduct of an {Mo2} Carboxylate Dimer

Up until now we have focussed on the reactivity of MoFAc and MoAc towards alkyl
substituted carbene ligands, showing that both {Mo2} carboxylate dimers behave in a
very similar fashion, forming type III adduct systems. However, the chemistry
differed when the study was extended to the bulkier precursor, MoPiv. Following the
same method described for the reactions with MoFAc and MoAc (vide supra),
MoPiv was combined with two equivalents of either L3 or L4 and the mixtures were
dissolved in toluene, both providing yellow orange solutions. This contrasts with the
dark red solutions observed for the previous reactions performed with these carbene
ligands suggesting that a different type of interaction occurs in solution.
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Unfortunately, we were unable to isolate any product from the reaction performed
with L4, however, yellow rod-like crystals of MoPiv·PivL3 were obtained from the
reaction with L3 by cooling a concentrated solution to - 28 oC

MoPiv·PivL3 crystallises in the monoclinic space group Cc with one molecule in
the asymmetric unit. One of the tBu groups was rotationally disordered and was
modelled over two positions with the major component at 70 % occupancy. The
molecular structure of MoPiv·PivL3 is presented in Figure 2.20.

Figure 5.20: Two asymmetric units from the crystal structure of MoPiv·PivL3 with
ellipsoids shown at 30 % probability and all but the imidazolium hydrogen atoms are
removed for clarity.

The structure of MoPiv·PivL3 is composed of a MoPiv unit with an axially
coordinated pivalate anion on one of the Mo centres. The unsymmetrical
coordination about the Mo-Mo bond sees one Mo atom with a pseudo octahedral
coordination geometry whilst the second exhibits a pseudo square-based pyramidal
geometry. An imidazolium cation formed by protonation of L3 is present within the
lattice as a counterion and interacts with the axial pivalate ligand via a hydrogen
bonding interaction. The donor···acceptor distance for this interaction is 2.990(4)
which can be regarded a medium strength interaction.278 The hydrogen atom
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involved in this interaction was located by assessing the residual electron density
within the structure after all other assignments had been made and was allowed to
freely refine. Interestingly, an analysis of the crystal packing showed that the
imidazolium ring then interacts in a face on fashion to a second molecule of
MoPiv·PivL3, providing a polymeric array throughout the crystal lattice (Interaction
shown in Figure 5.20). This Mo-Imidazolium interaction is very similar to the Momesityl π-interactions observed in the type I carbene adducts (Figure 5.14) and are
therefore likely to reflect e--donation from the imidazolium π-orbitals into the Mo2π*
orbitals.112 This represents the first example of such an interaction involving a
heterocyclic donor.

Selected bond lengths and angles for MoPiv·PivL3 are presented in Table 5.7.
Table 5.7: Selected bond lengths (Å) and angles (o) from MoPiv·PivL3.

a

Mo(1)-Mo(2)

2.094(2)

Mo(2)-O(6)

2.131(2)

Mo(1)-O(1)

2.094(2)

Mo(2)-O(8)

2.112(3)

Mo(1)-O(3)

2.114(2)

Mo(2)-O(9)

2.324(2)

Mo(1)-O(5)

2.103(2)

C(1)-O(10)

2.990(4)

Mo(1)-O(7)

2.115(2)

Mo(1)···L3a

3.306(2)

Mo(2)-O(2)

2.133(2)

{MoO4}L1 b

11.07(13)

Mo(2)-O(4)

2.120(2)

Defined as the shortest contact between Mo(1) and a plane containing the imidazolium ring.
b

The angle made between the imidazolium ring and the close proximity MoO4 face of the
{Mo2} carboxylate dimer.

The axial Mo-O bond length is significantly longer than those of the equatorial MoO bonds, showing that this interaction in a lot weaker, as would be expected of axial
coordination. The Mo-Mo bond length is no different, within error, to that of parent
complex MoPiv (2.096(1) Å)264. This suggests that the interactions at either side of
the Mo-Mo bond are fairly weak as population of {Mo2} antibonding orbitals would
result in a weakening of the Mo-Mo bond. It can also be observed that Mo(2)-O(2)
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and Mo(2)-O(6) bonds are significantly longer than the other equatorial Mo-O bonds
within the molecule. These bonds are both on the {MoO4} face that involves the
axial pivalate interaction, which is consistent with our observations in our type I
carbene adducts. We previously attributed this observation to the polarisation of the
Mo-Mo bond due to the unsymmetrical coordination environment which is likely to
be the same within MoPiv·PivL3. However, we are unsure as to why the effect is
only localised on two of the four Mo-O bonds in this instance. The four Mo-O bonds
on the pivalate-coordinated {MoO4} face are all the same within error.

The distance between Mo(1) and the imidazolium ring is slightly shorter than the
Mo-mesityl separation that was observed in the related species (MoPiv·L1). The
angle between planes defined through the imidazolium ring and the appropriate
{MoO4} face shows slight deviation from coplanarity, moving the iPr groups away
from the sterically demanding pivalate ligands. The angle only differs slightly from
the related angle observed in MoPiv·L1 (10.70(8)o). Figure 5.21 displays a
wireframe picture of the MoPiv·PivL3 viewed down the Mo-Mo bond, showing that
the imidazolium ring is only slightly off-centred from the axial position of the MoMo bond. The two fragments are therefore well orientated for an intermolecular πinteraction although poor orbital overlap is likely to render this interaction extremely
weak.

Figure 5.21: Wireframe structure of MoPiv·L3 viewed along the Mo-Mo bond
showing the position of the imidazolium ring with respect to the {Mo2} carboxylate
dimer.
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To the best of our knowledge the only structurally characterised example of a
molybdenum quadruple bond with an axially coordinated carboxylate ligand is
[Mo2(O2CtBu)5][NnBu4] (Figure 5.22),244 which was synthesised by Chisholm et al.
via the reaction of MoPiv with [O2CtBu][NnBu4]. Structural analysis of this species
showed that the axial Mo-O bond length is comparable to our own (2.298(5) Å).244
Unlike MoPiv·PivL3, there are no axial interactions at the second Mo centre in the
literature species.

Figure 5.22: The structure of [Mo2(O2CtBu)5][NnBu4].244
The 1H NMR spectrum of MoPiv·PivL3 was consistent with the determined solidstate structure (Figure 5.20), exhibiting a singlet at 11.7 ppm indicative of the
presence of an imidizolium species in solution. The relative resonance integrals
confirmed the 1:1 MoPiv to [O2CtBu][L3H] ratio. The two pivalate environments
were represented by two sharp singlets showing that the two ligands environments
are independent within the NMR time-scale. This contrasts with the observations
made for [Mo2(O2CNtBu)5][NnBu4] in which a broad resonance, corresponding to all
five pivalate ligands was observed.244 Variable temperature NMR studies conducted
on [Mo2(O2CtBu)5][NnBu4] showed that exchange between the axial and bridging
pivalate ligands was occurring and the pivalate resonances coalesced only at -80 oC.
In addition to this it was shown that when an extra equivalent of [O2CtBu][NnBu4]
was added to the solution, the room temperature 1H NNMR spectrum exhibited both
a sharp singlet, representing a single pivalate ligand, and a broad signal, representing
five pivalate ligands. The additional ligand was therefore not incorporated into the
fluxional system suggesting that a penta-pivalate species was favoured. The absence
of fluxional behaviour in solutions of MoPiv·PivL3, provides evidence that the
imidazolium···pivalate hydrogen bonding interaction persists to some degree in
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solution, preventing rapid exchange of the pivalate ligands within the NMR timescale.

It was later found that the formation of MoPiv·PivL3 resulted from a significant
impurity of pivalic acid within the sample of MoPiv, resulting in protonation of L3.
This helps to explain the very low yield of the reaction (11%). Following further
purification of the precursor, the reaction with L3 was repeated. Although there was
no evidence of the formation of the previously observed product, MoPiv·PivL3, no
other products could be isolated from the reaction mixture. In order to gain a better
understanding of the nature of the carbene-{Mo2} interaction in solution, the reaction
was repeated on an NMR scale using a 2:1 carbene to MoPiv stoichiometry. The 1H
spectrum of the reaction mixture recorded in C6D6 exhibited one sharp resonance
corresponding to the pivalate protons, revealing a single ligand environment within
the NMR time-scale. In contrast, the resonances corresponding to the iPr-CH3 and
CH environments of the carbene were significantly broadened, reflecting a degree of
fluxionality. From these observations it likely that L3 interacts with MoPiv via weak
axial interactions in solution (Figure 5.23). The fluxionality inferred from the 1H
NMR spectrum would therefore reflect association and dissociation of the carbene
ligands within the NMR time-scale. The difference in the reactivity observed
between MoPiv and L3, relative to MoFAc and MoAc suggests that, for MoPiv,
displacement of the bridging carboxylate interactions is not sufficiently compensated
by the equatorial coordination of the carbene to facilitate the formation of a type III
adduct. This is likely to relate to the greater steric demands of the bulky pivalate
ligands.
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Figure 5.23: The proposed solution state interaction between MoPiv and L2.
5.2.6 – NMR Analyses of Equatorial {Mo2} Carbene adducts

To investigate the coordinative behaviour of the type III carbene adducts in solution,
each has been analysed in a series of NMR experiments.
The room temperature 1H NMR spectra of MoAc·L3, MoFAc·L3 and MoFAc·L4,
recorded in d8-toluene, each exhibit a series of broad resonances, representing each
of the carbene proton environments and, for MoAc·L3, a single broad resonance
corresponding to the acetate protons. These observations are consistent with a system
in dynamic flux within the time-scale of the experiment. The two acetate
environments observed in the solid-state structure are therefore resolved to an
average resonance in solution. The room temperature

19

F NMR spectra of

MoFAc·L3 and MoFAc·L4 exhibit two (δ = -72.0 ppm and -74.1 ppm) and three (δ
= -71.1 ppm, -72.1 ppm and -74.6 ppm (ca. 2:1:3)) sharp resonances respectively. In
the former, the two resonances can be assigned to the bridging279 and monodentate280
carboxylate ligands respectively, however, the presence of an additional resonance in
MoFAc·L4 may suggest the presence of a second isomeric conformation in solution.
Similar observations have been made for related species reported in the literature.251
Warming a d8-toluene solution of MoAc·L3 to 85 oC results in significant
sharpening of each of the broad resonances observed in the room temperature 1H
NMR spectrum, providing a single well resolved resonance corresponding to the
acetate protons. The only resonance that does not fully resolve at this temperature is
that corresponding to the iPr-methine protons, which remains broad. This data is
represented by the red trace in Figure 5.24 alongside the room temperature spectrum
(black).
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Acetate-CH3
*

25 oC

-85 oC

*

*

Figure 5.24: A Stack of three 1H NMR spectra of MoAc·L3 recorded at 85 oC (red),
25 oC (black) and -85 oC (blue) in d8-toluene. Resonances corresponding to
protonated solvent residue are marked with am asterisk.

Upon cooling the solution of MoAc·L3 the broad resonance corresponding to the
acetate protons began to flatten to the base line and at -85 oC it is replaced by two
singlet resonances (blue trace in Figure 5.24). These can be attributed to bridging
and monodentate acetate environments providing evidence that at low temperature
the solution-state structure is similar to that observed in the solid-state. Cooling the
sample also results in the splitting of each of the carbene proton resonances yielding
four broad doublet resonances (iPr-CH3) two broad singlets (backbone-CH3) and two
broad septets (iPr-CH). Additional resonances observed at δ = 3.73 ppm and 1.69
ppm are indicative of an additional carbene environment in solution and the integrals
of these resonances do not appear related to those discussed above. It is possible that
a degree of carbene dissociation occurs in solution and as such the unassigned
signals may represent a small amount of free carbene. This suggestion is supported
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by the presence of a small amount of yellow residue at the base of the NMR tube
following the analysis which has been attributed to precipitated MoAc.
Variable temperature 1H and

19

F NMR studies were also performed on solution of

MoFAc·L3 and MoFAc·L4. Consistent with the observations made for MoAc·L3,
the 1H NMR spectra recorded for each complex at 85 oC exhibited a series of well
resolved resonances corresponding to each of the carbene proton environments. The
increase in temperature also resulted in significant broadening of the initially sharp
19

F NMR resonances within both complexes. Interestingly, for MoFAc·L3, the two

sharp resonances observed at room temperature do not broaden at the same rate
when the sample is heated, suggesting that the dynamics and interchange between
isomers

is

more

complicated

than

can

be

described

by

a

simple

bridgingmonodentate exchange model. Despite the broadening of the singals in
MoFAc·L3, no coalescence of the resonances was observed at this temperature. Low
temperature investigations were also performed on both of the fluorinated complexes
but due to the low solubility of these species in toluene these analyses were carried
out in d8-THF. For both MoFAc·L3 and MoFAc·L4, cooling the samples to -30 oC
resulted in significant broadening of the 1H NMR resonances that were observed at
room temperature. Further cooling provided a complicated series of resolved
resonances for both MoFAc·L3 and MoFAc·L3, suggesting a number of carbene
environments and a number of different isomeric forms trapped in solution.
Unfortunately the complexity of the spectra has precluded the assignment of
potential products.

Low temperature

19

F NMR studies of the two complexes were also largely

uninformative. Upon cooling to -30 oC no broadening of the room temperature
resonances was observed. Instead, at -85 oC, a large number of additional sharp
resonances were observed for both MoFAc·L3 and MoFAc·L4 within the spectral
window analysed, representing a large number of fluorine environments. These
observations may once again relate to the trapping of a variety of isomers in solution
but could also potentially result from intra-molecular Mo···F interactions occurring
at low temperature (Figure 5.25). It is important to consider that the use of a
coordinating solvent (d8-THF) for the low temperature studies of MoFAc·L3 and
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MoFAc·L4 may in part be responsible for the difference in solution state behaviour
relative to MoAc·L3.

Figure 5.25: Possible Mo-F interactions present in low temperature solutions where
L represents an N-heterocyclic carbene.

5.2.7 – Electronic Absorption Analyses of Equatorial {Mo2} Carbene Adducts

To investigate how the interesting coordination modes of the alkyl-substituted Nheterocyclic carbenes affect the solution-state optical properties of their respective
organometallic complexes, each of the type III {Mo2} carbene adducts were
analysed using electronic absorption spectroscopy. On account of their relatively low
solubility, the analyses of MoFAc·L3 and MoFAc·L4 were performed using THF
solutions whereas the solubility of MoAc·L3 permitted the use of toluene, providing
a greater spectral window. The room temperature electronic absorption spectra of
each adduct is presented in Figure 5.26.
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Figure 5.26: The electronic absorption spectra of MoAc·L3 in toluene and
MoFAc·L3 and MoFAc·L4 in THF collected at room temperature.

The spectra show that both MoFAc·L3 and MoFAc·L4 exhibit two clear absorption
bands. The higher energy of these bands are attributed to Mo2δ→(O2C)π* electronic
transitions which are slightly lower in energy in MoFAc·L3. The second absorption
bands, appearing at 533 nm in both systems, correspond to the Mo2δ→Mo2δ*
transitions. For both MoFAc·L3 and MoFAc·L4, the energy of this transition is redshifted relative to the analogous absorption band observed for MoFAc (435 nm),281
but is very similar to that reported for the related type-III PBu3 adduct (519 nm).254
The origin of the red shift is explained in Figure 5.7 and 5.8 and the observation of
these properties provides evidence that a type III adduct, or similar equatorial
isomers, exist in solution to some degree at room temperature.254

In contrast to the adducts of MoFAc, MoAc·L3 exhibits only one well resolved
absorption band, appearing at 314 nm, which corresponds to the Mo2δ→(O2C)π*
electronic transition. A low intensity shoulder is also observed at ca. 430 nm,
attributed to the Mo2δ→Mo2δ* electronic transition. The latter is significantly blueshifted relative to the analogous absorption bands exhibited by MoFAc·L3 and
MoFAc·L4 and is more characteristic of a system in which each of the carboxylate
ligands is coordinating in a bridging mode. This suggests that, at room temperature,
MoAc·L3 behaves less like a type III adduct but more like a diaxial, type II adduct.
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MoAc is not soluble in the absence of the carbene so some form of adduct must
persist in solution.
Within the low temperature 1H NMR analysis of MoAc·L3 (vide supra) it was
proposed that a species with both bridging and monodentate acetate ligands was
present in solution at -85 oC. Although we do not have the facilities to perform low
temperature electronic absorption studies, upon cooling a toluene solution of
MoAc·L3 in liquid N2 the yellow solution turns dark orange (Figure 5.27). The
thermochromism implies a structural change and correlated with our NMR data it
suggests that, at low temperature, MoAc·L3 exhibits the behaviour of an equatorial
carbene adduct. We cannot say with certainty that this is a type III system in
solution as other equatorial isomers are possible.

liquid N2

RT

Cooled

Figure 5.27: Pictures of a sample of MoAc·L3 in toluene; at room temperature (left)
and after cooling with liquid N2 (right).

Interestingly, the electronic absorption data reported for the PBu3 adduct of MoFAc
was recorded at -40 oC.254 Whilst a reason for these conditions was not provided, it is
likely that the low temperature was required to provide a red-shift in the
Mo2δ→Mo2δ* absorption band on account of fluxionality in solution. This contrasts
with MoFAc·L3 and MoFAc·L4, which exhibit well defined absorption bands at
comparable energy at room temperature. Even when solutions of the carbene adducts
are heated to reflux there is no obvious colour change that could be correlated to a
structural change. This may provide evidence that the N-heterocyclic carbenes
employed within this study favour equatorial coordination to a greater extent than
PBu3.
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5.2.8 – Further Chemistry of Equatorial {Mo2} Carbene Adducts

With a particular interest in the design and synthesis of extended organometallic
complexes featuring quadruply bonded metal units, we are working towards the
incorporation of these carbene stabilised {Mo2} fragments into such systems. Ideally
we would like to do so using conjugated acetylide ligands to form oligomeric and
polymeric systems as shown in Figure 5.28.

Figure 5.28: Targeted acetylide bridged {Mo2} polymer.

A study of the literature showed that acetylide ligands have previously been
coordinated to quadruply bonded Mo2 cores, but all existing complexes are of the
form Mo2(CCR)4(PMe3)4 with an acetylide ligand pointing in all directions.282-284
These complexes are not set up well for the controlled formation of polymers and
oligomers, so ideally we require a precursor that will direct trans-substitution of the
acetylide ligands. The studies did, however, show significant interaction between the
π-network of the acetylide ligands and the Mo d-orbitals, which is important when
considering the potential for electronic communication between metal fragments.

The previously reported acetylide complexes were synthesised via a salt metathesis
reaction between Mo2Cl4(PR3)4 and four equivalents of the chosen lithium acetylide.
We ideally require a precursor that contains only two chlorides, arranged in a transconformation. Compounds such as this have previously been reported using
phosphines to stabilise the {Mo2} core. It was shown that treatment of MoAc with
two equivalents of both a phosphine ligand and trimethylsilyl chloride (TMSCl)
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result in the removal of two acetate ligands (trans to each other) replacing them with
chlorides.285-286 The free coordination sites created by the removal of the bridging
acetates are then stabilised by the phosphine ligands (Scheme 5.4). The majority of
systems made in this way have, through structural characterisation, been shown to
adopt the trans-conformation in the solid state, as depicted in the reaction scheme.
However, there is evidence that the cis-isomer can also be formed under certain
conditions.286

Scheme 5.4: Synthesis of dichloride substituted {Mo2} carboxylate complexes.

These systems would potentially make good precursors for the synthesis of extended
systems through standard salt metathesis chemistry with lithium acetylides and we
were interested to see if the same complexes were accessible using N-heterocyclic
carbenes in place of the phosphines. We therefore used an analogous method to that
depicted in Scheme 5.4, first synthesising MoAc·L3 in situ, and to the dark red
solution we added two equivalents of TMSCl which immediately turned the solution
dark purple. A crop of red crystals of MoAcCl·L3·were obtained by cooling a
concentrated solution of the reaction mixture to -28 oC and these were suitable for
analysis by single crystal X-ray diffraction. MoAcCl·L3 crystallises in the triclinic
spacegroup P-1 with half a molecule within the asymmetric unit. The second half
molecule is generated by an inversion centre at the mid-point of the Mo-Mo bond.
The asymmetric unit also contains three toluene occupied sites, two of which are
disordered over inversion centres at 100 % occupancy whilst the final molecule is
rotationally disordered over two positions with the greater component modelled at
66 % occupancy. The molecular structure of MoAcCl·L3·is presented in Figure
5.29 and selected bond lengths and angles observed within the structure are
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displayed in Table 5.8. The related parameters from the previously reported
phosphine analogues are also shown within the table to allow comparison.285-287

Figure 5.29: Molecular structure of MoAcCl·L3 shown with 50 % ellipsoids and
protons removed for clarity.
Table 5.8: Selected bond lengths (Å) and angles (o) from MoAcCl·L3 and related
systems of the form {Mo2}(PR13)2 where {Mo2} represents {Mo2(O2CR)2Cl2(PR13)2}
and R = Me (I), nBu (II) or tBu (III).

Mo-Mo

Mo-Cl

Mo-C

2.1099(3)

2.4351(7)

2.233(2)

Mo-O

L-Mo-Cl

2.115(2),
MoAcCl·L3

128.42(7)
2.122(2)
2.109(5),

{Mo2}(PBu3)2 (I)

2.099(1)

2.427(2)

N/A

139.8(1)
2.100(6)

{Mo2}(PPh3)2 (I)

2.091(1)

2.405(2)

N/A

{Mo2}(PPh3)2 (II)

2.102(1)

2.410(2)

N/A

{Mo2}(PEt3)2 (III)

2.0984(4)

2.405(2)

N/A

2.009(5),
2.107(5)
2.117(3)a

139.36(9)
139.3(1)

2.105(5),
142.2(2)
2.105(5)
a

Reported as an average, b L = P or C.
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The structure of MoAcCl·L3 confirms that two of the acetate ligands from the
precursor had been replaced by chlorides, with the product crystallising in a transconformation. Both the chloride and the carbene ligands project away from the {Mo2}
core resulting in pseudo trigonal bipyramidal geometries at both metal centres.

