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Abstract

The research presented in this Thesis is concerned with the synthesis and physical properties
of a range of organometallic compounds, with a particular emphasis on the opto-electronic
properties of these systems.

Chapter one introduces the principles of luminescence and Light Emitting Diodes (LEDs),
and describes how transition metal o-acetylide complexes have been studied with respect to
their luminescent properties. The chemistry of this class of compounds is also reviewed with
specific references to Pt, Pd, Au, Ag, Os and Ru complexes.

Chapter two reports the synthesis and characterisation of a series of dinuclear frans-platinum
complexes (PhPt(PR';),C=C-R-C=CPt(PR";),Ph) with oligophenyl spacer di-yne ligands (R =
-(CsHa)-, -(C¢Hy)p~, (CHy)s-, (CsHa)a-, R' = Et, Et,Ph). The photophysical properties of
these complexes as well as the bridging ligands are discussed. Density Functional Theory
(DFT) calculations are also reported in support of experimental observations.

Chapter three reports the synthesis and characterisation of a series of platinum and gold
complexes with di-yne ligands containing heterocyclic groups of the form PhPt(PEt;),C=C-R-
C=CPt(PEt;),Ph where R = ~(CeHy)CsH,O(C¢Hy)-, -(CeHy)CiHoS(CeHy)-, -
(CeH4)C4H,Se(CsHy)-, -C{H,O-, -CH,S-, -CiH,Se-, -(CsHs)CoN,O(CeHy)-, and -
(CsH4)CNLS(CsHy)- and the form Ph;PAuC=C-R-C=CAuPPh; where R = -
(C¢H4)CoN,O(CHy)-, and -(CsHy)C4H,Se(C¢Hy)-. The steric and electronic effects of the
heteroatoms in the di-yne ligands are investigated by solution state UV-visible spectroscopy
correlated with solid state structures and DFT calculations. Comparisons of analogous
platinum and gold complexes are also made.

Chapter four reports the synthesis and characterisation of a series of platinum complexes with
pyrrole containing di-yne ligands of the form PhPt(PEt;),C=C-(CsH4)C,Ho(NR)(CsHy)-
C=CPt(PEt;),Ph where R = H, CH;, CH,CH,CH,CH3, C¢Hs, CcH;OCHs. The effects of the
various R groups on the physical properties of the system is investigated by solution state
UV-visible spectroscopy.

Chapter five reports the synthesis and characterisation of a series of platinum complexes of
the form PhPt(PEt;),C=C-R-C=CPt(PEt;),Ph where R = ((C¢H;)CsF4(CcHy)-, -CeF4-, and -
(CeH4)Cs(CH;3)4(CsHy)-. The synthesis and characterisation of a series of new di-yne ligands
containing aza-cyclic rings Me;SiC=C-(CgH,)CyN,Hx(C¢Hy)-C=CSiMe; and Me;SiC=C-
(C6H4)C4N4(CeH,)-C=CSiMe; is also reported. These new compounds are investigated by
solution state UV-visible spectroscopy with conclusions drawn on the effects of inherent twist
angles in these systems on their photophysical properties.

Chapter six reports the experimental details of the synthesis and characterisation of all the
compounds described in previous Chapters.
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1. Introduction

The generation of light has changed much throughout the ages, from the flaming
torch or campfire of early man's first use of'artificial' lighting, to today’s world
dependence on electric lighting available at the flick of a switch. Irrespective of
the circumstances, visible light is always produced by the emission of radiation
in the form of electromagnetic waves, corresponding to wavelengths from about
7x107m (red) to 4x1 O7m (violet). The full electromagnetic spectrum is shown

in Figure 1.1.

-10 -12

m
Radio Micro- Ultra- Gamma
waves wave  Infrared violet X-Rays Rays
Visible Light
4 x10-7 m

Figure 1.1 The Electromagnetic Spectrum.

Electric lighting was first demonstrated by Edison in 1879. Edison used the
phenomenon ofincandescence to generate light; utilising high electrical currents,
which are passed through a material causing it to glow, with the emission of

light as it gets hot.

The incandescent light bulb consists of a glass enclosure which either contains a
vacuum or is filled with a low-pressure noble gas. Inside the bulb there is a
filament of tungsten wire, through which an electrical current is passed, and as
the filament resists the electron flow it becomes very hot. This excites electrons
in the filament material to a higher atomic orbital and subsequently releases a
photon when they fall back to their original orbits. A great deal of energy,

however, is released as lower energy, infrared radiation. In fact, more infrared
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radiation is released than visible light, which manifests itself as heat. This is

wasted energy, and can account for upto 90% ofthe input electrical energy.

In the current climate of environmental awareness and energy conservation,
there is clearly much room for improvement for the supply of lighting for
everyday applications, and this problem has been the focus of much scientific

research over recent years.