The Mo-Mo bond length of MoAcCl·L3 lies in between those of MoAc and
MoAc·L3, showing a slight decrease upon exchanging a monodentate acetate ligand
for a chloride. It is also slightly longer than the values reported for the phosphine
analogues. The C-Mo-Cl angle is over 10 o smaller than the P-Mo-C angle in each of
the phosphine analogues, reflecting the difference in steric demands of the two types
of ligand system. The same trend was also observed when comparing the carbene
type III adducts with their phosphine analogues. The C-Mo-Cl angle is also ca. 16 o
smaller than the C-Mo-O angle in MoAc·L3.

The Mo-Cl bond length of the carbene system is longer than the respective values of
all of the phosphine complexes except for the PBu3 complex, for which it is just
within experimental error. This suggests a slightly greater trans-influence is being
applied by the carbene than most of the phosphine ligands and is likely to relate to
the stronger σ-donor ability of the carbene. Studies have shown that PBu3 is the
strongest σ-donor of the three phosphines involved in the table which may account
for the longer Mo-Cl bond length in this system.262,288
The 1H NMR spectrum of MoAcCl·L3, recorded in d8-THF, suggests that multiple
isomers were present in solution. Several resonances are present between 2.3 and 2.8
ppm which are attributed to various acetate CH3 proton environments. The
resonances associated with the carbene iPr-CH3 and -CH moieties appear as a sharp
doublet and septet respectively as well as a number of lower intensity broad signals.
Elemental analysis has confirmed that the atomic composition of the bulk product is
consistent to that observed in the determined molecular structure and as such the
additional resonances observed are unlikely to represent impurities. The 1H NMR
analysis was repeated using C6D6 as solvent resulting in a simpler spectrum. This
exhibited a septet (iPr-CH), two singlets (2 x CH3) and a doublet (iPr-CH3), which
can be attributed to a single isomer of MoAcCl·L3. However, there remained a
number of low intensity signals in the acetate region of the spectrum suggesting a
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small amount of isomeric material. The solubility of MoAcCl·L3 is poor in both
solvents and not all of the product could be dissolved in either experiment. We are
therefore unable to say whether THF induces isomerisation within the sample or if it
is merely a case that the isomeric forms are more soluble in THF. The poor solubility
of MoAcCl·L3 has also precluded analysis by 13C{1H} NMR spectroscopy.
5.3 – Conclusion

In summary, we have reported the first examples of N-heterocyclic adducts of
quadruply bonded {Mo2} systems, showing that the chemistry observed is highly
dependent on the identity of the carbene that is used. The mesityl-substituted carbene
(L1) provided a series of monoaxial adducts, examples of which are scarce within
the literature and have not been observed in related studies using phosphine ligands.
Within the solid-state the monoaxial carbene adducts each exhibit an equally unusual
Mo···{Mesityl} π-type interaction at the vacant terminus of the Mo-Mo bond, which
can be rationalised as mesityl-πMo2π* interactions.112 These interactions result in
the formation of 1D ‘coordination polymers’ within the crystal lattice. The monoadducts were observed even when two equivalents of carbene were used in the
reaction and DFT studies have suggested that the Mo-Aryl interaction can potentially
provide a lower energy alternative to σ-donation of a second carbene into the
relatively high energy Mo2σ* orbital of the monoaxial adduct. Evidence for this was
provided by increasing the steric demand of the carbene aryl substituent, changing
from mesityl to dipp groups. This provided a significant steric barrier towards the
formation of Mo-Aryl interactions and resulted in the formation of a diaxial adduct.
Interestingly, the ability to facilitate both Mo-σ and Mo2-π interactions within the
same complex was also demonstrated within the solid-state structure of
Mo2Piv·L3Piv in which the imidazolium ring is involved in a side-on π interaction
with the Mo centre.

Similar to analogous studies using phosphine ligands, the use of less sterically
demanding alkyl substituted N-heterocyclic carbenes, resulted in the formation of
equatorial adduct species within the solid-state, containing two, bridging, and two
monodentate carboxylate ligands. Within the series of products isolated, MoAc·L3
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represents the first example of an equatorial adduct containing a MoAc core.
Equatorial adducts could not be accessed using MoPiv which we relate to both the
greater steric demand of the pivalate groups and the relatively low Lewis acidity of
the {Mo2} core. The distinction between the equatorial adducts of MoFAc and
MoAc can be observed within the electronic absorption spectra of the species. The
former exhibited low energy Mo2δ Mo2δ* transitions, indicative of an equatorial
adduct in solution.254 Such absorption bands were not observed for MoAc·L3
providing evidence for less type III character in solution at room temperature,
consistent with the less Lewis acidic metal centre. However, VT-NMR spectroscopic
analysis suggests that equatorial conformations of MoAc·L3 do exist at low
temperature, which is accompanied by a distinct colour change of the solution.

Finally, initial steps have been investigated towards the functionalisation of {Mo2}
carbene adducts, showing that chloride substituted systems can be obtained via
reaction with TMSCl. Such species represent potential starting materials for salt
metathesis reactions that may allow the inclusion of carbene stabilised {Mo2} units
into more complicated extended systems.
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Chapter 6 – Time-Resolved Infrared Spectroscopic Studies
6.1 – Introduction
6.1.1 – Time-Resolved Experiments

As was introduced in Chapter 1, there is growing interest in the study of
organometallic polymers and oligomers on account of their potential application in a
number of electronic devices such as LEDs,289-290 sensors160 and optical limiting
devices.49-50,291 To aid the design and synthesis of more efficient materials to perform
these roles it is important to not only understand the ground state properties of these
systems but to also probe the intricate excited-state manifolds. Such studies allow the
identification and dynamic study of key charge transfer processes and the analysis of
electronic delocalisation within discrete singlet and triplet excited-states.

The excited-state dynamics of an organometallic complex can be investigated using
‘pump-probe’ time-resolved experiments. A typical experiment first involves the
electronic excitation of a solid- or solution-state sample using a pulsed laser source.
An analytical probe beam is then used to analyse the sample at chosen time points
along the decay profile of the sample. A simplified representation of this process is
shown in Figure 6.1.292

Figure 6.1: Illustration of a time-resolved pump-probe experiment sampling three
time delays (t1>t2>t3).
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Three consecutive ‘pump’ pulses are shown (black), which are each accompanied by
identical decay profiles (green). The analytical ‘probe’ pulses (red) arrive at three
different time delays (t1, t2 and t3) following the initial formation of the excited-state
(t=0), allowing analysis at different stages of the decay process. Using this theory a
number of time resolved experiments have been developed in which the excited-state
is

monitored

using

absorption/emission

different

probe

spectroscopy109,293-294

techniques,

including

and,

recently,

more

electronic
by

X-ray

diffraction.292,295-296
6.1.2 – Time-Resolved Infrared Spectroscopy

Time-resolved Infrared (TR-IR) spectroscopy is a particularly powerful technique
that allows discrete molecular vibrations to be monitored following photoexcitation
of a molecular ground state.297-300 For this reason it has predominantly been utilised
on samples that exhibit characteristic bond vibrations, particularly {C≡O}, {C≡C}
and {C=O} containing complexes. TR-IR provides a significant advantage over
other techniques because structural changes can be observed and assigned within
solution-state processes. However, for full interpretation of results a combination of
time-resolved studies are often required.
The diagram shown in Figure 6.2 shows how the ‘pump-probe’ method can be
applied to infrared spectroscopy.18

Figure 6.2: Simplified schematic of a TR-IR setup.18
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The pump (blue) and IR-probe (red) lasers pulses are both generated from the same
Ti:Sapphire laser source, which is split and then tuned to give a UV/Vis pump
wavelength and an IR probe wavelength. In order to control the time delay between
pump pulse and the arrival of the IR probe pulse, the former is passed through an
optical delay line which alters the path length between the laser source and the
sample. This allows the measurement of the IR spectrum following a series of
programmed time delays following initial excitation of the sample. Importantly the
pump beam also passes though a chopper, which is synchronised to remove alternate
laser pulses. The IR probe continues to measure in the absence of the excitation
beam and thus collects ground state spectra during alternate pulses. The ground state
spectra are subtracted from each of the excited-state spectra to produce a difference
spectrum for each time delay. This is illustrated in Figure 6.3. A more detailed
explanation of the setup is described in the experimental section of this work and is
well documented in the literature.301-302

i)

ii)
hυ
Ground state
vibration

Decay of
excited-state

Excited-state
(transient) vibration

Transient = New excited
state vibration

iv)

Difference
Spectrum

iii)
Δt

Recovery of
ground state

Bleach = Loss of ground
state vibration

Figure 6.3: A demonstration of the formation of transient and bleach signals in a
TR-IR difference spectrum.
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The diagram shows that upon photo-excitation of a sample, a ground state vibration
(i) is replaced by a second vibration corresponding to the population of an
electronically excited-state (ii).The ground state spectrum is then subtracted from the
excited-state spectrum to provide a difference spectrum (iii) in which the loss of the
ground state is reflected by negative intensity signals (a bleach), whilst the transient
vibrations are observed at positive intensity. Over a given time-frame the excitedstate decays and as such the intensity of the transient vibration is reduced whilst the
intensity of the bleach also decrease to reflect the recovery of the ground state (iv).

Because of the structural information that can be gleaned from TR-IR spectroscopic
analysis it is a technique that has been used for a variety of studies. These include;
the observation of transient organic reaction intermediates,303-304 probing proton
transfer processes140,305 and a variety of studies that utilise transition metal carbonyl
stretches to investigate photo-induced reactivity.297-299,306

To date there are only a limited number of examples where TR-IR spectroscopy has
been used to study Pt-acetylide complexes. Contributions from Weinstein et al have
investigated a range of complexes of the form shown in Figure 6.4-i, which contain
spectroscopic probes on both the acetylide and diimine ligand systems (υ(C≡C) and
υ(C=O), respectively).300,307-311 The carbonyl groups on the diimine provide an
efficient method by which to monitor charge transfer excited-states, as population of
the {C=O} π*-orbitals results in a red shift of the observed υ(C=O) due to reduction
in the multiple bond character. Monitoring of the υ(C≡C) stretches in such
complexes showed that the identity of the acetylide ligand can have significant
effects on the degree of charge transfer between the two ligand systems. For example,
when R = p-tolyl a blue-shift of υ(C≡C) was observed in the excited-state, which
was attributed to the MLCT(dimine) removing electron density from the Pt centre,
resulting in a lesser degree of PtC≡C back-bonding.309 However, when R =
naphthyl, a red-shift of the analogous υ(C≡C) was observed in the excited-state. This
was attributed to a loss in {C≡C} bonding electron density upon the formation of a
MLCT excited-state, showing that there is significant {C≡C-naphthyl} πcontribution within the HOMO of this species.311
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i)

ii)

Figure 6.4: Examples of diimine-Pt-acetylide (i) and phosphine- Pt acetylide (ii)
complexes that have been studied by TR-IR spectroscopy.

Two independent TR-IR studies have also been performed on the series of trans-bisacetylide complexes, shown in Figure 6.4-ii.172,312 The dynamics differ from the
diimine systems because the lowest lying excited-state is predominantly ππ* in
character. The studies performed on A, by Cooper et al., revealed the formation of
cumulated {Pt=C=C=Ar} bonds in the triplet excited-state, which support previous
assignments made from phosphorescence data.141 The independent TR-IR studies,
performed by Brozik et al., on complexes B and C provided evidence that the triplet
excited-states within these species are localised on a single acetylide ligand system,
reducing the symmetry of the excited-state molecule from D2h to C2v.172 This was
determined through the observation of two transient {C≡C} bond vibrations for each
complex, one observed at higher energy than the ground state {C≡C} vibration and
one at significantly lower energy. Similar charge localised triplet states have been
reported for a number complexes in the literature and are thought to occur due to the
high symmetry structures of the complexes and the low lying MLCT excitedstates.206,275,313-315

More recently, TR-IR studies have also been extended to quadruply bonded {Mo2}and {W2}-carboxylate and -amidinate systems.108,206,275,316-319 By monitoring the
υ(OCO), MLCT states could be assigned by a red shift of the vibration, due to
population of ligand π*-orbitals. These could be differentiated from δδ* excitedstates which impose a blue shift of the analogous vibrations, attributed to the
removal of electron density from the Mo2δ orbital which reduces the Mligand
back-bonding. Initial studies have shown that the identity of the carboxylate ligand
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has a significant impact both on the excited-states populated and their respective
lifetimes (Figure 6.5). For example, Mo2(O2CtBu)4 exhibits complicated decay
dynamics involving both 1MLCT and 1δδ* excited-states, which both exhibit
intersystem crossing (ISC) to a 3δδ* state, which is observed for all {Mo2}containing complexes that have been studied to date. The lower lying π*-orbitals of
Mo2(O2CPh)4 make the dynamics simpler, only involving the population of the
1

MLCT excited-state prior to ISC. The Singlet lifetimes (up to 50 ps317) of these

species have been shown to be significantly longer than those observed for Ptacetylide complexes and are especially long for complexes containing alkylsubstituted carboxylate ligands. The dynamics are further altered by replacing {Mo 2}
by {W2}, which, when combined with electron-withdrawing ligand systems, can
allow population of the less common 3MLCT states. These states are much rarer for
{Mo2} containing systems, due to the lower energy of the Mo2δ orbitals, and have
only been observed for certain systems containing polycyclic carboxylate
ligands.316,320

{W2}-containing systems also exhibit significantly shorter singlet

lifetimes than related {Mo2} complexes, on account of increased spin-orbit coupling.

Figure 6.5: Excited-state dynamics determined for two {Mo2}-tetracarboxylate
complexes.317

To investigate the degree of charge delocalisation with the excited-state of {Mo2}
complexes Chisholm et al. designed a series of complexes that incorporate {C≡C} or
{C≡N} spectroscopic probes into the ligand system. Examples of such complexes
are shown in Figure 6.6-i and -ii.206 The conversion of the 1MLCT to 3δδ* states
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within these complexes was observable by the disappearance of ligand-based
transient vibrations following the ISC, because the excited-state is no longer
localised on the ligand π*-orbitals.

i)

ii)

Figure 6.6: Examples of trans-disubsituted {Mo2} complexes that have been studied
by TR-IR spectroscopy.206
The photo-excited 1MLCT forms of complexes, such as those shown in Figure 6.6,
can be considered mixed valence species, in which an electron hole resides on the
{Mo2} core and the promoted electron is delocalised within the highly conjugated
ligand π-orbitals.206,275,318 Using TR-IR spectroscopy, combined with theoretical
calculations, it has been possible to characterise the degree of electronic
delocalisation across the two trans-ligands in terms of the Robin-Day classification.
These studies have shown that subtle differences within the ligand system can result
in a fully delocalised 1MLCT (Class III – Figure 6.6-i) becoming only a partially
delocalised excited-state (Class II – Figure 6.6-ii). Similar observations were also
made for the related {W2}-analogues, both in the 1MLCT and 3MLCT states.206

Building on the promise shown by the studies performed on related systems, we
report here preliminary results obtained from the TR-IR analyses of selected Ptethynyl-ester complexes (discussed in Chapter 2). Studies have also been extended
to the mixed-metal complex PtMo1 in an attempt to deduce the degree of electronic
delocalisation throughout the molecule in the photo-excited-state.
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6.2 – Results and Discussion
6.2.1 – TR-IR Spectroscopic Analyses of Pt-Ethynyl-Ester Complexes

Our initial TR-IR experiments focussed on the Pt-ethynyl-ester complexes Pt2a and
Pt5a (Figure 6.7) to investigate the differences in excited-state dynamics that were
induced by changing the identity of the conjugated spacer. This study represents the
first example where TR-IR spectroscopy has been used to study Pt-mono-acetylide
species.

Figure 6.7: Two Pt-ethynyl-ester complexes under study in this work.

The ethynyl-ester ligand systems are particularly applicable for IR-analysis as they
contain both well-defined acetylide and organic carbonyl bond stretches. The
corresponding {C≡C} and {C=O} moieties are located on opposite sides of the
ligand system and, as such, the excited-state dynamics observed within each spectral
region may aid discussion into the degree of electronic delocalisation throughout the
ligand within the photo-excited states. In agreement with reports in the literature,
calculations performed on the Pt-ethynyl-ester complexes show that the lowest lying
excited-state is predominantly 1ππ* in character, combined with a contribution from
the Pt(dπ) orbitals. The HOMO and LUMO calculated for Pt2a are displayed in
Figure 6.8. The HOMOLUMO electronic transition was therefore directly
pumped for both Pt2a and Pt2b using an excitation wavelength of 350 nm. For both
complexes the experiments were performed on the ps time-scale using DCM as
solvent.
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hυ

LUMO (1S)

HOMO

Figure 6.8: The HOMO and LUMO calculated for Pt2a.
The TR-IR spectrum for Pt2a is shown in Figure 6.9 showing the 1350-1800 cm-1
(fingerprint) region of the spectrum.

3

υ(C=O)

GS

υ(C=C)

GS

υ(C=O)

Figure 6.9: Fingerprint region of the TR-IR spectrum of Pt2a. Time delays reported
in ps. λexcitation = 350 nm.
In the ground state, Pt2a exhibits a {C=O} stretch at 1706 cm-1 which is immediately
bleached following excitation with the 350 nm laser pulse. The loss of the ground
state vibration is accompanied by the simultaneous formation of a transient at ca.
1598 cm-1 (modelled with a Gaussian fit), which we have attributed to an excitedstate {C=O} bond vibration. The transient signal is initially very broad and overlaps
with a second bleach at 1589 cm-1, which from similar assignment in the literature
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can be attributed to a ground state phenylene {C=C} bond stretch.312 This overlap
results in the ‘double-hump’ appearance of the overlying transient vibration.
Following the first 10 ps the broad transient appears to sharpen and shift to
1616 cm-1. This could indicate the initial formation of a vibrationally ‘hot’ excitedstate,317,321 which relaxes to a long-lived state (τ >2 ns). A second transient vibration,
1400-1462 cm-1, is also formed instantly upon excitation but is more complicated as
it is present in a more congested region of the IR spectrum and is thus likely to
represent the product of several overlapping transient and bleach signals. For this
reason we are unable to assign the molecular vibration responsible. Part of this low
intensity transient band decays over the same time-scale as the dynamics observed
for the carbonyl transient. Using a global mono-exponential decay fit for the
transients at both 1598 and 1445 cm-1, the approximate lifetime of the initially
formed excited-state is shown to be 1.8± 0.1 ps. Following this early-time process no
other dynamics were observed within the timeframe of the experiment (up to 2 ns),
which is consistent with the formation of a long-lived triplet excited-state.

To provide further information, the excited-state of Pt2a was also probed in the
acetylide region of the IR spectrum over the same time-scale and the resulting TR-IR
spectrum is shown in Figure 6.10. In the ground state Pt2a exhibits a {C≡C} bond
vibration at 2095 cm-1 which immediately bleaches upon excitation at 350 nm,
resulting in the formation of a very broad transient centred at ca. 1950 cm-1. The
initial transient decays over approximately 10 ps leaving a very weak transient at
1955 cm-1. Although the weak and broad nature of the transient makes discussion of
kinetics difficult, an approximate lifetime of 2.0 ps was calculated, by utilising peak
integrations between 1800 and 2050 cm-1, and is consistent with the dynamics
observed in the fingerprint region. The broad appearance of the initial transient band
may once again be related to the formation of a vibrationally hot excited-state.
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3υ(C≡C)a

3υ(C≡C)b

GSυ(C≡C)

Figure 6.10: Acetylide region of the TR-IR spectrum of Pt2a. Time delays reported
in ps. λexcitation = 350 nm.

The data for Pt2a shows that υ(C≡C) and υ(C=O) in the photo-excited-state are red
shifted relative to the corresponding ground state vibrations. In both cases this can be
attributed to the population of ligand-π* orbitals, lowering the effective bond orders
of the two fragments. This observation is consistent with the formation of a 3ππ*, in
agreement with previous studies into the excited-states of phosphine supported Ptacetylide complexes.60,62

The analysis was repeated for the thienyl containing complex, Pt5a, and the TR-IR
spectrum of Pt5a, recorded in the fingerprint region, is displayed in Figure 6.11.

231

Chapter 6

Time-Resolved Infrared Spectroscopic Studies

3υ(C≡O)a

3υ(C≡O)b

GSυ(C=O)

GSυ(C=C)

Figure 6.11: Fingerprint region of the TR-IR spectrum of Pt5a. Time delays
reported in ps. λexcitation = 350 nm.
Photo-excitation of Pt5a resulted in the instant formation of bleaches at 1700 cm-1
and 1436 cm-1, corresponding to the ground state {C=O} and thienyl-{C=C}322 bond
vibrations respectively. The formation of the two bleach signals is accompanied by
the simultaneous appearance of transient vibrations at 1590 cm-1 and 1396 cm-1. The
former can be attributed to a transient {C=O} bond vibration but without further
analysis it is difficult to assign the second. However, both transients decay to the
baseline with a calculated approximate lifetime of 11.4±0.2 ps. The decay of the two
transients is accompanied by the growth of a second transient vibration at 1630 cm-1,
representing a new excited-state {C=O} bond vibration. The secondary transient
grows in at the same rate as the initial transients decay, reflecting the population of a
second excited-state, which lives for the duration of the experimental time scale (> 2
ns). On reflection it is possible that the observations made in the analogous spectrum
of Pt2a could be described by the growth and decay of discrete transient vibrations
but the overlapping bleach makes it difficult to determine this using TR-IR
spectroscopy alone. To continue the study, data was also collected over the acetylide
region of the IR spectrum. This is presented in Figure 6.12.
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3υ(C≡C)a

3υ(C≡C)b

GSυ(C≡C)

Figure 6.12: Acetylide region of the TR-IR spectrum of Pt5a. Time delays reported
in ps. λexcitation = 350 nm.

The early-time dynamics of Pt5a, observed in the acetylide region of the spectrum,
are very similar to those observed for Pt2a. The ground state {C≡C} bond vibration,
at 2085 cm-1 is bleached upon excitation, immediately forming a relatively weak and
broad transient vibration centred at ca. 1948 cm-1. However, this transient species
decays to the baseline and a second transient vibration grows in at 1890 cm-1, which
contrasts with the observations made for Pt2a. Although an accurate kinetic analysis
of this process is precluded by the broadness of the initial transient band, an
approximate lifetime of 11 ps was obtained by modelling the signal integrals
between 1920 and 2066 cm-1. This value is consistent with the dynamics observed in
the fingerprint region, providing evidence that the dynamics are related.
As with Pt2a, the transients corresponding to both the {C=O} and {C≡C} moieties
appear at lower energy than the ground-state vibration, consistent with the
population of the ligand π*-orbitals in the excited-state. Following the decay of the
initially formed excited-state the secondary {C=O} transient species is shifted to
higher energy relative to the first (Δυ = +40 cm-1). This suggests that the secondary
excited-state is less localised on the {C=O} π*-orbitals. The large shift between the

233

Chapter 6

Time-Resolved Infrared Spectroscopic Studies

ground state {C≡C} vibration and the transient at 1890 cm-1 (Δυ = -195 cm-1)
suggest that the bond order of the (C≡C) is further reduced following the population
of the second excited-state that is observed. This observation is consistent with a
greater degree of electron density localised on the π*-orbitals of the {C≡C} and
similar observations made in the literature have led to the assignment of cumulated
{Pt=C=C=C} bond vibrations.312 Considering the respective red and blue shifts of
the {C≡C} and {C=O} vibrations upon going from the initial to the secondary
excited-state, it would suggest that the electron density is redistributed towards the Pt
end of the ligand system during this process.

More recently, we have tried to extend analogous TR-IR studies to the related Pt bisethynyl ester complexes starting with the phenylene containing species Pt2b (Figure
6.13).

Figure 6.13: Structure of Pt bis-acetylide complex Pt2b.

As with the previously studied mono-substituted Pt complexes, solutions of Pt2b
were irradiated with a 350 nm laser pulse which corresponds to direct pumping of
the ligand ππ* electronic transition. Following excitation, the organic carbonyl
region of the TR-IR spectrum (available in the appendices) exhibited no obvious
dynamics. Bleaches corresponding to the ground state {C=O} and {C=C} vibrations
were observed instantly at 1709 cm-1 and 1589 cm-1 accompanied by a poorly
defined transient at 1628 cm-1, similar to that observed for Pt2a. Only slight decay of
these signals was observed on the time-scale of the experiment (2 ns). In contrast, the
acetylide region of the spectrum of Pt2b was significantly different to that of the
mono-substituted system (Figure 5.14).
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Figure 6.14: Acetylide region of the TR-IR spectrum of Pt2b. Time delays reported
in ps. λexcitation = 350 nm.
Immediately following the excitation laser pulse, the ground state {C≡C} vibration
was bleached at 2101 cm-1 and a broad transient was observed at 1886 cm-1. This
rapidly sharpened to provide a more intense transient at 1894 cm-1, possibly
indicating the cooling of a vibrationally hot excited-state. The energy of the transient
vibration is significantly lower than the broad transient observed for Pt2a over the
same time-scale (ca. 1950 cm-1) and is likely to represent a cumulenic {C=C}
vibration. This is consistent with the observations made by Cooper et al. when
studying a similar phenylene containing complex.312 The difference in behaviour
between Pt2a and Pt2b is likely to be due to the greater extent of π-conjugation in
the disubstituted system. Only a small degree of ground state recovery is observed
within the time limits of the experiment in both the acetylide and organic carbonyl
regions of the spectrum indicating the population of a long-lived triplet excited-state,
consistent with the observations made for Pt2a and Pt5a.

When performing a routine repeat of the TR-IR analysis of Pt2b, it was noticed that
the ratio between the intensities of the transient and bleach vibrations differed from
those observed in the original experiment. It was proposed that the differences
observed were due to perturbation in the power of the laser pulses between the two
experiments. To investigate this theory, the experiment was repeated four times
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using known laser powers (between 100 nJ and 800 nJ) for each analysis. A single
time-delay was then selected from each of the spectra allowing a comparison of the
transient intensities. Figure 6.15-i shows the spectra recorded from each experiment
at 4.5 ps following the excitation pulse.

i)

ii)

Figure 6.15: i) A comparison of the acetylide regions of the TR-IR spectra of Pt2b
at t = 4.5 ps recorded with four pump powers. ii) A plot of observed intensity versus
laser pump power for the transient at 1894 cm-1 at t = 4.5 ps (red) compared to a
theoretical linear relationship (blue). λexcitation = 350 nm.
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If the relationship between laser power and peak intensity were linear, then the
intensity of the {C≡C} transient vibration would be expected to increase by a factor
of two as the pump power doubled. This is represented by the blue trace in Figure
6.15-ii. The red trace represents the experimentally observed transient intensities
showing a clear deviation from the linear model, especially at 800 nJ, and thus
indicating non-linear optical properties potentially due to a multiple photon
absorption process. Analysis of the difference IR spectra of Pt2b, recorded at 100 ps
prior to the incidence of the pump pulse, revealed no residual excited-state remained
from the previous excitation pulse. The postulated multiple pumping process must
therefore occur within a single excitation pulse rather than the secondary excitation
of an already excited species. These observations are particularly interesting because
molecules that exhibit non-linear optical properties have recently been attracting a
lot of interest due to their potential application in a variety of devices such as optical
limiting devices, optical storage systems and non-linear photonics.323

Following these observations, the power dependency of the TR-IR spectra of Pt2a
and Pt5a were also analysed and both systems were shown to behave linearly with
respect to power. It is therefore likely to be the greater extent of conjugation within
Pt2b that alters the nature of the observed optical properties. This is consistent with
reports in the literature of Pt acetylide complexes that exhibit non-linear optical
properties, which have focussed on highly conjugated frameworks.50,291,323-325

These preliminary results demonstrate that non-linear optical behaviour can be
promoted in simple Pt-acetylide species but further study is required to characterise
the process and to analyse how these properties could be potentially tuned by
incorporating different conjugated spacers into the ligand systems.
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6.2.3 – TR-IR Spectroscopic Analyses of {Mo2}-Containing Complexes

Whilst a number of {Mo2}-containing complexes have previously been analysed
using TR-IR spectroscopy,108,206,275,316-319 there have been no related studies
performed on heterometallic systems. However, such studies could potentially help
to elucidate MLCT processes between the different metallic units and, as such, we
report the preliminary spectroscopic analyses of the novel heterometallic complex
PtMo1. In order to aid the analysis of the excited-state dynamics of this species, the
parent complex, Mo1, has also been analysed in this study. The structures of the two
molecules are shown in Figure 6.16.

Figure 6.16: The structures of Mo1 and PtMo1.

Previous studies within our group have shown that {Mo2} tetra-formamidinate
complexes exhibit strong transient {NCN} vibrations within the same region of the
IR spectrum as the {OCO} vibrations reported by Chisholm et al. (15001550 cm-1).317,326 These bond vibrations, therefore, present spectroscopic probes that
can be monitored within both complexes. In addition, PtMo1 also contains a {C≡C}
moiety within the bridging ligand, which allows both the {Mo2} and the ligand
environments to be monitored in the excited-state molecule.

Initial studies were attempted using DCM as a solvent, however, PtMo1 was found
to decompose rapidly in this medium and, as such, both experiments were carried out
in dry degassed toluene. For Mo1 an excitation wavelength of 350 nm was utilised
and the data collected within the fingerprint region of the spectrum is shown in
Figure 6.17.
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3υ(NCN/OCO)

GSυ(NCN/OCO)

Figure 6.17: TR-IR spectrum of Mo1 recorded in the fingerprint region. Time
delays reported in ps. λexcitation = 350 nm
In the ground state, a toluene solution of Mo1 exhibits vibration bands at 1509 cm-1
and 1535 cm-1, which can be attributed to the {OCO} and {NCN} bond vibrations
respectively.327 Following excitation, the ground state vibration is immediately
bleached and, within the first 6 ps, a low intensity transient feature grows in at
approximately 1527 cm-1. Unfortunately, additional time points are required within
this short time frame to analyse the kinetics of this process. After 6 ps the feature at
1527 cm-1 begins to decay and, as it does so, a second transient band grows at 1559
cm-1. By modelling the respective decay and growth of these bands, an approximate
lifetime of 125.1 ± 6.3 ps was calculated for the concerted process. After the growth
of the second transient, no further dynamics were observed within the time-frame of
the experiment. From preliminary studies measuring microsecond time delays, the
excited-state was shown to live in excess of 50 μs, which is characteristic of the
long-lived triplet states that have previously been reported for {Mo2} carboxylate
and amidinate complexes.108,110,275,317-319
The fact that we can observe the transient vibration at 1527 cm-1 growing in over the
first 6 ps provides evidence that two singlet excited states are involved in the decay
pathway of Mo1, the first of which is extremely short lived. Very similar excited
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state dynamics were observed by Chisholm et al. for the TR-IR spectral analysis of
(DAniF)3Mo2O2CtBu and were attributed to the initial population of a 1MLCT state,
which rapidly converts to a 1δδ* state.328 Similar dynamics had also been previously
reported for Mo2(O2CtBu)4.317 To confirm the singlet state dynamics of Mo1, further
study is required.
The transient band of Mo1 at 1559 cm-1 can be attributed to {NCN} vibrations
within the excited-state, and these are blue-shifted in energy relative to the
corresponding ground state vibrations. This can be rationalised by the formation of a
3

δδ* state, in which electron promotion from the Mo2δ orbital reduces the degree of

back-bonding to the formamidinate and acetate ligands, strengthening their
respective π-bonds. Metal localised triplet states have been shown to be common to
most quadruply bonded {Mo2} complexes, which supports this assignment. The
lifetime calculated for the population of the assigned 3δδ* state of Mo1 is extremely
long compared to the 1MLCT and 1δδ* excited state lifetimes that have been reported
in the literature, for which the longest are 50 ps for Mo2(O2CtBu)4317 and 70 ps for
(DAniF)3Mo2O2CtBu.327

When the study was extended to the mixed-metal complex PtMo1, the excitation
wavelength was changed to 440 nm to coincide with the tail of the MLCT absorption
band (discussed in Chapter 3). The TR-IR spectrum of PtMo1, recorded over the
fingerprint region of the IR spectrum, is shown in Figure 6.18.
In the ground state, PtMo1 exhibits a {NCN} vibration at 1535 cm-1 and a {OCO}
vibration at 1506 cm-1. Upon irradiaition both ground state vibrations are
immeadiately bleached and a transient feature is observed at ca. 1519 cm-1. The
growth of this transient is not observed within the experiment, even at sub 1 ps time
delays. This may suggest that only a single singlet excited state is involved in the
decay dynamics of PtMo1. The transient at 1519 cm-1 decays over approximately 10
ps and the decay is accompanied by the concomitant growth of two transient peaks at
1551 cm-1 and 1567 cm-1. Kinetic analysis of the respective band’s decay and growth
provided an approximate lifetime of 9 ps for the process. It is noteworthy that an
additional bleach was observed at 1600 cm-1 (not observed for Mo1), over which a
transient vibration band grows in over approximately the same time scale as the
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growth of the transients at 1551 cm-1 and 1567 cm-1. Unfortunately we are unable to
assign the responsible molecular vibration.

Figure 6.18: TR-IR spectrum of PtMo1 recorded in the fingerprint region. Time
delays reported in ps. λexcitation = 440 nm.
The blue shift of the transient vibrations at 1551 cm-1 and 1567 cm-1, relative to that
of the ground state (1535 cm-1), again suggests the ultimate population of a 3δδ*
excited-state. However, the lifetime corresponding to the decay of the parent state is
more than ten times smaller than that observed for Mo1 and is more in keeping with
the 1MLCT excited states previously reported for photo-excited {Mo2} carboxylate
species.108,206,275,316-319

In an attempt to investigate the degree of charge delocalisation within the photoexcited states of PtMo1, the solution of the heterometallic complex was also probed
in the acetylide region of the IR spectrum. The resulting TR-IR spectrum is
displayed in Figure 6.19.
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Figure 6.19: TR-IR spectrum of PtMo1 recorded in the acetylide region.
λexcitation = 440 nm.
Within the acetylide region of the TR-IR spectrum of PtMo1, the ground state {C≡C}
vibration (2096 cm-1) is bleached upon excitation and a transient vibration is
observed immeadiately at 1944 cm-1. This transient is shifted by ~152 cm-1 to lower
energy of the ground state vibration, reflecting a significant loss of triple bond
character within the excited state. Similar observations have been made by Chisholm
et al. for a number of ethynyl-containing species and have been shown to provide
evidence for the population of 1MLCT excited states. This results in a significant
amount of electron density residing in the π*-orbitals of the conjugated ligand
systems, explaining the observed weakening of the C≡C bond. The low energy
transient vibration decays over 5-10 ps and, as it does so, the bleach at 2096 cm-1
begins to recover towards the baseline. After approximately 20 ps the bleach is no
longer observed, leaving only a weak transient at 2090 cm-1. This transient does not
decay over the 2 ns time frame of the experiment and therefore reflects the
population of a triplet excited state. The fact that the bleached {C≡C} ground state
vibration is no longer observed shows that the associated transient vibration occurs at
almost identical energy. Therefore, very little electron density remains localised in
the ligand π*-orbitals within the triplet excited state. These observations, combined
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with those made in the fingerprint region of the TR-IR spectrum, provide further
evidence for the assignment of a 3δδ* excited state.
The observation of a {C≡C} transient vibration within the 3δδ* excited state of
PtMo1 is unusual when compared to the similar studies performed by Chisholm et al.
on ethynyl-functionalised {Mo2} complexes. Within these, it was shown that
population of the 3δδ* state resulted in complete loss of both the acetylide bleach and
transient vibrations.106,206,317 However, our observation is consistent with the
depopulation of the HOMO of PtMo1 (predomiantly Mo2δ in character), which DFT
studies have shown to contain a significant contribution from the ligand π-orbitals,
including a bonding contribution from the {C≡C} moiety (Figure 6.20). Loss of
electron density from the ground state would therefore lower the {C≡C} bond order,
resulting in a lower energy stretching frequency. It is therefore unclear why similar
observations have not been made in the related studies in the literature, although the
presence of the Pt centre may play a role.

HOMO
Figure 6.20: Calculated HOMO for PtMo1 showing a degree of electronic
delocalisation over {C≡C} bonding orbitals.

Unfortunately, the low intensity of the signals that were observed for PtMo1 within
the acetylide region of the spectrum has prevented an accurate kinetic analysis of the
dynamics that were observed and, as such, better resolved data is required to
correlate the dynamics with those observed within the fingerprint region of the
spectrum.
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6.3 – Conclusion

In summary, we have performed a series of preliminary TR-IR spectroscopic studies
in order to test the scope of the technique towards the elucidation of charge transfer
processes within the photo-excited-state of our homo and heterometallic acetylide
complexes.

Studies conducted on the Pt-ethynyl-ester complexes, Pt2a and Pt5a revealed that
the early-time dynamics observed within the photo-excited-states of these species are
strongly influenced by the identity of the conjugated spacer unit. Pt2a appears to
initially populate a vibrationally hot excited-state which cools, with a lifetime of ca 2
ps, to a long-lived 3ππ* state. The thienyl-containing complex, Pt5a, appears to
initially form a similar 3ππ* state, however, this decays (τ = ca. 11 ps) to a second
excited-state, which appears to be significantly more localised on the {Pt-C≡C} π*orbitals of the complex, resulting in a cumulenic type structure. There is evidence of
the {C=O} bond regaining a degree of double bond character during this transition,
which provides evidence for an intraligand charge transfer process occurring in the
excited-state.

Similar studies performed on complex Pt2b showed that the more conjugated system
behaves non-linearly with respect to laser flux. At high laser power, strong transient
vibrations were observed in the acetylide region of the spectrum, suggesting the
formation of cumulated {Pt=C=C=C} bonds. However, at lower laser power very
little transient vibration is observed at all. Further study is required to characterise
the non-linear properties of this system and to investigate how these properties are
affected by differing the ligand system.

Studies performed on both Mo1 and PtMo1 reveal strong transient {NCN}
vibrations, appearing at higher energy relative to the corresponding ground state
bond vibrations. This is consistent with the formation of 3δδ* excited-states in each
case, which have both been shown to be extremely long lived (>50 μs). However, the
ISC process to populate the 3δδ* state is significantly faster in the heterometallic
complex (τ = ca. 9 ps) than in Mo1 (τ = ca. 125 ps). This is probably due to a lower
lying excited single state in PtMo1, coupled with the additional spin-orbit coupling
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provided by the Pt centre. Whilst the excited state dynamics of Mo1 are likely to
feature both 1MLCT and 1δδ* singlet excited states, PtMo1 only reveals evidence of
the former, which was targeted by the 440 nm excitation wavelength. This
assignment was supported by the observation of a short-lived {C≡C} transient
vibration, which appeared at ca. 152 cm-1 lower in energy than the related
groundstate vibration.

These studies have highlighted the potential for gaining valuable information on the
short lifetime dynamic properties of the homo- and heterometallic acetylide systems.
This work will compliment longer time-scale dynamic studies of these materials in
solution and in the solid-state and provide a full understanding of the electronic
properties as they evolve across the time-scales.
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Chapter 7 – Conclusions

The conclusions of this thesis have been separated into three subsections to aid the
discussion of the appropriate concepts.
7.1.1 – Homo- and Heterometallic Polyyne Complexes

The ultimate aim of this thesis has been to develop novel heterometallic complexes
that combine both Pt-acetylide and {Mo2}-carboxylate subunits into a series of
conjugated frameworks. To achieve this goal, three different heterometallic scaffolds
were targeted and were reterosynthetically analysed to identify suitable precursors.

Chapter 2 has outlined the design and syntheses of a series of mono- and
disubstituted Pt-ethynyl-ester complexes that represent potential synthons for
‘terminating’ and ‘bridging’ Pt units within the targeted mixed metal systems. The
variety of conjugated spacer units that have been incorporated into the ligand
systems allow the absorption and emission bands of these materials to be efficiently
tuned over a wide range of wavelengths. Theoretical studies have provided a greater
insight into the electronic structures of these species, helping to assess the degree of
electronic delocalisation throughout the π-conjugated networks of these species.

The work presented in Chapter 3 has developed the chemistry required to combine
the Pt-ethynyl-ester complexes with selected {Mo2} building blocks, resulting in the
preparation of the first examples of mixed Pt-{Mo2} acetylide complexes. Three
different frameworks were isolated featuring different arrangements of the
heterometallic subunits (PtMo1, MoPtMo, and PtMoPt). The molecular structures
of each of the novel systems were unambiguously determined, revealing effective πorbital alignment throughout the {Mo2} and bridging ligand moieties.
Theoretical studies have shown that the filled Pt(dπ) orbitals mix with both the πand π*-orbitals of the bridging ligand, which has a destabilising effect. Experimental
evidence of this is observed in the electronic absorption spectrum of PtMoPt for
which the MLCT band (Mo2δbridge-π*) is significantly blue-shifted relative to the
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Pt-free complex Mo2. Electrochemical analyses showed that the Pt-containing ligand
system of MoPtMo did not facilitate electronic coupling between the {Mo2} termini,
which is likely due to a combination of the large intermetallic separation and the
relatively high energy of the bridge π*-orbitals. However, the Pt centres were shown
to have a significant effect on the energy of the {Mo2δ} orbitals and thus the overall
stability of the systems. The half-wave potential of PtMoPt was observed at
significantly lower energy than that of Mo2, making the heterometallic system a lot
easier to oxidise.

To investigate ultra-fast charge transfer processes within the excited states of both
homo- and heterometallic acetylide complexes, a series of preliminary TR-IR
spectroscopic analyses have been performed (Chapter 6). Interestingly Pt2a and
Pt2b behave very differently in the excited state, with the latter exhibiting an
interesting charge redistribution process that localises electron density on the {PtC≡C} π*-orbitals, resulting in the formation of cumulated bonds. The differences
show that subtle variations in the donor-acceptor properties within these complexes
are important in tuning these excited state dynamics. Our initial investigations on the
heterometallic complex, PtMo1, provide evidence for the initial population of a
1

MLCT excited state followed by conversion to a long-lived δδ* triplet state, for

which the intersystem crossing is significantly faster than that observed for the
parent complex Mo1. This is likely to be due to increased spin-orbit coupling from
the Pt centre and a lower-lying LUMO orbital in the heterometallic complex.
7.1.2 – The Development of Novel Conjugated Bridging Ligands

This study has focussed on the design and synthesis of novel bis-amidinate bridging
ligand systems that incorporate ethynyl functionality into the backbone, to promote
π-conjugation throughout the molecules. Four different conjugated spacer units have
been incorporated into these ligand frameworks, allowing the electron-withdrawing
ability of the ligand systems to be tuned. When coordinated to redox-active Ru
centres (Ru3a-6a), electrochemical analyses provide no evidence that the bisamidinate ligands facilitate electronic coupling between metal termini, however, the
opto-electronic properties of the complexes are highly tuneable. The energy of the
Ru d-orbitals is sensitive to the degree of stabilising backbonding interactions, which
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can be promoted by using an electron withdrawing ligand (BA3a) or hindered using
an electron rich ligand such as BA2a. The absorption maxima of these complexes
can be tuned over ca. 140 nm using the current ligand set, with the highly conjugated
anthracene-bridged complex providing the lowest energy absorption band.

The application of the bis-amidines as bridging ligands within {Mo2} dimers has so
far been unsuccessful. This has been due to uncontrolled ligand substitution with
{Mo2}-tetracarboxylate precursors and steric incompatibility with formamidinatesubstituted {Mo2} precursors. Work is currently ongoing within the group to develop
the chemistry necessary to coordinate these ligand systems to {Mo2} centres in a
controlled manner.
7.1.3 – N-Heterocyclic Carbenes Adducts of {Mo2} Carboxylate Dimers

Within this work we have synthesised the first examples of N-heterocyclic carbene
adducts of quadruply-bonded {Mo2} complexes and, through structural analyses,
shown that the coordination chemistry observed is highly dependant on the
properties of the carbene that is used. A series of equatorial adducts were prepared
using relatively small alkyl-substituted carbenes and these exhibited interesting
optical properties on account of perturbations in the Mo2δ-Mo2δ* energy gap.
Equatorial adducts of MoFAc exhibit low energy absorption bands associated with
this electronic transition whilst the behaviour of MoAcL3 appears to be significantly
more fluxional in solution, providing thermochromic properties. These have been
correlated with VT-NMR studies.

The mesityl substituted carbene (L1) provided rare monoaxial adduct species for all
{Mo2} precursors that were investigated. These systems invoke further interest due
to the presence of Mo-mesityl π-interactions (Mesityl-π→Mo2π*) at the vacant
terminus of the Mo-Mo bond within the solid-state. Theoretical studies provide
evidence that the coordination of a second σ-bonded carbene ligand is disfavoured
by the relatively high energy of the Mo2σ* orbitals within these complexes and, as
such, the π-interactions provide a lower energy alternative. By increasing the steric
demand of the carbene’s aryl-substituent the π-interactions can be prevented,
resulting in the formation of the more common diaxial adduct species (MoFAc·L2).
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Chapter 8 – Experimental
8.1 – General Procedures

All air-sensitive reactions were carried out using standard Schlenk line and glovebox techniques under an inert atmosphere of either nitrogen or argon. DCM, hexanes
and toluene utilised for air-sensitive reactions were dried over alumina columns
using an Innovative Technology solvent purification system. THF was distilled from
potassium benzophenone ketyl, EtOH was distilled from Mg(OEt)2 and 1,2dichlorobenzene was distilled from CaH2. All solvents were degassed via repeated
freeze-thaw cycles in vacuo and stored over 3 Å molecular sieves. All glassware was
either dried in an oven at 130 oC or flame dried under vacuum prior to use.

NMR experiments were carried out using a Bruker AVANCE-500, AVANCE-400,
AVANCE-300 or AVANCE-250 spectrometers at 298 K unless stated otherwise. 1H
and
19

13

C{1H} NMR spectra were internally referenced to residual solvent peaks,

F{1H} NMR spectra relative to CFCl3,

31

P{1H} NMR spectra relative to H3PO4

and 195Pt NMR spectra were reported relative to Na2PtCl6. Assignments reported are
supported by homo- and hetero-nuclear two-dimensional NMR experiments. NMR
experiments performed on air-sensitive species were conducted in Young’s tap NMR
tubes made up and sealed in a glove-box. All deuterated solvents were purchased
from Cambridge Laboratories and prior to use; C6D6, d8-toluene and d8-THF were all
dried via distillation from molten potassium.
Electronic absorption data were recorded using a ‘Cary 50 UV-Visible
Spectrophotometer”. Samples were prepared in high quality volumetric flasks using
HPLC-grade solvents and analyses were performed in quartz cells with a path length
of 1 cm. Emission data were recorded on a “Perkin Elmer LS55 Luminescence”
Spectrometer using a quartz sample cell with a path length of 1 cm.
Electrochemical studies were carried out using an “Ivium Technologies
Compactstat” potentiostat. Samples were analysed within a purpose-made low
volume electrochemical cell with a ground glass tap to provide Schlenk line
compatibility. All samples were analysed as 1 mmol solution under N2 using dried
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and degassed solvent, NBu4PF6 electrolyte (0.1 M) and a platinum reference
electrode, gold counter electrode and glassy carbon working electrode.

Experimental IR data were recorded on a Perkin Elmer Spectrum One FT-IR
spectrometer using solid samples within the range 400-4000 cm-1 and spectra were
averaged over 16 scans.

Raman spectra were recorded on a Renishaw inVia Raman Microscope using a solidstate laser with an excitation wavelength of either 532 nm or 785 nm, and a power of
2.5 mW. Samples were sealed between two microscope slides under Ar and a 20x
objective was utilised to focus on individual crystals.

Elemental Analyses were carried out by Stephen Boyer at the School of Human
Sciences, London Metropolitan University, or by Elemental Microanalysis Ltd. Airsensitive samples were flame sealed in glass ampoules prior to analysis.

Crystallographic data were collected at 150 K or 100 K on a Nonius KappaCCD
diffractometer or an Oxford Diffraction Gemini Ultra Diffractometer, [ (Cuk) =
1.54184 Å] or [(Mok) = 0.71073 Å], solved by direct methods and refined against
all F2 using SHELXL–97.329 Where possible non-hydrogen atoms are modelled as
anisotropic and hydrogen atoms were constrained using a riding model with the
exception of the amidine NH protons of BA1a and BA1b and the imidazolium CH
of MoPiv·L3 which were located and freely refined. Absorption corrections, were
appropriate, were performed using either analytical or semi-empirical methods.
All computational studies reported within this work utilised the B3LYP330-331 hybrid
density functional under the Gaussian 03 package.332 Geometry optimisation
calculations were performed on all complexes prior to further analysis and were
supported by frequency calculations that exhibited no imaginary molecular
vibrations. All studies utilised a quasi-relativistic pseudopotential and associated
basis set (SDD) for molybdenum and platinum,333 whilst the 6-31G(d)

334-335

basis

set was used for all other atoms. All computations were performed on the University
of Bath's High Performance Computing Facility. Electron density plots were made
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using the ‘Molekel’336 software package and both molecular orbital diagrams and
orbital compositions were achieved using the ‘Chemissian’ software package.337
The time resolved infrared (TRIR) studies were performed at the ‘Central Laser
Facility’ (CLF), within the ‘Rutherford Appleton Laboratories’, under the
supervision of Professor Mike Towrie. The experimental setup for the picosecond
resolution studies is described in detail within the literature.338 Both pump and probe
laser pulses are generated from the same 1 KHz, 800nm, 150 ps Ti:Sapphire laser for
which the output is frequency doubled, using a beta barium borate crystal. The laser
is then split to pump two optical parametric amplifiers (OPAs) allowing the
tunability of both the UV-pump and IR-Probe. The latter is split a second time to
provide a reference by which fluctuations in signal intensity may be normalized. The
time delays were created by altering the path length of the pump laser pulse, using
mirrors on a translating stage. The infrared spectra were recorded on HgCdTe linear
array detectors, each measuring 128 pixels. Sample solutions were diluted so as to
provide an approximate absorbance of 0.3 at the excitation wavelength. Solutions
were flowed through a Harrick type flow cell using a peristaltic pump system and a
N2 bubbler was included in the setup to allow analysis in the absence of air. CaF2
windows were used for all analyses with a 100 μm Teflon spacer. All solvents used
were dried and degassed as detailed above.

Unless stated otherwise, all chemicals used within this study were purchased from
commercial sources and used without further purification.
8.2 – Experimental Data for Chapter 2

Within this section each of the Sonogashira coupling reactions and the syntheses of
the Pt-acetylide complexes were performed under an Ar atmosphere using standard
Schlenk-line techniques. However, the purification of each product did not require
air-sensitive consideration. The compunds: Trans-Ph(PEt3)PtCl,339-340 trans(PEt3)2PtCl2341 and 2144, were prepared using preparations reported in the literature
and 1 was purchased and used as received. Within the 13C{1H} NMR data presented
for the Pt complexes, ‘t*’ represents a virtual coupling constant.
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Synthesis of Methy-4-bromo-2,5-dimethoxybenzoate (precursor for 3):

4-bromo-2,5-dimethoxybenzoic acid154 (500 mg, 1.92 mmol) was dissolved in
MeOH (50 mL) and H2SO4 (0.5 mL) was added. The solution was stirred at reflux
for 12 h after which all volatiles were removed in vacuo. The residue was extracted
into DCM and washed with H2O (3 x 20 mL). The organic fraction was dried over
MgSO4, filtered and solvent removed in vacuo to give methyl-4-bromo-2,5dimethoxybenzoate which was used for the next step without further purification.
(Yield 93 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 7.38 (s, 1H, phenyleneCH), 7.21 (s, 1H, phenylene-CH), 3.90 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.87 (s,
3H, OCH3).

Synthesis of 3:

Methyl-4-bromo-2,5-dimethoxybenzoate (300 mg, 1.09 mmol), (PPh3)2PdCl2 (38
mg, 5 mol%) and CuI (ca. 5 mg) were dissolved in degassed iPr2NH (40 mL).
Trimethylsilyl-acetylene (TMSA) (0.18 mL, 1.31 mmol) was added to the solution
which heated at 50 oC for 24 h. Volatiles were removed in vacuo and the crude
product was extracted into hexane and purified by alumina flash chromatography
(hexane eluent) giving methyl-4-trimethylsilyl-2,5-dimethoxybenxoate. The product
and K2CO3 (excess) were dissolved in a MeOH (10 mL) and THF (10 mL) mixture
and stirred for 5 h after which all volatiles were removed in vacuo. The resulting oil
was extracted into DCM (20 mL), washed with H2O (3 x 20 mL) and the organic
fraction was dried over MgSO4. After filtering, all volatiles were removed in vacuo
providing pure 3 as a colourless powder. Yield = 156 mg (68 %). 1H NMR (CDCl3,
298 K, 400.13 MHz): δ 7.33 (s, 1H, phenylene-CH), 7.08 (s, 1H, phenylene-CH),
3.90 (s, 3H, ester-OCH3), 3.89 (s, 3H, phenylene-OCH3), 3.86 (s, 3H, phenyleneOCH3), 3.42 (s, 1H, C≡C-H).

13C{1H}

(CDCl3, 298 K, 100.61 MHz): δ 166.1
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(OCO), 154.2 (phenylene-C-OMe), 152.9 (phenylene-C-OMe), 121.0 (phenylenequaternary-C), 118.1 (phenylene-CH), 116.0 (phenylene-quaternary-C), 113.7
(phenylene-CH), 83.5 (ethynyl-C), 79.3 (ethynyl-C), 56.8 (phenylene-OCH3), 55.5
(phenylene-OCH3), 52.4 (ester-OCH3). Infrared: 2100 cm-1 (C≡C), 1695 cm-1
(C=O). Mp: 94-96 oC. Elemental analysis: Calculated for C12H12O4: C 65.45, H
5.49. Observed: C 65.41, H 5.50.

Synthesis of 4-bromo-2,5-di-(trifluoromethyl)benzoic acid (precursor for 4):

Di-bromo-2,5-di(trifluoromethyl)benzene152 (1 g, 3.0 mmol) was converted to 4bromo-2,5-di-(trifluoromethyl)benzoic acid following an analogous preparation to
that reported for the methoxy-substituted analogue.154 Yield = 652 mg (72 %). 1H
NMR (CDCl3, 298 K, 400.13 MHz): δ 8.33 (s, 1H, phenylene-CH) 8.18 (s, 1H,
phenylene-CH), 6.06 (broad, 1H, COOH). 19F NMR (CDCl3, 298 K, 376.50 MHz):
δ 60.0 (CF3), 63.5 (CF3).

Synthesis of 4:

4-bromo-2,5-di(trimethylsilyl)benzoic acid (500 mg) was converted to 4 using an
identical method to that reported for 3, differing only in the absence of the final
desilylation step. Yield = 361 mg (66 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ
8.10 (s, 1H, phenylene-CH), 7.96 (s, 1H, phenylene-CH), 3.97 (s, 3H, ester-CH3),
0.29 (s, 9H, SiCH3).

19F

NMR (CDCl3, 298 K, 376.50 MHz): δ 60.3 (CF3), 63.2

(CF3). 13C{1H} (CDCl3, 298 K, 100.62 MHz): δ 165.2 (OCO), 135.0 (q, 2JC-F = 32.2
Hz, CCF3), 132.6 (q, 3JC-F = 1.8 Hz, phenylene-CH), 131.9 (q, 2JC-F = 32.2 Hz,
CCF3), 130.1 (q, 3JC-F = 1.5 Hz, phenylene-quaternary-C), 128.4 (q, 3JC-F = 5.1 Hz,
phenylene-CH), 125.1 (q, 3JC-F = 1.8 Hz, phenylene-quaternary-C), 122.2 (q, 1JC-F =
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274.4 Hz, 2(CF3)), 106.9 (ethynyl-C), 98.2 (ethynyl-C) 53.2 (ester-CH3), 0.75
(SiCH3). Infrared: 2149 cm-1 (C≡C), 1697 cm-1 (C=O).Mp: 38-41 oC Elemental
analysis: Calculated for C15H14F6O2Si1: C 48.91, H 3.83. Observed: C 49.02, H 3.72.

Synthesis of 2-Ethyl-5-bromothiophene carboxylate (precursor for 5):

2-Ethyl-5-bromothiophene carboxylate was synthesised from 2-bromo-5-thiophene
carboxylic acid (500 mg, 2.4 mmol) following the method described in the literature
for the preparation of the propyl-ester analogue.145 Yield = 540 mg (95 %). 1H NMR
(CDCl3, 298 K, 300.22 MHz): δ 7.55 (d, 3JH-H = 3.8 Hz, 1H, thienyl-CH), 7.08 (d,
3

JH-H = 3.8 Hz, 1H, thienyl-CH), 4.34 (q, 3JH-H = 7.2 Hz, 2H, ethyl-CH2), 1.37 (t, 3JH-

H

= 7.2 Hz, 3H, ethyl-CH3).

Synthesis of 5:

2-Ethyl-5-bromothiophene carboxylate (500 mg, 2.1 mmol) was converted to 5 using
an identical method to that outlined in the literature.145 Yield = 299 mg (78 %). 1H
NMR (CDCl3, 298 K, 300.22 MHz): δ 7.64 (d, 3JH-H = 3.8 Hz, 1H, thienyl-CH),
7.21 (d, 3JH-H = 3.8 Hz, 1H, thienyl-CH), 4.34 (q, 3JH-H = 7.2 Hz, 2 H, ethyl-CH2),
3.45 (s, 1H, ethynyl-CH), 1.36 (t, 3JH-H = 7.2 Hz, 3H, ethyl-CH3).

13C{1H}

NMR

(CDCl3, 298 K, 75.49 MHz): δ 161.4 (OCO), 134.8 (thienyl-quaternary-C), 133.2
(thienyl-CH), 132.8 (thienyl-CH), 128.2 (thienyl-quaternary-C), 83.6 (ethynyl-CH),
76.2 (ethynyl-C), 61.6 (ethyl-CH2), 14.3 (ethyl-CH3). Infrared: 2102 cm-1 (C≡C),
1703 cm-1 (C=O). Mp: 45-46 oC. Elemental analysis: Calculated for C9H8O2S1: C
59.98, 4.47. Observed: C 9.90, H 4.43.
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Synthesis of 6:

6 was synthesised from Methyl-9-bromo-10-anthracene carboxylate156 (500 mg, 1.7
mmol) using an analogous Sonogashira reaction to that reported for 3 and purified in
the same manner. Product was stored at -28 oC in the absence of light to prevent
decomposition. Yield: 301 mg (73 %). 1H NMR (CDCl3, 298 K, 500.13 MHz): δ
8.66-8.63 (m, 2H, anthracene-CH), 8.03-7.99 (m, 2H, anthracene-CH), 7.65-7.56 (m,
4H, anthracene-CH), 4.20 (s, 3H, ester-CH3), 4.07 (s, 1H, ethynyl-CH).

13C{1H}

(CDCl3, 298 K, 125.76 MHz): δ 169.7 (OCO), 132.5 (anthracene-CH), 130.0
(anthracene-quaternary-C), 129.4 (anthracene-CH), 128.2 (anthracene-quaternary-C),
127.7 (anthracene-CH), 127.3 (anthracene-quaternary-C), 125.4 (anthracene-CH),
119.0 (anthracene-quaternary-C), 89.7 (ethynyl-CH), 79.8 (ethynyl-C), 52.8 (esterCH3). Infrared: 2100 cm-1 (C≡C), 1703 cm-1 (C=O). Mp: 95-100 oC (dec.)
Elemental analysis: Calculated for C18H12O2: C 83.06, H 4.65. Observed: C 82.95,
H 4.70.

Synthesis of Pt1a:

Ethyl-propiolate (0.045 mL, 0.441 mmol) and trans-Ph(PEt3)2PtCl (200 mg, 0.368
mmol) were dissolved in DCM (5 mL) and NEt3 (5 mL). CuI (ca. 1 mg) was added
and the solution was stirred in the absence of light for 12 h. All volatiles were
removed in vacuo and the product was purified using column chromatography (1:2
DCM/Hexane). 1 was crystallised by cooling a concentrated hexane solution to -28
o

C, yielding small colourless block-like crystals. Yield: 129 mg (58 %). 1H NMR

(CDCl3, 298 K, 400.13 MHz): δ 7.25 (d, 3JH-H = 7.3 Hz, 2H, o-phenyl-CH), 6.97 (t,
3

JH-H = 7.3 Hz, 2H m-phenyl-CH), 8.81 (t, 3JH-H = 7.3 Hz, 1H, p-phenyl-CH), 4.14 (q,

3

JH-H = 7.2 Hz, 2H, OCH2), 1.79-1.62 (m, 12H, PEt3-CH2), 1.28 (t, 3JH-H = 7.2 Hz,

3H, ethyl-CH3), 1.11-1.03 (m, 18H, PEt3-CH3).

31P{1H}

NMR (CDCl3, 298 K,
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161.98 MHz): δ 10.4 (1JP-Pt = 2599 Hz). 195Pt NMR (CDCl3, 298 K, 85.62 MHz): δ
-4571 (t, 1JPt-P = 2599 Hz).

13C{1H}

NMR (CDCl3, 298 K, 100.62 MHz): δ 155.0

(OCO) 155.0 (t, 2JC-P = 10.4 Hz, i-phenyl-C), 138.7 (t, 3JC-P = 2.2 Hz, o-phenyl-C),
127.5 m-phenyl-C), 122.4 (t, 2JC-P = 13.9 Hz, ethynyl-C), 121.7 (p-phenyl-C), 102.7
(ethynyl-C), 60.4 (OCH2), 15.0 (t*, (1JC-P + 3JC-P = 34.4 Hz, PEt3-CH2), 14.4
(OCH2CH3), 8.0 (PEt3-CH3). Mp: 80 oC. Infrared: 2078 (C≡C), 1672 (C=O).
Elemental analysis: Calculated for C23H40O2P2Pt1: C 45.62, H 6.66. Observed C
45.67, H 6.76.
Synthesis of Pt1b:

Ethyl-propiolate (0.067 mL, 0.478 mmol) and trans-(PEt3)2PtCl2 (100 mg, 0.199
mmol) were dissolved in DCM (5 mL) and NEt3 (5mL) and CuI (ca. 1 mg) was
added. The solution was stirred for 12 hr after which all volatiles were removed in
vacuo. The product was purified by silica column chromatography (1:2
DCM/Hexane) and large colourless block-like crystals were obtained by cooling a
concentrated hexane solution to -28 oC. Yield: 80 mg (64 %). 1H NMR (CDCl3, 298
K, 400.13 MHz): δ 4.12 (q, 3JH-H = 7.2 Hz, 4H, OCH2), 2.16-2.01 (m, 12H, PEt3CH2), 1.25 (t, 3JH-H = 7.2, 6H, OCH2CH3), 1.18-1.10 (m, 18H, PEt3-CH3).

31P{1H}

NMR (CDCl3, 298 K, 161.98 MHz): δ 11.9 (1JP-Pt = 2278 Hz). 195Pt NMR (CDCl3,
298 K, 85.62 MHz): δ – 4757 (t, 1JPt-P = 2284 Hz).

13C{1H}

NMR (C6D6, 298 K,

100.62 MHz): δ 154.7 (OCO), 112.9 (t, 2JC-P = 15.1 Hz, ethynyl-C), 102.5 (ethynylC), 60.5 (OCH2), 16.2 (t*, (1JC-P + 3JC-P = 35.1 Hz, PEt3-CH2), 14.3 (OCH2CH3), 8.18
(PEt3-CH3). Mp: 154 oC. Infrared: 2096 (C≡C), 1673 (C=O). Elemental analysis:
Calculated for C22H40O4P2Pt1: C 42.24, H 6.44. Observed: C 42.25, H 6.35.
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Synthesis of Pt2a:

Pt2a was prepared using the same method as reported for Pt1a using 2 (53 mg, 3.31
mmol), trans-Ph(PEt3)2PtCl (150 mg, 2.76 mmol) and iPr2NH in place of NEt3. The
product was purified by column chromatography (1:1 DCM/Hexane). The oily
residue of Pt2a was dissolved in minimal hexanes and the solution was cooled to -28
o

C yielding large green-tinted crystals. Yield: 156 mg (85%). 1H NMR (C6D6, 298

K, 300.22 MHz): δ 8.21 (d, 3JH-H = 8.3 Hz, 2H, phenylene-CH), 7.66-751 (m, 4H,
phenylene-CH & o-phenyl-CH), 7.23 (t, 3JH-H = 7.3 Hz, 2H, m-phenyl-CH), 7.03 (t,
3

JH-H = 7.2 Hz, 1H, p-phenyl -CH), 3.48 (s, 3H, OCH3), 1.73-1.50 (m, 12H, PEt3-

CH2), 0.98-0.88 (m, 18H, PEt3-CH3). 31P{1H} NMR (C6D6, 298 K, 121.53 MHz): δ
11.1 (1JP-Pt = 2640 Hz). 195Pt NMR (CDCl3, 298 K, 85.63 MHz): δ -4551 (t, 1JPt-P =
2638 Hz).
P=

13C{1H}

NMR (C6D6, 298 K, 100.62 MHz): δ 166.8 (OCO), 156.3 (t, 2JC-

10.0 Hz, i-phenyl C), 139.6 (o-phenyl-C), 135.2 (phenylene-quaternary-C), 131.1

(phenylene-CH), 130.0 (phenylene-CH), 128.2 (m-phenyl-C), 126.8 (phenylenequaternary-C), 122.3 (p-phenyl-C), 120.7 (t, 2JC-P = 14.6 Hz, ethynyl-C), 110.9
(ethynyl-C), 51.4 (OCH3), 15.6 (t*, (1JC-P + 3JC-P) = 35.1 Hz, PEt3-CH2), 8.1 (PEt3CH3). Mp: 89 oC. Infrared: 2092 cm-1 (C≡C), 1710 cm-1 (C=O). Elemental
analysis: Calculated for C28H42O2P2Pt1: C 50.37, H 6.34. Observed: C 50.51, H 6.47.

Synthesis of Pt2b:

trans-(PEt3)2PtCl2 (100 mg, 0.199 mmol), and 2 (77 mg, 0.478 mmol) were
dissolved in DCM (5 mL) and iPr2NH (5mL) and CuI (ca. 1 mg) was added. The
solution was stirred for 12 h after which all volatiles were removed in vacuo. The
product was purified by silica column chromatography (1:1 DCM/Hexane followed
by DCM with 1% MeOH). The yellow residue obtained was extracted into boiling
hexane, filtered and allowed to cool to root temperature yielding yellow needle-like
crystals of Pt2b. Yield: 121 mg (81 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ
7.88 (d, 3JH-H = 8.2 Hz, 4H, phenylene-CH), 7.29 (d, 3JH-H = 8.2 Hz, 4H, phenylene-
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CH), 3.89 (s, 6H, OCH3), 2.26-2.09 (m, 12H, PEt3-CH2), 1.27-1.19 (m, 18H, PEt3CH3).

31P{1H}

NMR (CDCl3, 298 K, 121.53 Hz): δ 11.3 (1JP-Pt = 2369 Hz).

NMR (CDCl3, 298 K, 86.01 MHz): δ -4724 (t, 1JPt-P = 2369 Hz).

13C{1H}

195Pt

NMR

(CDCl3, 298 K, 100.62 MHz): δ 167.3 (OCO), 133.8 (phenylene-quaternary-C),
130.8 (phenylene-CH), 129.5 (phenylene-CH), 126.4 (phenylene-quaternary-C),
113.7 (t, 2JC-P = 29.0 Hz, ethynyl-C), 110.0 (ethynyl-C), 52.1 (OCH3), 16.5 (t*, (1JC-P
+ 3JC-P) = 35.1 Hz, PEt3-CH2). 8.5 (PEt3-CH3). Mp: 152 oC. Infrared: 2102 cm-1
(C≡C), 1707 cm-1 (C=O). Elemental analysis: Calculated for C32H44O4P2Pt1: C
51.26, H 5.92. Observed: C 51.38, H 5.86.

Synthesis of Pt3a:

Synthesised using the same method to that reported for Pt2a using; transPh(PEt3)2PtCl (100 mg, 0.184 mmol) and 3 (49 mg, 0.221 mmol). The product was
purified by silica column chromatography (1:1 DCM/hexane) and large yellow
block-like crystals of Pt3a were obtained by cooling a concentrated pentane solution
to -28 oC. Yield: 142 mg (89 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 7.32 (d,
3

JH-H = 7.3 Hz, 2H, o-phenyl-CH), 7.28 (s, 1H, phenylene-CH), 6.97 (t, 3JH-H = 7.3

Hz, 2H, m-phenyl-CH), 6.90 (s, 1H, phenylene-CH), 6.80 (t, 3JH-H = 7.3 Hz, 1H, pphenyl-CH), 3.87 (s, 3H, ester-OCH3), 3.85 (s, 3H, phenylene-OCH3), 3.81 (s, 3H,
phenylene-OCH3), 1.89-1.73 (m, 12H, PEt3-CH2), 1.14-1.06 (m, 18H, PEt3-CH3).
31P{1H}

NMR (CDCl3, 298 K, 161.98 MHz): δ 10.2 (1JP-Pt = 2638 Hz). 195Pt NMR

(CDCl3, 298 K, 85.63 MHz): δ -4540 (t, 1JPt-P = 2638 Hz). 13C{1H} NMR (CDCl3,
298 K, 100.62 MHz): δ 166.5 (OCO), 156.2 (t, 2JC-P = 10.2 Hz, i-phenyl-C), 153.9
(phenylene-COMe), 153.8 (phenylene-COMe), 139.2 (o-phenyl-C), 127.4 (mphenyl-C), 124.7 (t, 2JC-P = 14.6 Hz, ethynyl-C), 124.6 (phenylene-quaternary-C),
121.4 (p-phenyl-C), 117.2 (phenylene-CH), 115.6 (phenylene-quaternary-C), 113.8
(phenylene-CH), 105.8 (ethynyl-C), 56.9 (phenylene-OCH3), 56.2 (phenyleneOCH3), 52.0 (ester-CH3), 15.1 (t*, (1JC-P + 3JC-P) = 34.4 Hz, PEt3-CH2), 8.2 (PEt3CH3). Mp: 84 oC. Infrared: 2091 cm-1 (C≡C), 1715 cm-1 (C=O). Elemental
analysis: Calculated for C30H46O4P2Pt1: C 49.51, H 6.37. Observed: C 49.61, H 6.49.
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Synthesis of Pt3a:

Synthesised using the same method to that reported for Pt2b using; trans(PEt3)2PtCl2 (100 mg, 0.200 mmol) and 3 (0.088 g, 0.478 mmol). The product was
purified by silica column chromatography (DCM) and crystallised from a cooled
toluene solution to provide Pt3b as yellow block-like crystals. Yield: 154 mg (89 %).
1H

NMR (CDCl3, 298 K, 400.13 MHz): δ 7.27 (s, 2H, phenylene-CH), 6.87 (s, 2H,

phenylene-CH), 3.87 (s, 3H, ester-OCH3), 3.84 (s, 3H, phenylene-OCH3), 3.81 (2,
3H, phenylene-OCH3), 2.33-2.15 (m, 12H, PEt3-CH2), 1.26-1.18 (m, 18H, PEt3-CH3).
31P{1H}

NMR (CDCl3, 298 K, 161.98 MHz): δ 11.5 (1JP-Pt = 2351).

195Pt

NMR

(CDCl3, 298 K, 85.61 MHz): -4707 (t, 1JPt-P = 2351). 13C{1H} NMR (CDCl3, 298 K,
100.62 MHz): 166.5 (OCO), 153.7 (2 x phenylene-COCH3), 123.7 (phenylene
quaternary-C), 117.8 (t, 2JC-P = 14.6 Hz, ethynyl-C), 117.2 (phenylene-CH), 116.2
(phenylene-quaternary-C),

113.5

(phenylene-CH),

105.3

(ethynyl-C),

56.8

(phenylene-OCH3), 56.1 (phenylene-OCH3), 51.9 (ester-OCH3), 16.2 (t*, (1JC-P + 3JCP)

= 35.1 Hz, PEt3-CH2), 8.4 ( PEt3-CH3). Mp: 155 oC. Infrared: 2090 cm-1 (C≡C),

1688 cm-1 (C=O). Elemental analysis: Calculated for C36H52O8P2Pt1: C 49.71, H
6.03. Observed: C 49.83, H 5.89.

Synthesis of Pt4a:

trans-Ph(PEt3)2PtCl (100 mg, 0.184 mmol) and 4 (81 mg, 0.221 mmol) were
dissolved in DCM (5 mL) and iPr2NH (5 mL). NaOMe (0.437 M, 0.63 mL, 0.276
mmol) and CuI (ca. 1 mg) were then added and the solution stirred for 12 h after
which all volatiles were removed in vacuo. The product was purified by silica
column chromatography (1:1 DCM/hexane). Yellow block-like crystals of Pt4a were
obtained by cooling a concentrated pentane solution to -28oC. Yield: 135 mg (91%).
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NMR (CDCl3, 298 K, 400.13 MHz): δ 8.06 (s, 1H, phenylene-CH), 7.77 (s, 1H,

phenylene-CH), 7.31 (d, 3JH-H = 7.3 Hz, 2H, o-phenyl-CH), 6.98 (t, 3JH-H = 7.3 Hz,
2H, m-phenyl-CH), 6.82 (t, 3JH-H = 7.3 Hz, 1H, p-phenyl-CH), 3.93 (s, 3H, OCH3),
1.79-1.63 (m, 12H, PEt3-CH2), 1.12-1.05 (m, 18H, PEt3-CH3).

31P{1H}

NMR

(CDCl3, 298 K, 161.98 MHz): δ 10.8 (1JP-Pt = 2622 Hz). 19F NMR (CDCl3, 298 K,
376.48 MHz): δ -60.2 (CF3), -63.5 (CF3). 195Pt NMR (CDCl3, 298 K, 85.63 MHz):
δ -4543 (t, 1JPt-P = 2622 Hz). 13C{1H} NMR (CDCl3, 298 K, 125.76 MHz): δ 165.8
(OCO), 154.9 (t, 2JC-P = 10.4 Hz, i-phenyl-C), 138.9 (m-phenyl-C), 135.7 (t, 2JC-P
=14.5 Hz, ethynyl-C), 132.3 (q, 3JC-F = 5.4 Hz, phenylene-CH), 131.8 (q, 2JF-C = 30.0
Hz, CCF3), 131.4 (q, 2JC-F = 32.7, CCF3), 131.3 (phenylene-quaternary-C), 128.8 (q,
3

JC-F = 5.4 Hz, phenylene-CH), 127.5 (o-phenyl-C), 124.6 (phenylene-quaternary-C),

122.8 (q, 1JC-F = 274.3 Hz, CF3), 123.2 (q, 1JC-F = 273.4 Hz, CF3), 121.6 (p-phenyl-C),
106.7 (ethynyl-C), 52.8 (OCH3), 15.0 (t*, (1JC-P + 3JC-P) = 34.5 Hz, PEt3-CH2), 7.9
(PEt3-CH3). Mp: 64-65

C. Infrared: 2084 cm1 (C≡C), 1724 cm-1 (C=O).

o

Elemental analysis: Calculated for C30H40F6O2P2Pt1: C 44.84, H 5.02. Observed: C
44.96, H 4.91.

Synthesis of Pt4b:

trans-(PEt3)2PtCl2 (100 mg, 0.200 mmol) and 4 (176 mg, 0.478 mmol) were
dissolved in DCM (5 mL) and iPr2NH (5 mL). NaOMe (0.437 M, 1.09 mL, 0.498
mmol) and CuI (ca. 1 mg) were then added and the solution stirred for 12 h after
which all volatiles were removed in vacuo. The product was purified by silica
column chromatography (1:1 DCM/hexane) and yellow block-like crystals of Pt4b
were grown by cooling a concentrated hexane solution to -28 oC. Yield: 155 mg
(76 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 8.06 (s, 2H, phenylene-CH), 7.75
(s, 2H, phenylene-CH), 3.93 (s, 6H, OCH3), 2.21-2.01 (m, 12H, PEt3-CH2), 1.231.15 (m, 18H, PEt3-CH3). 31P{1H} NMR (CDCl3, 298 K, 121.53 MHz): δ 13.4 (1JPPt

= 2308 Hz). 19F NMR (CDCl3, 298 K, 376.47 MHz): δ -60.3 (CF3), -63.4 (CF3).

195Pt

NMR (CDCl3, 298 K, 85.61 MHz): δ -4709 (t, 1JPt-P = 2313 Hz).

13C{1H}
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NMR (CDCl3, 298 K, 125.77 MHz): δ 165.8 (OCO), 132.2 (q, 3JC-F = 5.4 Hz,
phenylene-CH), 132.2 (q, 2JC-F = 30.6 Hz, CCF3), 131.6 (q, 2JC-F = 32.7 Hz, CCF3),
130.5 (phenylene-quaternary-C), 126.5 (t,

2

JC-P = 13.5 Hz, ethynyl-C), 125.6

(phenylene-quaternary-C), 123.1 (q, 1JC-F = 273.4, CF3), 122.8 (q, 1JC-F = 274.3, CF3),
106.2 (ethynyl-C), 52.9 (OCH3), 16.4 (t*, (1JC-P + 3JC-P) = 35.5 Hz, PEt3-CH2), 8.2
(PEt3-CH3). 163-164 oC. Infrared: 2095 cm-1 (C≡C), 1734 cm-1 (C=O). Elemental
analysis: Calculated for C36H40F12O4P2Pt1: C 42.32, H 3.95. Observed C 42.29, H
4.05.

Synthesis of Pt5a:

Synthesised using the same method to that reported for Pt2a using; transPh(PEt3)2PtCl (100 mg, 0.184 mmol) and 5 (40 mg 0.221 mmol). The product was
purified using silica column chromatography (1:1 DCM/Hexane) and pale orange
block-like crystals of Pt5a were obtained by cooling a concentrated hexane solution
to -28 oC. Yield: 113 mg (90 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 7.58 (d,
3

JH-H = 3.8 Hz, 1H, thienyl-CH), 7.31 (d, 3JH-H = 7.0 Hz, 2H, o-phenyl-CH), 6.97 (t,

3

JH-H = 7.5 Hz, 2H, m-phenyl-CH), 6.78 (d, 3JH-H = 3.8 Hz, 1H, thienyl-CH), 4.31 (q,

3

JH-H = 7.2 Hz, 2H, OCH2), 1.81-1.66 (m, 12H, PEt3-CH2), 1.35 (t, 3JH-H = 7.2 Hz,

3H, OCH2CH3), 1.14-1.06 (m, 18H, PEt3-CH3).

31P{1H}

NMR (CDCl3, 298 K,

161.98 MHz): δ 10.3 (1JP-Pt = 2630 Hz). 195Pt NMR (CDCl3, 298 K, 85.62 MHz): δ
-4548 (t, 1JPt-P = 2630 Hz).

13C{1H}

NMR (CDCl3, 298 K, 100.62 MHz): δ 162.3

(OCO), 155.5 (t, 3JC-P = 10.5 Hz, i-phenyl-C), 139.0 (t, 3JC-P = 2.2 Hz, o-phenyl-C),
137.5 (thienyl-quaternary-C), 133.6 (thienyl-CH), 128.6 (thienyl-quaternary-C),
127.5 (m-phenyl-C), 126.7 (t, 2JC-P = 14.3 Hz, ethynyl-C), 121.6 (p-phenyl-C), 102.5
(ethynyl-C), 60.8 (OCH2), 15.2 (t*, (1JC-P + 3JC-P) = 34.4 Hz, PEt3-CH2), 14.5
(OCH2CH3) 8.1 (PEt3-CH3). Mp: 76 oC Infrared: 2088 cm-1 (C≡C), 1698 cm-1
(C=O). Elemental analysis: Calculated for C27H42O2P2Pt1S1: C 47.15, H 6.16.
Observed: C 47.08, H 6.11.
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Synthesis of Pt5b:

Synthesised using the same method to that reported for Pt2b using; trans(PEt3)2PtCl2 (100 mg, 0.199 mmol) and 5 (86 mg, 0.478 mmol). The product was
purified using silica column chromatography (1:1 DCM/hexane) and dark orange
block-like crystals of Pt5b were obtained by cooling a concentrated hexane solution
to -28 oC. Yield: 125 mg (83 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 7.58 (d,
3

JH-H = 3.9 Hz, 2H, thienyl-CH), 6.79 (d, 3JH-H = 3.9 Hz, 2H, thienyl-CH), 4.31 (q,

3

JH-H = 7.1 Hz, 4H, OCH2), 2.22-2.04 (m, 12H, PEt3-CH2), 1.35 (t, 3JH-H = 7.1 Hz,

6H, OCH2CH3), 1.26-1.18 (m, 18H, PEt3-CH3).

31P{1H}

NMR (CDCl3, 298 K,

161.98 MHz): δ 11.8 (1JP-Pt = 2326 Hz). 195Pt NMR (CDCl3, 298 K, 85.61 MHz): δ
-4716 (t, 1JH-H = 2326 Hz).

13C{1H}

NMR (CDCl3, 298 K, 100.62 MHz): δ 162.1

(OCO), 136.4 (thienyl-quaternary-C), 133.5 (thienyl-CH), 129.6 (thienyl-quaternaryC), 128.1 (thienyl-CH), 118.9 (t, 3JC-P = 15.4 Hz, ethynyl-C), 102.3 (ethynyl-C), 60.9
(OCH2), 16.5 (t*, (1JC-P + 3JC-P) = 35.5 Hz, PEt3-CH2), 14.5 (OCH2CH3), 8.4 (PEt3CH3). Mp: 121oC. Infrared: 2090 cm-1 (C≡C), 1694 cm-1 (C=O). Elemental
analysis: Calculated for C30H44O4P2Pt1S2: C 45.62, H 5.62. Observed: C 45.75, H
5.75.

Synthesis of Pt6a:

Synthesised using the same method to that reported for Pt2a using; transPh(PEt3)2PtCl (100 mg, 0.184 mmol) and 6 (57 mg, 0.221 mmol). The product was
purified by silica column chromatography (2:1 DCM/hexane) and yellow block-like
crystals of Pt6a were obtained by cooling a concentrated hexane solution to -28 oC.
Yield: 115 mg (81 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 8.89 (d, 3JH-H =
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8.4 Hz, 2H, anthracene-CH), 7.99 (d, 3JH-H = 8.4 Hz, 2H, anthracene-CH), 7.54-7.46
(m, 4H, anthracene-CH), 7.41 (d, 3JH-H = 7.2, 2H, o-phenyl-CH), 7.02 (t, 3JH-H = 7.2
Hz, 2H, m-phenyl-CH), 6.85 (t, 3JH-H = 7.2 Hz, 1H, p-phenyl-CH), 4.15 (s, 3H,
OCH3), 1.84-1.68 (m, 12H, PEt3-CH2), 1.19-1.11 (m, 18H, PEt3-CH3).

31P{1H}

NMR (CDCl3, 298 K, 161.98 MHz): δ 10.9 (1JP-Pt = 2634 Hz). 195Pt NMR (CDCl3,
298 K, 85.64 MHz): δ -4547 (t, 1JPt-P = 2634 Hz). 13C NMR (CDCl3, 298 K, 100.62
MHz): δ 170.7 (OCO), 155.9 (t, 2JCP = 10.4 Hz, i-phenyl C), 139.3 (o-phenyl-C),
134.3 (2JC-P = 14.6 Hz, ethynyl-C), 131.1 (anthracene-quaternary-C), 128.9
(anthracene-CH), 128.8 (anthracene-quaternary-C), 128.3 (anthracene-quaternary-C),
127.5 (m-phenyl-C), 126.7 (anthracene-CH), 125.1 (anthracene-CH), 124.6
(anthracene-CH), 123.0 (anthracene-quaternary-C), 121.5 (p-phenyl-C), 107.5
(ethynyl-C), 52.4 (OCH3), 15.4 (t*, (1JCP + 3JCP) = 34.4 Hz, PEt3-CH2), 8.1 (PEt3CH3). Mp: 110 oC (dec.). Infrared: 2071 cm-1 (C≡C), 1721 cm-1 (C=O). Elemental
analysis: Calculated for C36H46O2P2Pt1: C 56.32, H 6.04. Observed: C 56.50, H 5.96.

Synthesis of Pt6b:

Synthesised using the same method to that reported for Pt2b using; trans(PEt3)2PtCl2 (100 mg, 0.200 mmol) and 6 (124 mg, 0.478 mmol). The product was
purified by silica column chromatography (2:1 DCM/hexane) and yellow needle-like
crystals were obtained by layering a concentrated DCM solution of Pt6b with
hexanes. Yield: 125 mg (82 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 8.85 (m,
2H, anthracene-CH), 8.01 (m, 2H, anthracene-CH), 7.51 (m, 4H, anthracene-CH),
4.17 (s, 6H, OCH3), 2.19 (m, 12H, PEt3-CH2), 1.27 (m, 18H, PEt3-CH3).

31P{1H}

NMR (CDCl3, 298 K, 161.98 MHz): δ 12.5 (2JP-Pt = 2367 Hz). 195Pt NMR (CDCl3,
298 K, 85.64 MHz): δ -4706 (t, 1JPt-P = 2367 Hz).

13C{1H}

NMR (CDCl3, 298 K,

100.62 MHz): δ 170.6 (OCO), 131.2 (anthracene-quaternary-C), 128.7 (anthracenequaternary-C), 128.6 (anthracene-CH), 127.43 (anthracene-quaternary-C), 126.8
(anthracene-CH), 126.6 (t, 2JC-P = 15.1 Hz, ethynyl-C), 125.2 (anthracene-CH), 124.9
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(anthracene-CH), 123.8 (anthracene-quaternary-C), 107.2 (ethynyl-C), 52.5 (OCH3),
16.7 (t*, (1JC-P + 3JC-P) = 35.1 Hz, PEt3-CH2) 8.5 (PEt3-CH3). Mp: 220 oC (dec).
Infrared: 2072 cm-1 (C≡C), 1709 cm-1 (C=O). Elemental analysis: Calculated for
C48H52O4P2Pt1: C 60.69, H 5.52. Observed: C 60.58, H 5.62.
8.3 – Experimental Data for Chapter 3

Within this section each of the syntheses involving {Mo2} complexes were
performed entirely under an Ar atmosphere using standard Schlenk-line and glove
box techniques. All products isolated from these reactions are air-sensitive and
required storage under an Ar atmosphere. The syntheses of both Pt2c and Pt2d did
not require air-sensitive considerations. MoAc,342 Mo2TiPB4,189, 4-ethynyl-benzoic
acid,199 DPTA343, and LiDPTA344 were prepared using methods published in the
literature. Mo2 and 2,5-ethynyl-thiophene-carboxylic acid were prepared by the
method recently reported by Chisholm et al. And as such are not reported here.108

Synthesis of Pt2c:

Pt2a (250 mg, 0.374 mmol) and KOtBu (63 mg, 0.561 mmol) were dissolved in THF
(5 mL) and H2O (5 mL) and the solution was stirred at 50 oC for 12 h. The solution
was then acidified using HCl (1 M) and all volatiles were removed in vacuo, leaving
a white precipitate suspended in the remaining aqueous medium. The precipitate was
isolated on a glass frit and washed with H2O (3 x 5 mL). After drying the residue in
vacuo the crude product was purified by washing with cold hexane (3 x 5 mL) giving
Pt2c as a colourless powder. Yield: 208 mg (85 %). 1H NMR (C6D6, 298 K, 300.22
MHz): δ 12.73 (broad, 1H, COOH), 8.17 (d, 3JH-H = 7.9 Hz, 2H, phenylene-CH),
7.58 (d, 3JH-H = 6.8 Hz, 2H, o-phenyl-CH), 7.49 (d, 3JH-H = 7.9 Hz, 2H, phenyleneCH), 7.23 (t, 3JH-H = 6.8 Hz, 2H, m-phenyl-CH), 7.04 (t, 3JH-H = 6.8 Hz, 1H, pphenyl-CH), 1.76-1.46 (m, 12H, PEt3-CH2), 0.98-0.89 (m, 18H, PEt3-CH3). 31P{1H}
NMR (C6D6, 298 K, 121.53 MHz): δ 11.1 (1JP-Pt = 2633 Hz).
298 K, 86.01 MHz): δ -4550 (t, 1JPt-P = 2633 Hz).

13C{1H}

195

Pt NMR (C6D6,

NMR (C6D6, 298 K,

100.62 MHz): δ 172.6 (OCO), 156.4 (t, 2JC-P = 10.4 Hz, i-phenyl-C), 139.6 (o-
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135.9

(phenylene-quaternary-C),

131.3

(phenylene-CH),

130.6

(phenylene-CH), 128.0 (m-phenyl-C), 125.4 (phenylene-quaternary-C), 122.2 (t, 2JCP

= 14.5 Hz, ethynyl-C), 122.0 (p-phenyl-C), 111.2 (ethynyl-C), 15.7 (t, 2JC-P = 17.3

Hz, PEt3-CH2), 8.6 (PEt3-CH3). Infrared: 2091 cm-1 (C≡C), 1678 cm-1 (C=O).
Elemental analysis: Calculated for C27H40O2P2Pt: C 49.61, H 6.17. Observed: C
49.75, H 6.27.

Synthesis of Pt2d:

Pt2d was synthesised using an analogous method as was described for Pt2c using;
Pt2b (250 mg, 0.333 mmol) and KOtBu (94 mg, 0.834 mmol). The work up was
identical to that of Pt2c although the product was washed with DCM (3 x 5 mL) to
provide Pt2d as a colourless powder. Yield: 180 mg (75 %). 1H NMR (d6-DMSO,
298 K, 500.13 MHz): δ 7.80 (d, 3JH-H = 8.2 Hz, 4H, phenylene-CH), 7.24 (d, 3JH-H =
8.2 Hz, 4H, phenylene-CH), 2.18-2.01 (m, 12H, PEt3-CH2), 1.17-1.11 (m, 18H,
PEt3-CH3).
Hz).

195Pt

13C{1H}

31P{1H}

NMR (d6-DMSO, 298 K, 202.46 MHz): δ 12.1 (1JP-Pt = 2330

NMR (d6-DMSO, 298 K, 107.51 MHz): δ -4724 (t, 1JPt-P = 2330 Hz).

NMR (d6-DMSO, 298 K, 100.62 MHz): δ 167.3 (OCO), 133.1 (phenylene-

quaternary-C), 130.5 (phenylene-CH), 129.6 (phenylene-CH), 127.1 (phenylenequaternary-C), 114.0 (t, 2JC-P = 14.5 Hz, ethynyl-C), 109.3 (ethynyl-C), 16.2 (t, 2JC-P
= 17.7 Hz, PEt3-CH2), 8.3 (PEt3-CH3). Infrared: 2099 cm-1 (C≡C), 1671 cm-1 (C=O).
Elemental analysis: Calculated for C30H40O4P2Pt: C 49.93, H 5.59. Observed: C
50.04, H 5.59.
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Synthesis of Mo1:

MoAc (500 mg, 1.17 mmol) and Li-DPTA (834 mg, 3.62 mmol) were dissolved in
THF (50 mL) at -78 oC. The temperature was maintained at -78 oC for 30 minutes
after which the reaction was returned to room temperature and stirred for a further
three hours providing a brown solution. All volatiles were removed in vacuo giving a
yellow brown residue, which was extracted into toluene (50 mL) and filtered through
celite. The resulting solution was concentrated and cooled to -28 oC, providing Mo1
as a yellow microcrystalline powder. Yield 785 mg (73 %). Crystals of Mo1 were
obtained by layering a concentrated DCM solution with pentane. 1H NMR (C6D6,
298 K, 400.13 MHz): δ 8.71 (s, 2H, NC(H)Na), 8.61 (s, 1H, NC(H)Nb), 6.80 (d, 3JHH

= 7.8 Hz, 8H, phenylene-CHa), 6.70 (d, 3JH-H = 7.6 Hz, 8H, phenylene-CHa), 6.67

(d, 3JH-H = 7.8 Hz, 4H, phenylene-CHb), 6.42 (d, 3JH-H = 7.6 Hz, 4H, phenylene-CHb),
2.51 (s, 3H, acetate-CH3), 2.03 (s, 12H, DPTA-CH3a), 1.94 (s, 6H, DPTA-CH3b).
13C{1H}

NMR (C6D6, 298 K, 100.61 MHz): δ 180.4 (OCO), 157.7 (NCNa), 156.3

(NCNb), 148.4 (phenylene-quaternary-Ca), 148.2 (phenylene-quaternary-Cb), 133.1
(phenylene-quaternary-Cb), 133.0 (phenylene-quaternary-Ca), 130.6 (phenyleneCHa), 130.3 (phenylene-CHb), 123.0 (phenylene-CHb), 122.4 (phenylene-CHa), 24.2
(acetate-CH3), 21.05 (DPTA-CH3a), 20.9 (DPTA-CH3b). Elemental analysis:
Calculated for C47H48Mo2N6O2: C 61.30, H 5.25, N 9.13. Observed C 61.27, H 5.14,
N 9.02.
a

Refers to the DPTA ligand cis to the acetate ligand, b refers to the DPTA ligand

trans to the acetate ligand.
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Synthesis of Mo2:

Mo2(TiPB)4 (800 mg, 0.677 mmol) and 4-ethynyl-benzoic acid (200 mg, 1.359
mmol) were combined in a Schlenk tube and ethanol (10 mL) was added providing a
bright orange suspension. After stirring the mixture for three days the orange
precipitate of Mo2 was isolated on a glass frit and purified by washing with ethanol
(2 x 5 mL) and hexane (2 x 5 mL). Yield: 0.468 g (70 %). Crystals of Mo2 were
obtained by slow evaporation of a THF solution. 1H NMR (d8-THF, 298 K, 400.13
MHz): δ 8.34 (d, 3JH-H = 8.1, 4H, phenylene-CH), 7.68 (d, 3JH-H = 8.1, 4H,
phenylene-CH), 7.00 (s, 4H, TiPB-CH)), 3.79 (s, 2H, ethynyl-CH), 3.01 (sept, 3JH-H
= 6.9 Hz, 4H, iPr-CH), 2.87 (sept, 3JH-H = 6.8 Hz, 2H, iPr-CH), 1.23 (d, 3JH-H = 6.8 Hz,
12H, iPr-CH3), 1.03 (d, 3JH-H = 6.9 Hz, 24H, iPr-CH3). 13C{H} NMR (d8-THF, 298
K, 100.61 MHz): δ 182.5 (TiPB-OCO), 176.9 (ethynyl-carboxylate-OCO), 150.0
(TiPB-quaternary-C), 145.9 (TiPB-quaternary-C), 135.7 (TiPB-quaternary-C), 133.0
(ethynyl-carboxylate-CH),

132.5

(ethynyl-carboxylate-phenylene-quaternary-C),

130.9 (ethynyl-carboxylate-CH), 126.8 (ethynyl-carboxylate-phenylene-quaternaryC), 121.3 (TiPB-CH), 84.1 (ethynyl-C), 81.6 (ethynyl-C), 35.7 (p-iPr-CH), 32.5 (oi

Pr-CH), 24.6 (p-iPr-CH3), 24.4 (o-iPr-CH). Infrared: 3303 cm-1 (C≡C). Elemental

analysis: Calculated for C50H56Mo2O8: C 61.47, H 5.78. Observed: C 61.37, H 5.85.
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Synthesis of PtMo1:

Pt2a (100 mg, 0.150 mmol) and KOtBu (25 mg, 0.225 mmol) were dissolved in THF
(10 mL) and the solution was stirred for 12 h at 50 oC. The progress of the reaction
was followed by silica-phase TLC analysis using DCM eluent. In a separate vessel,
Mo1 (137 mg, 0.15 mmol) was dissolved in THF (15 mL) providing a bright yellow
solution and this was added to the {Pt} solution via cannula transfer, immediately
turning the solution bright orange. The solution was stirred at room temperature for
three hours after which all volatiles were removed in vacuo. The resultant residue
was washed with hexanes (3 x 5 mL) and EtOH (3 x 5 mL) then extracted into
toluene and filtered through celite. All volatiles were removed in vacuo and the
resulting residue was suspended in hexane (5 mL). The hexane was heated to reflux
at which point toluene was added drop-wise until all solid material had dissolved.
The solution was allowed to cool to room temperature and was then further cooled to
-28 oC, producing a crop of orange crystals of PtMo1. Yield: 120 mg (53 %). 1H
NMR (C6D6, 298 K, 400.13 MHz): δ 8.68 (s, 1H, NC(H)Na), 8.61 (d, 3JH-H = 8.3 Hz,
2H, ethynyl-carboxylate-phenylene-CH), 8.52 (s, 2H, NC(H)Nb), 7.67-7.52 (m, 4 H,
ethynyl-carboxylate-phenylene-CH and o-phenyl-CH), 7.23 (t, 3JH-H = 7.4 Hz, 2H,
m-phenyl-CH), 7.03 (t, 3JH-H = 7.4 Hz, 1H, p-phenyl-CH), 6.79 (d, 3JH-H = 8.3 Hz, 8H,
DPTA-phenylene-CHb), 6.74-6.67 (m, 12H, DPTA-phenylene-CHa+b), 6.48 (d, 3JH-H
= 8.1 Hz, 4H, DPTA-phenylene-CHa), 2.03 (s, 12H, DPTA-CH3b), 1.97 (s, 6H,
DPTA-CH3a), 1.68-1.53 (m, 12H, PEt3-CH2), 0.96-0.88 (m, 18H, PEt3-CH3). 31P{1H}
NMR (C6D6, 298 K, 162.0 MHz): δ 10.3 (1JP-Pt = 2640 Hz). 195Pt NMR (C6D6, 298
K, 107.51 MHz): δ -4559 (t, 1JPt-P = 2640).

13C{1H}

NMR (C6D6, 298 K, 100.61

MHz): δ 175.3 (OCO), 157.43 (NCNb), 157.0 (t, 2JC-P =10.2 Hz, i-phenyl-C) 156.4
(NCNa), 148.6 (-quaternary-Cb), 148.3 (-quaternary-Ca), 140.0 (o-phenyl-C), 133.8
(ethynyl-carboxylate-phenylene-quaternary-C), 133.1 (-quaternary-Ca), 133.0 (quaternary-Ca),

131.3

(ethynyl-carboxylate-phenylene-CH),

131.2

(ethynyl-

carboxylate-phenylene-CH), 130.6 (-CHb), 130.4 (-CHa), 130.2 (phenylenequaternary-C), 128.9 (m-phenyl-C) 123.0 (-CHa), 122.7 (-CHb), 122.6 (p-phenyl-CH),
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119.0 (t, 2JC-P = 14.6 Hz, Pt-C≡C), 111.5 (Pt-C≡C), 21.1 (-CH3b), 21.0 (-CH3a), 16.0
(t, 2JC-P = 17.2 Hz, PEt3-CH2), 8.5 (PEt3-CH3). Infrared: 2091 cm-1 (C≡C).
Elemental analysis: Calculated for C72H84Mo2N6O2P2Pt1: C 57.10, H 5.59, N 5.55.
Observed: C 56.98, H 5.62, N 5.61.
a

Corresponds to DPTA ligand trans to the ethynyl-carboxylate ligand, b corresponds

to the DPTA ligands trans to each other.

Synthesis of MoPtMo:

Mo1 (100 mg, 0.109 mmol) was dissolved in THF (10 mL) and NaOMe (0.25 mL,
0.109 mmol, 0.437 M) was added drop-wise giving an orange solution. The solution
was stirred for three hours, resulting in the formation of a precipitate of Li-acetate
which was removed by filtration through celite. Pt2d (40 mg, 0.0543 mmol) in THF
(10 mL) was then added to the solution via cannula transfer resulting in a darkening
of the reaction mixture. After stirring for a further three hours all volatiles were
removed in vacuo and the residue was washed with hexanes (3 x 5 mL) and EtOH (3
x 5 mL). The crude product was extracted into toluene and filtered through celite.
The toluene was removed in vacuo and THF (1 mL) was added. After stirring the
resulting slurry for 30 minutes the mixture was cooled to -28 oC for 12 h, yielding an
orange precipitate of MoPtMo which was isolated by decantation of the solution.
Crystals suitable for single crystal X-ray crystallography were grown using the same
method described for PtMo1. Yield: 53 mg (40 %). 1H NMR (C6D6, 298 K, 400.22
MHz): δ 8.68 (s, 2H, NC(H)Na), 8.60 (d, 3JH-H = 8.3 Hz, 4H, phenylene-CH), 8.53 (s,
4H, NC(H)N), 7.57 (d, 3JH-H = 8.3 Hz, phenylene-CH), 6.80 (d, 3JH-H = 8.1 Hz, 16H,
p-tolyl-CH), 6.73-6.69 (m, 24H, p-tolyl-CH), 6.48 (d, 3JH-H = 8.3 Hz, 8H, p-tolylCH), 2.03 (s, 24H, p-tolyl-CH3), 1.97 (s, 122100 cm-1(C≡C). Elemental analysis:
Calculated for C120H128Mo4N12O4P2Pt1: C 58.99, H 5.28, N 6.88. Observed: C 57.01,
H 6.21, N 6.88. (A small impurity of Mo1 prevented the collection of satisfactory
data)
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b

corresponds to DPTA ligand

trans to the ethynyl-carboxylate ligand.

Synthesis of PtMoPt:

Method 1:

PtMoPt was synthesised and purified using the same method as described for Mo2
using Pt2c (110 mg, 0.168 mmol) and Mo2(TiPB)4 (90 mg, 0.0765 mmol). Yield 53
mg (35 %).

Method 2:

Mo2 (100 mg, 0.102 mmol), trans-Ph(PEt3)2PtCl (67 mg, 0.123 mmol) and CuI (ca.
2 mg) dissolved in THF (8 mL) and NEt3 (8 mL). The solution was stirred in the
absence of light for 12 h after which all volatiles were removed in vacuo. The
residue was washed with hexanes (3 x 5 mL) and EtOH (3 x 5 mL) and was then
extracted into toluene. The solution was filtered and the all volatiles were removed in
vacuo. The crude product was then dissolved in minimal THF and layered with
hexanes, yielding PtMoPt as a crop of orange crystals. Yield 120 mg (59 %). 1H
NMR (d8-THF, 298 K, 500.13): δ 8.19 (d, 3JH-H = 7.8 Hz, 4H, phenylene-CH), 7.39
(d, 3JH-H = 7.8 Hz, 4H, phenylene-CH), 7.35 (d, 3JH-H = 7.3 Hz, 4H, o-phenyl-CH),
6.99 (s, 4H, TiPB-CH), 6.92 (t, 3JHH = 7.3 Hz, 4H, m-phenyl-CH), 6.73 (t, 3JH-H = 7.3
Hz, 2H, p-phenyl-CH), 3.05 (sept, 3JH-H = 6.8 Hz, 4H, iPr-CH), 2.87 (sept, 3JH-H = 6.8
Hz, 2H, iPr-CH), 1.93-1.77 (m, 24H, PEt3-CH2), 1.23 (d, 3JH-H = 6.8 Hz, 12H, iPrCH3), 1.19-1.11 (m, 36H, PEt3-CH3), 1.05 (d, 3JH-H = 6.8 Hz, 12H, iPr-CH3). 31P{1H}
NMR (d8-THF, 298 K, 161.98 MHz): δ 10.4 (1JP-Pt = 2638 Hz).

195Pt

NMR (d8-
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THF, 298 K, 107.51 MHz): δ -4563.6 (t, 1JPt-P = 2638 Hz). 13C{1H} NMR (d8-THF,
298 K, 125.76 MHz): δ 182.0 (TiPB-OCO), 178.3 (Bridge-OCO), 157.0 (i-phenylC), 149.8 (TiPB-quaternary-C), 146.0 (TiPB-quaternary-C), 140.2 (o-phenyl-C),
135.9 (TiPB-quaternary-C), 134.4 (phenylene-quaternary-C), 131.3 (phenylene-CH),
130.7 (phenylene-CH), 128.9 (phenylene-quaternary-C), 128.4 (m-phenyl-C), 122.5
(p-phenyl-C), 121.5 (t, 2JC-P = 14.2 Hz, ethynyl-C), 121.2 (TiPB-CH), 111.3
(ethynyl-C), 35.7 (iPr-CH), 32.5 (iPr-CH), 24.6 (iPr-CH3), 24.4 (iPr-CH3), 16.3 (t,
JC-P = 17.3 Hz, PEt3-CH2), 8.5 (PEt3-CH3). Infrared: 2091 cm-1 (C≡C). Elemental

2

analysis: Calculated for C86H124Mo2O8P4Pt2: C 51.86, H 6.27. Observed: C 51.71, H
6.25.
8.4 – Experimental Data for Chapter 4

Within this section all syntheses were performed under an atmosphere of Ar using
standard Schlenk line techniques. However, all products were stable to air and did
not require any specialised storage. The compounds: 9-ethynyl-anthracene,345 1,4diethynyl-benzene,346 1,4-diethynyl-2,5-bis-(CF3)benzene,347 1,4-diethynyl-2,5-bis(OMe)benzene,54 9,10-diethynyl-anthracene348 and [(p-cymene)RuCl2]2,349 were all
prepared by methods published within the literature.
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Synthesis of A1a:

The Lithium salt of A1a was synthesised as described by Chisholm et al.184 using
phenyl-acetylene (0.3 mL, 2.73 mmol), BuLi (1.09 mL, 2.73 mmol, 2.5 M) and N,Ndiisopropylcarbodiimide (0.42 mL, 2.73 mmol). The ligand was protonated via the
addition of a slight excess of H2O (ca. 0.1 mL) and all volatiles were removed in
vacuo. The product was extracted into DCM (20 mL) and washed with H2O (3 x 20
mL). The combined organic fractions were dried over MgSO4 and the solvent
removed in vacuo. The product was purified by crystallisation from hot hexanes.
Yield: 450 mg (72 %). 1H NMR(CDCl3, 298 K, 300.22 MHz): δ 7.54-7.48 (m, 2H,
o-phenyl-CH), 7.41-7.33 (m, 3H, m- and p-phenyl-CH), 3.97 (sept, 3JH-H = 6.3 Hz,
i

Pr-CH), 1.18 (d, 3JH-H = 6.3 Hz, iPr-CH3). Infrared: 2226 cm-1 (C≡C).

Full characterisation data is reported in the literature by Wang et al. whom
synthesised A1a using an alternative preparation.214

Synthesis of A1b:
Synthesised using the same method as A1a using phenyl-acetylene (0.3 mL, 2.73
mmol), BuLi (1.09 mL, 2.73 mmol, 2.5 M), N,N-dicyclohexylcarbodiimide (563 mg,
2.73 mmol). Yield: 733 mg (87 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ 7.57.47 (m, 2H, o-phenyl CH), 7.42-7.33 (m, 3H, m- and p-phenyl CH), 3.67-3.55 (m,
2H, cy-CH), 1.91-1.11 (m, 20H, cy-CH2). Infrared: 2207 cm-1 (C≡C).
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Full characterisation data is reported in the literature by Wang et al. whom
synthesised A1b using an alternative preparation.214

Synthesis of A4a:

Synthesised using the same method as A1a using 9-ethynyl-anthracene (100 mg,
0.494 mmol), BuLi (0.20 mL, 0.494 mmol, 2.5 M) and N,N-diisopropylcarbodiimide
(0.08 mL, 0.516 mmol). Purification was achieved by filtering a hot hexane solution
of the crude product and removing the solvent in vacuo. The resultant residue was
washing with a small amount of cold hexane yielding an orange powder. Yield: 119
mg (73 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ 8.51 (d, 3JH-H = 15.5 Hz, 2H,
anthracene-CH), 8.49 (s, 1H, p-anthracene-CH), 8.05 (d, 3JH-H = 15.5 Hz, 2H,
anthracene-CH), 7.66-7.50 (m, 4H, anthracene-CH), 4.21 (sept, 3JH-H = 6.4 Hz, 2H,
i

Pr-CH), 1.29 (d, 3JH-H = 6.4 Hz, 12H, iPr-CH3).

13C{1H}

NMR (CDCl3, 298 K,

75.49 Hz): δ 141.8 (NCN), 133.1 (anthracene-quaternary-C), 131.0 (anthracenequaternary-C), 129.2 (p-anthracene-C) 128.9 (anthracene-CH), 127.2 (anthraceneCH), 126.2 (anthracene-CH), 125.8 (anthracene-CH), 115.1 (i-anthracene-C), 90.0
(ethynyl-C), 88.9 (ethynyl-C), 48.1 (broad, iPr-CH), 24.1 (iPr-CH3). Infrared:
2181cm-1, 2203 cm-1 (C≡C). Mp: 81-83 oC. Elemental analysis: Calculated for
C23H24N2: C 84.11, H 7.37, N 8.53. Observed: C 84.22, H 7.31, N 8.67.
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Synthesis of A2b:

Synthesised using the same method as A1a using 9-ethynyl-anthracene (100 mg,
0.494

mmol),

BuLi

(0.20

mL,

0.494

mmol,

2.5

M)

and

N,N-

dicyclohexylcarbodiimide (102 mg, 0.494 mmol). Product was purified in the same
manner described for A2a and was isolated as an orange powder. Yield: 162 mg
(80 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ 8.55 (d, 3JH-H = 8.2 Hz, 2H,
anthracene-CH), 8.51 (s, 2H, p-anthracene-CH), 8.05 (d, 3JHH = 8.2 Hz, 2H,
anthracene-CH), 7.66-7.50 (m, 4H, anthracene-CH), 3.99-3.85 (m, 2H, cy-CH),
2.12-1.14 (m, 20H, cy-CH2). 13C{1H} NMR (CDCl3, 298 K, 75.49 MHz ): δ 142.5
(NCN), 133.2 (anthracene-quaternary-C), 131.1 (anthracene-quaternary-C), 129.3 (panthracene-CH), 129.0 (anthracene-CH), 127.3 (anthracene-CH), 126.3 (anthraceneCH), 125.9 (anthracene-CH), 115.3 (i-anthracene-C), 90.0 (ethynyl-C), 89,7
(ethynyl-C) 56.1 (broad, cy-CH), 34.7 (cy-CH2), 25.8 (cy-CH2), 25.3 (cy-CH2).
Infrared: 2195 cm-1, 2118 cm-1 (C≡C). Mp: 122-125 oC. Elemental analysis:
Calculated for C29H32N2: C 85.25, H 7.89, N 6.86. Observed: C 85.35, H 7.80, N
6.74.

Synthesis of BA1a:

A solution of 1,4-diethynyl-benzene (0.200 g, 1.59 mmol) in THF (15 mL) was
cooled to -78 oC and to it BuLi (1.26 mL 3.17 mmol, 2.5 M) was added dropwise
giving a beige slurry. After returning to room temperature the solution was stirred for
30 minutes and the solution was cooled to 0 oC and N,N’-diisopropyl-carbodiimide
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(0.49 mL, 3.17 mmol) was added drop-wise turning the slurry white. The slurry was
stirred for eight h after which water (ca. 0.5 mL) was added giving a yellow solution.
Volatiles were removed in vacuo. and the resulting residue was extracted into
CH2Cl2 (30 mL) and washed with water (3 x 20 mL). The organic fraction was dried
with MgSO4, filtered and all volatiles were removed in vacuo. The residue was
washed with cold hexane (3 x 10 mL) yielding a yellow powder. Crystals suitable for
single crystal X-ray diffraction were obtained by DCM/pentane vapour diffusion.
Yield: 456 mg (76 %). 1H NMR (CDCl3, 298 K, 250.13 MHz): δ 7.48 (s, 4H,
phenylene-CH), 3.94 (sept, 3JH-H = 6.4 Hz, 4H, iPr-CH), 1.17 (d, 3JH-H = 6.4 Hz, 24H,
i

Pr-CH3).

13C{1H}

NMR (CDCl3, 298 K, 75.49 MHz): δ 140.1 (NCN), 132.6

(phenylene-CH), 123.2 (phenylene-quaternary-C), 89.8 (ethynyl-C), 83.2 (ethynylC), 48.7 (broad, iPr-CH), 24.4 (iPr-CH3). Infrared: 2223 cm-1 (C≡C). Mp: 169 oC.
Elemental analysis: Calculated for C24H34N4: C 76.15, H 9.05, N 14.80, Observed:
C 76.23, H 9.19, N 14,74.

Synthesis of Ba1b:

Synthesised using the same method as BA1a using; 1,4-diethynyl-benzene (200 mg,
1.59 mmol), BuLi (1.26 mL, 3.17 mmol, 2.5 M), N,N-dicyclohexyl-carbodiimide
(0.654 mg, 3.17 mmol). Product was isolated as a yellow powder. Crystals suitable
for single crystal X-ray diffraction were grown by DCM/Pentane vapour diffusion.
Yield: 682 mg (80 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ 7.47 (s, 4H,
phenylene-CH), 3.65-3.52 (m, 4H, cy-CH), 1.90-1.23 (m, 40H, cy-CH2).

13C{1H}

NMR (CDCl3, 298 K, 75.49 MHz): δ 140.1 (NCN), 132.7 (phenylene-CH), 123.2
(phenylene-quaternary-C), 89.8 (ethynyl-C), 83.5 (ethynyl-C), 34.8 (broad, cy-CH),
26.7 (cy-CH2), 25.7 (2 x cy-CH2) Infrared: 2120 cm-1, 2219 cm-1 (C≡C). Mp: 196
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o

C (dec.). Elemental analysis: Calculated for C36H50N4: C 80.25, H 9.35, N 10.4.

Observed: C 80.34, H 9.49, N 10.32.

Synthesis of BA2a:

Synthesised using the

same method as

BA1a using;

1,4-diethynyl-2,5-

dimethoxybenzene (300 mg, 1.61 mmol), BuLi (1.29 mL, 3.22 mmol, 2.5 M), N,Ndiisopropyl-carbodiimide (0.50 mL, 3.22 mmol). Product was isolated as a white
powder. Yield: 526 mg (74 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ 6.92 (s,
2H, phenylene-CH), 3.98 (sept, 3JH-H = 6.4 Hz, 4H, iPr-CH), 3.85 (s, 6H, OCH3),
1.17 (d, 3JH-H = 6.4 Hz, 24H, iPr-CH3). 13C{1H} NMR (CDCl3, 298 K, 75.49 MHz):
δ 154.5 (COCH3), 141.3 (NCN), 115.6 (phenylene-CH), 112.9 (phenylenequaternary-C), 87.7 (ethynyl-C), 85,1 (ethynyl-C), 56.5 (OCH3), 47.9 (broad, iPrCH), 24.0 (iPr-CH3). Infrared: 2217 cm-1 (C≡C). Mp: 171 oC. Elemental analysis:
Calculated for C26H38N4O2: C 71.20, H 8.73, N 12.77. Observed: C 71.04, H 8.87, N
12.66.

Synthesis of BA3a:

Synthesised

using

the

same

method

as

BA1a

using

1,4-diethynyl-2,5-

ditrifluoromethylbenzene (400 mg, 1.52 mmol), BuLi (1.22 mL, 3.05 mmol, 2.5 M),
N,N-diisopropyl-carbodiimide (0.473 mL, 3.05 mmol). Product was isolated as an
orange powder. Yield: 418 mg (53 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): δ
7.93 (s, 2H, phenylene-CH), 3.94 (sept, 3JH-H = 6.3 Hz, 4H, iPr-CH), 1.18 (d, 3JH-H =
6.3 Hz, 24H, iPr-CH3).

19F

NMR (CDCl3, 298 K, 276.5 MHz): δ -63.0.

13C{1H}
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NMR (CDCl3, 298 K, 127.6 MHz): 139.7 (NCN), 134.7 (q, 2JC-F = 31.8 Hz, CCF3),
132.1 (q, 3JC-F = 5.5 Hz, phenylene-CH), 122.0 (q, 1JC-F = 274.3 Hz, CF3), 120.8
(phenylene-quaternary-C), 88.1 (ethynyl-C), 84.9 (ethynyl-C), 47.6 (broad iPr-CH),
23.9 (iPr-CH3). Infrared: υ(C≡C) not observed. Mp: 148-149 oC. Elemental
analysis: Calculated for C26H32F6N4: C 60.69, H 6.27, N 10.89. Observed: C 60.53,
H 6.33, N 10.99.

Synthesis of BA4a:

Synthesised using the same method as BA1a using 9,10-diethynyl-anthracene (100
mg, 0.442 mmol), BuLi (0.35 mL, 0.884 mmol, 2.5 M), N,N-diisopropylcarbodiimide (0.14 mL, 0.884 mmol). Product was isolated as an orange powder.
Yield 177 mg (83 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ 8.64-8.50 (m, 4H,
anthracene-CH), 7.76-7.63 (m, 4H, anthracene-CH), 4.19 (sept, 3JH-H = 6.4 Hz, iPrCH), 1.29 (d, 3JH-H = 6.4 Hz, iPr-CH3). 13C {1H} NMR (CDCl3, 298 K, 75.49 MHz):
δ 141.2 (NCN), 132.3 (anthracene-quaternary-C), 127.5 (anthracene-CH), 126.9
(anthracene-CH), 117.8 (anthracene-quaternary-C), 92.0 (ethynyl-C), 88.1 (ethynylC), 48.7 (broad, iPr-CH), 24.1 (iPr-CH3). Infrared: 2188 cm-1 (C≡C). Mp: 128 oC
(dec.). Elemental analysis: Calculated for C32H38N4: C 80.29, H 8.00, N 11.70.
Observed: C 80.18, H 8.12, N 11.81.
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Synthesis of BA4b:

Synthesised using the same method as BA1a using 9,10-diethynyl-anthracene (100
mg, 0.442 mmol), BuLi (0.35 mL, 0.884 mmol, 2.5 M), N,N-dicyclohexylcarbodiimide (0.182 mg, 0.884 mmol). Product was isolated as an orange powder.
Yield 247 mg (88 %). 1H NMR (CDCl3, 298 K, 400.13 MHz): 8.65-8.56 (m, 4H,
anthracene-CH), 7.75-7.64 (m, 4H, anthracene-CH), 3.96-3.84 (m, 4H, cy-CH),
2.09- 1.17 (m, 40H, Cy-CH2). 13C{1H} NMR (CDCl3, 298 K, 100.62 MHz): 142.0
(NCN), 132.6 (anthracene-quaternary-C), 127.6 (anthracene-CH), 127.1 (anthraceneCH), 118.2 (anthracene-quaternary-C), 92.1 (ethynyl-C), 89.1 (ethynyl-C), 56.1 (cyCH), 34.7 (cy-CH2), 25.8 (cy-CH2), 25.3 (cy-CH2). Infrared: 2194 cm-1 (C≡C). Mp:
161 oC (dec.). Elemental Analysis: Calculated for C44H54N4: C 82.71, H 8.52, N
8.77. Observed: C 76.56, H 8.66, N 8.68. (Satisfactory data could not be collected
for this system despite the repeat analyses of crystalline samples).
Synthesis of Ru1a:

To a solution of A1a (0.075 g, 0.327 mmol) in THF (10 mL) was added NaOMe
(0.437 M, 0.74 mL, 0.327 mmol) to give a cloudy yellow solution. After stirring for
two hours the solution was combined with a solution of [(p-cymene)RuCl2]2 (0.100 g,
0.327 mmol) also in THF (5 mL) giving a red/orange solution. This was stirred for 8
h after which all volatiles were removed in vacuo giving a brown orange oily residue.
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The residue was extracted into hexane (10 mL) and the solution was filtered through
celite. The solution was concentrated in vacuo and bright orange crystals suitable for
X-ray diffraction were formed upon cooling to – 28 oC and were isolated by filtration.
Yield 0.130 g (80 %). 1H NMR (C6D6, 298 K, 250.13 MHz): δ 7.26–7.20 (m, 2H, ophenyl-CH), 6.93–6.80 (m, 3H, m- and p-phenyl-CH), 4.97 (d, 3JH-H = 5.9 Hz, 2H, pcymene-CH), 4.71, (d, 3JH-H = 5.9 Hz, 2H, p-cymene-CH), 4.03 (sept, 3JH-H = 6.4 Hz,
2H, amidinate-iPr-CH), 2.64 (sept, 3JH-H = 6.9 Hz, 1H, p-cymene-iPr-CH), 2.05 (s,
3H, p-cymene-CH3), 1.48 (d, 3JH-H = 6.4 Hz, 6H, amidinate-iPr-CH3), 1.39 (d, 3JH-H =
6.4 Hz, amidinate-iPr-CH3), 1.08 (d, 3JH-H 6.9 Hz, 6H, p-cymene-iPr-CH3). 13C NMR
(C6D6, 298 K, 74.49 MHz): δ 157.0 (NCN), 132.6 (o-ph-C), 129.5 (p-ph-C), 128.9
(m-ph-C), 122.3 (i-ph-C), 99.9 (p-cymene quaternary), 98.5 (p-cymene-quaternaryC), 91.8 (ethynyl-C), 80.0 (ethynyl-C), 79.4 (p-cymene-CH), 78.8 (p-cymene-CH) ,
50.4 (amidinate-iPr-CH), 32.4 (p-cymene-iPr-CH), 26.0 (amidinate-iPr-CH3), 25.9
(amidinate-iPr-CH3), 22.7 (p-cymene-iPr-CH3), 19.31 (p-cymene methyl CH3).
Infrared: 2212 cm-1 (C≡C). Elemental analysis: Calculated for C25H33Cl1N2Ru1: C
60.29, H 6.68, N 5.62. Observed: C 60.15, H 6.78, N 5.73.
Synthesis of Ru1b:

Synthesised using the same method reported for Ru1a using; A1b (0.101 g, 0.327
mmol), NaOMe (0.437 M, 0.74 mL, 0.327 mmol) and [(p-cymene)RuCl2]2 (0.100 g,
0.327 mmol). Product was purified by layering a concentrated DCM solution with
hexanes yielding large orange block crystals. Yield 0.155 g, 82 %. 1H NMR (C6D6,
298 K, 400.13 MHz): δ 7.33 – 7.30 (m, 2H, o-ph-CH), 6.90 – 6.88 (m, 3H, m- and
p-ph-CH), 5.05 (d, 3JH-H = 5.7 Hz, 2H, p-cymene-CH), 4.75 (d, 3JH-H = 5.7 Hz, 2H, pcymene-CH), 3.62 (m, 2H, Cy-CH), 2.69 (sept, 3JH-H = 6.9 Hz, 2H, iPr-CH), 2.572.54 (m, 2H, Cy-CH2), 2.31-2.28 (m, 2H, Cy-CH2), 2.09 (s, 3H, p-cymene-CH3),
1.87-1.21 (m, 16H Cy-CH2), 1.13 (d, 3JHH 6.9, iPr-CH3).

13C

NMR (C6D6, 298 K,
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100.62 MHz): δ 157.3 (NCN), 132.3 (o-ph-C), 129.2 (p-ph-C), 128.6 (m-ph-C),
122.1 (i-ph-C), 99.1 (p-cymene-quaternary-C), 98.8 (p-cymene-quaternary-C), 91.4
(ethynyl-C), 80.0 (ethynyl-C), 79.8 (p-cymene-CH), 78.4 (p-cymene-CH), 58.9 (cyCH), 37.1 (cy-CH2), 36.4 (cy-CH2), 32.5 (p-cymene-iPr-CH), 26.7 (cy-CH2), 26.4
(cy-CH2), 26.3 (cy-CH2), 22.8 (p-cymene-iPr-CH3), 19.4 (p-cymene-CH3). Infrared:
2207 cm-1 (C≡C). Elemental analysis: Calculated for C31H41Cl1N2Ru1: C 64.40, H
7.15, N 4.84. Observed: C 64.35, H 7.17, N 4.77.

Synthesis of Ru2a:

Synthesised using the same method reported for Ru1a using; A2a (0.108 g, 0.329
mmol), NaOMe (0.437 M, 0.75 mL, 0.327 mmol) and [(p-cymene)RuCl2]2 (0.100 g,
0.327 mmol). The product was purified by crystallisation from hot toluene yielding
large orange block crystals. Yield: 108 mg (72 %). 1H NMR (C6D6, 298 K, 300.22
MHz): δ 8.71 (d, 3JH-H = 8.6 Hz, 2H, anthracene-CH), 8.02 (s, 1H, p-anthracene-CH),
7.67 (d, 3JH-H = 8.6 Hz, 2H, anthracene-CH), 7.28 (m, 2H, anthracene-CH), 7.00 (m,
2H, anthracene-CH) 5.03 (d, 3JH-H = 5.9 Hz, 2H, p-cymene-CH), 4.77 (d, 3JH-H = 5.9
Hz, 2H, p-cymene-CH), 4.31 (sept, 3JH-H = 6.4 Hz, 2H, amidinate-iPr-CH), 2.71 (sept,
3

JH-H = 6.9 Hz, 1H, p-cymene-iPr-CH), 1.59 (d, 3JH-H = 6.4 Hz, 6H, amidinate-iPr-

CH3), 1.52 (d, 3JH-H = 6.4 Hz, 6H, amidinate-iPr-CH3), 1.31 (d, 3JH-H = 6.9 Hz, 6H, pcymene-iPr-CH3). 13C{1H} (C6D6, 298 K, 75.50 MHz): δ 157.4 (NCN), 133.7
(anthracene-quaternary-C), 131.4 (anthracene-quaternary-C), 129.5 (anthracene-CH),
129.3 (anthracene-CH), 129.0 (anthracene-CH), 127.5 (anthracene-CH), 126.7
(anthracene-CH), 125.9 (anthracene-CH), 115.9 (i-Anthracene-C), 99.8 (p-cymenequaternary-C), 98.1 (p-cymene-quaternary-C), 90.5 (ethynyl-C), 88.6 (ethynyl-C),
79.4 (p-cymene-CH), 78.9 (p-cymene-CH), 50.7 (amidinate-iPr-CH), 32.4 (pcymene-iPr-CH), 26.2 (amidinate-iPr-CH3), 26.0 (amidinate-iPr-CH3), 22.8 (pcymene-iPr-CH3), 19.4 (p-cymene-CH3). Infrared: 2182 cm-1 (C≡C). Elemental
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analysis: Calculated for C33H37Cl1N2Ru1: C 66.26, H 6.23, N 4.68. Observed: C
63.14, H 6.34, N 4.55.

Synthesis of Ru2b:

Synthesised using the same method reported for Ru1a using; A2b (133 mg, 0.327
mmol), NaOMe (0.75 mL, 0.327 mmol, 0.437 M) and [(p-cymene)RuCl2]2 (0.100 g,
0.327 mmol). Product was purified by layering a concentrated DCM solution with
hexanes yielding bright orange block crystals. Yield: 166 mg (75 %). 1H NMR
(CDCl3, 298 K, 300.22 MHz): δ 8.70 (d, 3JH-H = 8.5 Hz, 2H, anthracene-CH), 8.07
(s, 1H, p-anthracene-CH), 7.72 (d, 3JH-H = 8.5 Hz, 2H, anthracene-CH), 7.38-7.33 (m,
2H, anthracene-CH), 7.24-7.18 (m, 2H, anthracene-CH), 5.09 (d, 3JH-H =5.9 Hz, 2H,
p-cymene-CH), 4.80 (d, 3JH-H = 5.9 Hz, 2H, p-cymene-CH), 3.98-3.86 (m, 2H, cyCH), 2.74 (sept, 3JH-H = 6.9 Hz, 1H, p-cymene-iPr-CH), 2.79-2.64 (m, 2H, cy CH2),
2.50-2.36 (m, 2H, cy-CH2), 2.13 (s, 6H, p-cymene-CH3), 2.01-1.26 (m, 16H, cyCH2), 1.17 (d, 3JH-H = 6.9 Hz, 6H, p-cymene-iPr-CH3).

13C{1H}

(C6D6, 298 K,

100.62 MHz): δ 157.6 (NCN), 133.7 (anthracene-quaternary-C), 131.5 (anthracenequaternary-C), 129.5 (p-anthracene-CH), 129.1 (anthracene-CH), 127.3 (anthraceneCH), 126.9 (anthracence-CH), 125.9 (anthracene-CH), 116.3 (i-anthracene-C), 99.3
(p-cymene-quaternary-C), 99.0 (p-cymene-quaternary-C), 90.9 (ethynyl-C), 88.4
(ethynyl-C), 79.9 (p-cymene-CH), 78.4 (p-cymene-CH), 59.2 (cy-CH), 37.3 (cyCH2), 36.5 (cy-CH2), 32.5 (p-cymene-iPr-CH), 26.8 (cy-CH2), 26.5 (cy-CH2), 26.5
(cy-CH2), 22.9 (cy-CH2), 19.5 (p-cymene-iPr-CH3). Infrared: υ2189 cm-1 (C≡C).
Elemental analysis: Calculated for C39H45Cl1N2Ru1·CH2Cl2: C 63.27, H 6.48, N
3.60. Observed: C 63.39, H 6.38, N 3.75.
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Synthesis of Ru3a:

To a solution of BA1a (0.062 g, 0.163 mmol) in THF (10 mL) was added NaOMe
(0.74 mL, 0.327 mmol, 0.437 M) to give a cloudy yellow solution. After stirring for
two hours the solution was combined with a solution of [(p-cymene)RuCl2]2 (0.100 g,
0.285 mmol) also in THF (5 mL) giving a red/orange solution. This was stirred for 8
h after which all volatiles were removed in vacuo. The bright orange residue
extracted into toluene (10 mL). The solution was filtered through celite and the
toluene was removed in vacuo. The residue was dissolved in THF (5 mL) and
hexane (10 mL) was layered upon the solution. After 24 h at room temperature large
red/orange block crystals suitable for X-ray diffraction were formed and isolated by
filtration. Yield 0.082g (55 %). 1H NMR (C6D6, 298 K, 300.22 MHz): δ 6.99 (s, 4H,
phenylene-CH), 4.97 (d, 3JH-H = 6.3 Hz, 4H, p-cymene-CH), 4.71 (d, 3JH-H = 6.3 Hz,
4H, p-cymene-CH), 3.97 (sept, 3JH-H = 6.4 Hz, 4H, amidinate-iPr-CH), 2.62 (sept,
3

JH-H = 6.9 Hz, 2H, p-cymene-iPr-CH), 2.04 (s, 6H, p-cymene-CH3), 1.47 (d, 3JH-H =

6.4 Hz, 12H, amidinate-iPr-CH3), 1.37 (d, 3JH-H = 6.4 Hz, 12H, amidinate-iPr-CH3),
1.07 (d, 12H, 3JH-H = 6.9 Hz, p-cymene-iPr-CH3).

13C{H1}

NMR (C6D6, 298 K,

74.49 MHz): 156.5 (NCN), 132.2 (phenylene-CH), 122.6 (phenylene-quaternary-C),
99.7 (p-cymene-quaternary-C), 98.3 (p-cymene-quaternary-C), 90.7 (ethynyl-C),
81.5 (ethynyl-C), 79.4 (p-cymene-CH), 78.8 (p-cymene-CH), 50.4 (amidinate-iPrCH), 32.4 (p-cymene-iPr-CH), 25.9 (amidinate-iPr-CH3), 25.8 (amidinate-iPr-CH3),
22.7 (p-cymene-iPr-CH3), 19.3 (p-cymene-CH3). Infrared: 2214 cm-1 (C≡C).
Elemental analysis: Calculated for C44H60Cl2N4Ru2: C 57.57, H 6.59, N 6.10.
Observed: C 57.61, H 6.70, N 6.05.
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Synthesis of Ru3b:

Synthesised using the same method reported for Ru3a using; BA1b (0.088 g, 0.163
mmol), NaOMe (0.74 mL, 0.327 mmol, 0.437 M) and [(p-cymene)RuCl2]2 (0.100 g,
0.327 mmol). Diffraction quality crystals were obtained via DCM/Pentane vapour
diffusion. Yield 132 mg (75 %). 1H NMR (CDCl3, 298 K, 300.22 MHz): δ 7.21 (s,
4H, phenylene-CH), 5.44 (d, 3JH-H = 5.9 Hz, 4H, p-cymene-CH), 5.11 (d, 3JHH = 5.9
Hz, 4H, p-cymene-CH), 3.25-3.13 (m, 4H, cy-CH), 2.74 (sept, 3JH-H = 6.8 Hz, 2H, pcymene-iPr-CH), 2.18 (s, 6H, p-cymene CH3), 2.11-1.08 (m, 40H, Cy CH2), 1.25 (d,
3

JH-H = 6.8 Hz, 12H, iPr CH3, p-cymene CH3). 13C{1H} NMR (CDCl3, 298 K 74.49

MHz): 154.9 (NCN), 130.9 (phenylene CH), 121.4 (phenylene-quaternary-C), 98.4
(p-cymene-quaternary-C), 97.3 (p-cymene-quaternary-C), 88.3 (ethynyl-C), 79.8
(ethynyl-C), 79.1 (p-cymene-CH), 77.4 (p-cymene CH), 57.5 (cy-CH) 35.4 (cy-CH2),
34.8 (cy-CH2), 31.1 (p-cymene-iPr-CH), 25.1 (cy-CH2), 24.9 (cy-CH2), 24.8 (cyCH2), 21.7 (p-cymene-iPr-CH3), δ 18.3 (p-cymene-CH3). Infrared: 2220 cm-1 (C≡C).
Elemental Analysis: Calculated for C56H76Cl2N4Ru2: C 62.38, H 7.10, N 5.20.
Observed: C 59.59, H 8.20, N 4.97. (Multiple crystalline samples were submitted for
analysis but satisfactory results could not be obtained)
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Synthesis of Ru4a:

Synthesises using the same method reported for Ru3a using; BA2a (72mg, 0.163
mmol), NaOMe (0.75 mL, 0.437M in THF) and [(p-cymene)RuCl2]2 (100 mg, 0.327
mmol). Product was purified by crystallisation from toluene to yield small red plate
crystals. Yield 92 mg (53 %). 1H NMR (C6D6, 298K, 400.13 MHz): δ 6.69 (s, 2H,
phenylene-CH), 5.00 (d, 3JH-H = 5.8 Hz, 4H, p-cymene-CH), 4.73 (d, 3JH-H = 5.8 Hz,
4H, p-cymene-CH), 4.13 (sept, 3JH-H = 6.4, 4H, amidinate-iPr-CH), 3.06 (s, 6H,
OCH3), 2.66 (sept, 3JH-H = 7.0 Hz, 2H, p-cymene-iPr-CH), 2.05 (s, 6H, p-cymeneCH3), 1.50 (d, 3JH-H = 6.4 Hz, 12H, amidinate-iPr-CH3), 1.44 (d, 3JH-H = 6.4 Hz, 12H,
amidinate-iPr-CH3), 1.09 (d, 3JH-H = 7.0 Hz, p-cymene-iPr-CH3).

13C{1H}

NMR

(C6D6, 298 K, 400.13 MHz): δ 157.1 (NCN), 155.5 (C-OMe), 116.1 (phenyleneCH), 113. 9 (phenylene quaternary-C), 100.0 (p-cymene-quaternary-C), 98.5 (pcymene-quaternary-C), 92.6 (ethynyl-C), 88.3 (ethynyl-C), 79.7 (p-cymene-CH),
79.1 (p-cymene-CH), 56.0 (OCH3), 50.8 (amidinate-iPr-CH), 32.7 (p-cymene-iPrCH), 26.3 (amidinate-iPr-CH3), 26.2 (amidinate-iPr-CH3), 23.1 (p-cymene-iPr-CH3),
19.7 (p-cymene-CH3). Infrared: 2204 cm-1 (C≡C). Elemental analysis: Calculated
for C46H64Cl2N4O2Ru2·C7H8: C 59.48, H 6.78, N 5.24. Observed: C 59.58, H 6.75, N
5.11.

Synthesis of Ru5a:

Synthesised using the same method reported for Ru3a using; BA3a (84mg, 0.163
mmol), NaOMe (0.75 mL, 0.327 mmol, 0.437 M) and [(p-cymene)RuCl2]2 (100 mg,
0.327 mmol). Product was purified by crystallisation from hot toluene yielding large
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red block crystals. Yield: 75 mg (44 %). 1H NMR ( C6D6, 298 K, 400.13 MHz): δ
7.36 (s, 2H, phenylene-CH), 4.96 (d, 3JH-H = 5.4 Hz, 4H, p-cymene-CH), 4.70 (d, 3JHH

= 5.4 Hz, 4H, p-cymene-CH), 4.00 (sept, 3JH-H = 6.4 Hz, amidinate-iPr-CH, 4H),

2.62 (sept, 3JH-H = 6.8 Hz, p-cymene-iPr-CH, 2H), 2.02 (s, 6H, p-cymene-CH3), 1.48
(d, 3JH-H = 6.4 Hz, 12H, amidinate-iPr-CH3), 1.06 (d, 3JH-H = 6.8 Hz, 12H, p-cymenei

Pr-CH3). 19F NMR (C6D6, 298 K, 376.47 Hz): δ -62.98 (s, CF3). 13C NMR (C6D6,

298 K, 125.77 MHz): 154.9 (N−C=N), 134.0 (q, 2JC-F = 31.7 Hz, CCF3), 131.8 (q,
3

JC-F = 5.2 Hz, bridge aromatic CH), 122.4 (q, 1JC-F = 274.5 Hz, CF3), 100.2 (p-

cymene-quaternary-C), 98.5 (p-cymene-quaternary-C), 87.5 (ethynyl-C), 85.0
(ethynyl-C), 79.5 (p-cymene-CH), 78.8 (p-cymene-CH), 50.5 (amidinate-iPr-CH),
32.4 (p-cymene-iPr-CH)), 26.0 (amidinate-iPr-CH3), 25.8 (amidinate-iPr-CH3), 22.7
(p-cymene-iPr-CH3), 19.3 (s, p-cymene-CH3). Infrared: 2218 cm-1 (C≡C).
Elemental Analysis: Calculated for C46H58Cl2F6N4Ru2·(C7H8): C 55.54, H 5.80, N
4.89. Observed: C 55.60, H 5.86, N 5.03.

Synthesis of Ru6a:

Synthesised using the same method reported for Ru3a using; BA4a (78.0 mg, 0.163
mmol), NaOMe (0.75 mL, 0.327 mol, 0.437 M) and [(p-cymene)RuCl2]2 (0.100 g,
0.327 mmol). Product was purified by layering a concentrated DCM solution with
hexanes, yielding large red rod shaped crystals. Yield: 0.097 g (58 %). 1H NMR
(C6D6, 298 K, 300.22 MHz): δ 8.70-8.51 (m, 4H, anthracene-CH), 7.32-7.21 (m, 4H,
anthracene-CH), 5.04 (d, 3JH-H = 5.8 Hz, 4H, p-cymene CH), 4.78 (d, 3JH-H = 5.8 Hz,
4H, p-cymene CH), 4.27 (sept, 3JH-H = 6.4 Hz, 4H, amidinate-iPr-CH), 2.71 (sept,
3

JH-H = 6.9 Hz, 2H, p-cymene-iPr-CH), 2.08 (s, 6H, p-cymene-CH3), 1.58 (d, 3JH-H =

6.4 Hz, 12H, amidinate-iPr-CH3), 1.51 (d, 3JHH = 6.4 Hz, 12H, amidinate-iPr-CH3),
1.13 (d, 3JHH = 6.9 Hz, 12H, p-cymene-iPr-CH3).

13C{H1}

NMR (C6D6, 298 K,

100.62 MHz): δ 156.9 (NCN), 132.9 (anthracene-quaternary-C), 127.8 (anthraceneCH), 127.1 (anthracene-CH), 118.3 (anthracene-quaternary-C), 99.9 (p-cymene-
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quaternary-C), 98.2 (p-cymene-quaternary-C), 92.1 (ethynyl-C), 88.4 (ethynyl-C),
79.5 (p-cymene-CH), 78.9 (p-cymene-CH), 50.7 (amidinate-iPr-CH), 32.4 (pcymene-iPr-CH), 26.2 (amidinate-iPr-CH3), 26.0 (amidinate-iPr-CH3), 22.8 (pcymene-iPr-CH3), 19.4 (p-cymene-CH3). Infrared: 2182 cm-1 (C≡C). Elemental
analysis: Calculated for C52H64Cl2N4Ru2: C 61.34, H 6.34, N 5.50. Observed: C
61.25, H 6.28, N 5.41.

Synthesis of Ru6b:

Synthesised using the same method reported for Ru3a using; BA4b (0.100 g, 0.157
mmol), NaOMe (0.72 mL, 0.313 mmol, 0.437 M) and [(p-cymene)RuCl2]2 (0.096 g,
0.313 mmol). The product was purified by layering a concentrated DCM solution
with pentane, yielding dark red iridescent needle crystals. Yield: 120 mg (65 %). 1H
NMR (CDCl3, 298 K, 400.13 MHz): δ 8.52-8.46 (m, 4H, anthracene-CH), 7.59-7.49
(m, 4H, anthracene-CH), 5.56 (d, 3JH-H = 5.8 Hz, 4H, p-cymene-CH), 5.22 (d, 3JH-H =
5.8 Hz, 4H, p-cymene-CH), 3.68-3.59 (m, 4H, cy-CH), 2.85 (sept, 3JH-H = 6.9 Hz, 2H,
p-cymene-iPr-CH)), 2.28 (s, 6H, p-cymene-CH3), 2.27-2.15 (m, 8H, cy-CH2), 1.981.20 (m, 32H, cy-CH2) 1.29 (d, 3JH-H = 6.9 Hz, 12H, p-cymene-iPr-CH3).

13C{H1}

NMR (CDCl3, 298 K, 100.62 MHz): δ 156.2 (NCN), 132.4 (anthracene-quaternaryC), 127.1 (anthracene-CH), 127.0 (anthracene-CH), 118.1 (anthracene-quaternary-C),
99.7 (p-cymene-quaternary-C), 98.5 (p-cymene-quaternary-C), 91.5 (ethynyl-C),
87.7 (ethynyl-C), 80.2 (p-cymene-CH), 78.4 (p-cymene-CH), 58.8 (cy-CH), 36.7
(cy-CH2), 36.0 (cy-CH2), 32.2 (p-cymene-iPr-CH), 26.1 (cy-CH2), 26.0 (cy-CH2),
22.8 (cy-CH2), (p-cymene-iPr-CH3), 19.4 (p-cymene-CH3). Infrared: 2196 cm-1
(C≡C). Elemental analysis: Calculated for C64H80Cl2N4Ru2: C 65.23, H 6.84, N
4.75. Observed: C 65.18, H 6.94, N 4.63.
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8.5 – Experimental Data for Chapter 5
All syntheses reported within this section were performed under an atmosphere of Ar
using standard Schlenk line techniques. All products are highly air-sensitive and
were stored in a glovebox under an Are atmosphere. The compounds: MoFAc,342
MoAc342 MoPiv,342 L1,350 L2,277 L3351 and L4,351 were obtained using preparative
methods described within the literature. TMS-Cl was purchased from Sigma Aldrich
and used as received.
Synthesis of MoFAc·L1:

MoFAc·THF2 (100 mg, 0.127 mmol) and L1 (39 mg, 0.127 mmol) were suspended
in toluene (10 mL) giving a yellow powdery precipitate. The mixture was stirred for
30 minutes after which the solution was heated to reflux, which dissolved all
material. Upon cooling yellow block crystals formed which were suitable for X-ray
diffraction. These were isolated by cannula filtration. Yield: 109 mg (64 %). 1H
NMR (d8-THF, 298 K, 400.13 MHz): δ 7.49 (s, 2H, carbene-backbone-CH) 7.07 (s,
4H, Mes-CH), 2.40 (s, 6H, Mes-o-CH3), 2.00 (s, 12H, Mes-p-CH3). 19F NMR ( d8THF, 298 K, 376.50 MHz): δ -73.5 (CF3). 13C{1H} NMR (d8-THF, 298 K, 100.61
MHz): δ 164.9 (q, 2JC-F = 40 Hz, OCO), 140.37 (Mes-p-C), 137.3 (Mes-i-C), 136.2
(Mes-o-C), 130.2 (Mes-CH), 127.5 (carbene-backbone-C), 114.8 (q, 1JC-F = 284.7 Hz,
CF3), 21.1 (Mes-p-CH3), 17.9 (Mes-o-CH3). Elemental analysis: Calculated for
C29H24F12Mo2N2O8: C 36.73, H 2.55, N 2.95. Observed: C 36.70, H 2.59, N 3.02.
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Synthesis of MoAc·L1:

MoAc·L1 was synthesised and crystallised using the same method reported for
MoFAc·L1 using; MoAc (100 mg, 0.234 mmol) and L1 (71 mg, 0.234 mmol).
Product was isolated as large yellow block crystals. Yield: 109 mg (64 %).
Elemental analysis: Calculated for C29H36Mo2N2O8: C 47.55, H 4.95, N 3.82.
Observed: C 47.32, H 4.95, N 3.77.

Low solubility precluded the solution state characterisation of this product.

Synthesis of MoPiv·L1:

MoPiv (100 mg, 0.168 mmol) and L1 (51 mg, 0.168 mmol) were dissolved in
toluene (10 mL) and the solution was stirred for 15 minutes after which it was
filtered through celite. The solution was concentrated in vacuo and cooled to -28 oC
yielding large yellow needle-like crystals. These were isolated by cannula filtration.
Yield: 128 mg (85 %). 1H NMR (C6D6, 298 K, 400.13 MHz): δ 6.85 (s, 4H, MesCH), 6.13 (s, 2H, carbene-backbone-CH), 2.21 (s, 6H, Mes-o-CH3), 2.14 (s, 12H,
Mes-p-CH3), 1.41 (s, 36H, tBu-CH3). 13C{1H} NMR (C6D6, 298 K, 100.61 MHz): δ
189.5 (OCO), 138.4 (Mes-i-C), 137.4 (Mes-p-C), 135.5 (Mes-o-C), 129.3 (Mes-CH),
122.3 (carbene-backbone-C), 40.6 (tBu-CCH3), 28.8 (tBu-CH3), 21.1 (Mes-p-CH3),
18.3 (Mes-o-CH3). Elemental analysis: Calculated for C41H60Mo2N2O8: C 54.66, H
6.71, N 3.11. Observed: C 54.68, H 6.83, N 2.97.
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Synthesis of MoFAc·L2:

MoFAc·THF2 (100 mg, 0.127 mmol) and L2 (99 mg, 0.25 mmol) were dissolved in
toluene (5 mL) and the solution was stirred for 15 minutes after which it was filtered
through celite. The solution was then concentrated in vacuo and cooled to -28 oC
producing large yellow block crystals, which were isolated via cannula filtration.
Yield: 150 mg (83 %). For X-ray diffraction studies the product was recrystallised
from xylene at -28 oC. 1H NMR (C6D6, 298 K, 400.13 MHz): δ 7.35 (t, 3JH-H = 7.8
Hz, 2H, dipp-m-CH), 7.14 (dipp-p-CH), 6.16 (s, 2H, carbene-backbone-CH), 2.53
(sept, 3JH-H = 6.8 Hz, 4H, iPr-CH), 1.28 (d, 3JH-H = 6.8 Hz, 12H, iPr-CH3), 0.94 (d,
3

JH-H = 6.8 Hz, 12H, iPr-CH3). 19F NMR (C6D6, 298 K, 376.50 MHz): - 71.0 (CF3).

13C{1H}

NMR (C6D6, 298 K, 100.61 MHz): 164.7 (q, 2JC-F = 40.3 Hz, OCO), 145.3

(dipp-o-C), 137.1 (dipp-i-C), 129.8 (dipp-p-CH), 124.5 (carbene-backbone-C), 123.8
(dipp-m-CH), 113.7 (q, 1JC-F = 283.2 Hz, CF3), 28.1 (iPr-CH), 24.9 (iPr-CH3), 23.1
(iPr-CH3). Elemental analysis: Calculated for C62H72F12Mo2N4O8: C 54.76, H 5.33,
N 3.70. Observed: C 54.85, H 5.44, N 3.83.

Synthesis of MoFAc·L3:

MoFAc·THF2 (100 mg, 0.127 mmol) and L3 (39 mg, 0.254 mmol) were dissolved
in toluene (10 mL) and the dark red solution was stirred until all solid material had
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dissolved. The solution was then left to stand at room temperature yielding red block
crystal, which were isolated via cannula filtration. Yield 102 mg (80 %). 1H NMR
(d8-tol, 353 K, 400.13 MHz): δ 4.48 (broad signal, 2H, iPr-CH), 1.81 (s, 6H,
carbene-backbone-CH3), 0.97 (d, 3JH-H = 7.1 Hz, 12H, iPr-CH3).

19F

NMR (d8-tol,

298 K, 376.50 MHz): δ -72.0 (μ-CF3), -74.1 (CF3). Elemental analysis: Calculated
for C30H40F12Mo2N4O8: C 35.87, H 4.01, N 5.58. Observed: C 35.74, H 3.95, N 5.46.

Synthesis of MoAc·L3:

MoAc (100 mg, 0.234 mmol) and L3 (84 mg, 0.467 mmol) were dissolved in
toluene (10 mL) and the dark purple solution was stirred for 30 minutes after which
it was filtered through celite. The solution was concentrated in vacuo and cooled to 28 oC yielding purple block crystals, which were isolated via cannula filtration. Yield
132 mg (72 %). 1H NMR (d8-tol, 353 K, 400.13 MHz): δ 4.23 (broad signal, 4H,
i

Pr-CH), 2.43 (s, 12H, acetate-CH3), 1.78 (s, 12H, carbene-backbone-CH3), 1.36 (d,

3

JH-H = 6.8 Hz, 24H, iPr-CH3). Elemental analysis: Calculated for C30H52Mo2N4O8:

C 45.69, H 6.65, N 7.10. Observed: C 45.59, H 6.74, N 7.13.
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Synthesis of MoFAc·L4:

MoFAc·L4 was synthesised and crystallised using the same method reported for
MoAc·L3 using; MoFAc·THF2 (100 mg, 0.127 mmol) and L4 (39 mg, 0.254 mmol).
Yield: 87 mg (73 %). 1H NMR (d8-tol, 353 K, 400.13 MHz): δ 3.87 (broad signal,
4H, Et-CH2), 1.63 (s, 6H, carbene-backbone-CH3) 0.97 (t, 3JH-H = 7.2 Hz, 6H, EtCH3). 19F NMR (d8-tol, 298 K, 376.50 MHz): δ -71.1, -72.1, -74.6. Elemental
analysis: Calculated for C26H32F12Mo2N4O8: C 32.92, H 3.40 N 5.91. Observed: C
33.05, H 3.42, N 5.93.

Synthesis of MoPiv·PivL3:

MoPiv·L3Piv was isolated from the reaction between MoPiva (150 mg, 0.252
mmol), and L3 (91 mg, 0.503 mmol) in toluene. The yellow solution of the reaction
mixture was concentrated in vacuo and a small crop of yellow rod-like crystals of
MoPiv·PivL3 were obtained by cooling the solution to -28 oC. These were isolated
by cannula filtration. Yield: 10 mg (11 %). 1H NMR (d8-toluene, 298 K, 300.22
MHz): δ 11.66 (s, 1H, imidazolium-CH), 3.66 (sept, 2H, 3JH-H = 6.8, iPr-CH), 1.52 (s,
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9H, monodentate-pivalate-CH3), 1.48 (s, 36H, μ-pivalate-CH3), 1.40 (d, 3JH-H = 6.8,
12H, iPr-CH3), 1.36 (s, 6H, imidazolium backbone-CH3).
a

The sample of MoPiv was shown to contain an impurity of pivalic acid, explaining

the formation of this unusual product.

Synthesis of MoAcCl·L3:

MoAc (150 mg, 0.350 mmol) and L3 (126 mg, 0.701 mmol) were dissolved in THF
(15 mL) giving a dark red solution. The solution was filtered through celite and
TMS-Cl (0.10 mL, 0.800 mmol) was added drop-wise turning the solution dark
purple. The solution was filtered through celite and concentrated in vacuo and a crop
of red crystals were obtained by cooling the solution to -28 oC. These were isolated
by cannula filtration. Yield: 135 mg, 52 %. 1H NMR (C6D6, 298 K, 400.13 MHz): δ
4.93 (sept, 3JH-H = 6.9 Hz, 4H, iPr-CH), 2.64 (s, 6H, acetate-CH3), 1.69 (s, 12H,
carbene-backbone-CH3), 1.35 (d, 3JH-H = 6.9 Hz, 24H, iPr-CH3). Elemental analysis:
Calculated for C26H46Cl2Mo2N4O2: C 42.11, H 6.25, N 7.56. Observed: C 41.97, H
6.31, N 7.38.
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