1.1 Luminescence and Light Emitting Diodes (LEDs)

Luminescence is light not generated by high temperatures alone. It is a different
process from incandescence, and can occur at room temperature. For a material
to be luminescent, it must emit light after it has been energetically excited.
There are two distinct types of luminescence: fluorescence and

phosphorescence.1

Fluorescence occurs when an excited state with the same multiplicity as the

ground state decays radiatively to the ground state, as shown below in Figure

1.2.

Internal conversion
Excited

state

Excitation

Radiation
(fluorescence)

Ground state
So

Figure 1.2 The process of fluorescence.
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The process is spin allowed and is usually fast at room temperature, therefore
the emission occurs immediately after absorption and decays rapidly. All

transitions are vertical, in accordance with the Franck-Condon principle.

Phosphorescence involves a non radiative conversion, or intersystem crossing to
a state of different multiplicity (for example from a singlet to a triplet) and
slower radiative decay to the ground state from this “reservoir” state (Figure
1.3). Phosphorescence is therefore a longer lived effect and may persist long

after the excitation process ceases.

Internal conversion

Singlet Si
Triplet T1i
Intersystem crossing
Excitation Singlet So
odi: .= oo
Phosphorescence

Ground state

Figure 1.3 The process of phosphorescence.

Although this intersystem crossing process is forbidden as governed by the spin
selection rule, i.e. AS = 0 for an allowed transition, the rule may be relaxed by a
process known as spin-orbit coupling. Spin-orbit coupling allows intersystem
crossing by mixing the spin angular and orbital angular momenta, therefore
allowing radiative decay to the ground state. Complexes containing heavier
transition metal elements with larger spin-orbit coupling constants may
therefore exhibit this phenomenon. Both types of luminescence show an

emission red-shift to longer wavelengths than the exciting radiation. This is
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evident from the two diagrams above as some ofthe vibrational energy has been

dissipated by radiationless decay into the surrounding medium.

There are many ways in which the excited state needed for luminescence can be

accessed. These are discussed in the following section.

> Chemiluminescence is the emission of light as a result of a chemical reaction.

An example of this is the use of light sticks for emergency lighting. The light
stick contains a glass ampoule, which typically contains hydrogen peroxide,
suspended in phathalic ester. The hydrogen peroxide mix is stored inside the
glass ampoule in order to keep it from mixing with the phenyl oxalate ester and
starting the light producing chemical reaction. When the glow product is
activated by bending it, the thin-walled glass ampoule breaks and its contents
mix with the solution outside. Then, the hydrogen peroxide reacts with the

phenyl oxalate ester, as shown in Figure 1.4.

OH

LIGHT

Figure 1.4 Example of light generated by chemiluminescence.

Chemiluminescence can also be observed in nature, for example in fireflies and
glow worms. The firefly contains the enzyme luciferase, which triggers the
oxidation reaction of luciferin in the presence of the phosphate adenosine
triphosphate (ATP), Figure 1.5,2to give the corresponding ketone, with the total
energy ofthe system being balanced by the release of a photon of light.
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HO
HO

Luciferase
0 02,ATP

LIGHT
OH

Figure 1.5 An example of bioluminescence. Oxidation of luciferase to generate light in
fireflies.

> Radioluminescence is produced in a material by the bombardment of

ionizing radiation such as beta particles.

Self-luminous paints, such as ones used for dial markings for watches and other
instruments, owe their behaviour to radioluminescence. These paints consist of
a phosphor and a radioactive substance, for example, trittum or radium.
Another example is the now-disused mixture of radium and copper-doped zinc

sulfide paint used historically to paint clock dials.

= Sonoluminescence is the emission of short bursts of light from imploding

bubbles in a liquid when excited by sound.

The wavelength of the emitted light from sonoluminescence is very short - the
spectrum extends well into the ultraviolet. The high energy waves produced
indicate a temperature in the bubble of at least 10,000 °C. Such a high
temperature makes the study of sonoluminescence especially interesting for the
possibility that it might be a means to achieve thermonuclear fusion.3 If the
bubble is hot enough, and the pressures in it high enough, fusion reactions like

those that occur in the Sun could be produced within these tiny bubbles.

* Crystalloluminescence 1is the effect of luminescence produced during

crystallisation.

There is a theory that the light is produced through the micro-fracture of
growing crystallites. Separation of electrical charges may occur on the fracture

5
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facets on the surface of micro-fracture and their following recombination.
Crystalloluminescence effect is used to determine the critical size of the crystal

nucleus®.

= Photoluminescence is the process in which a molecule absorbs a photon of
visible electromagnetic radiation, there is a transition to a higher electronic

energy state, followed by radiation of a photon back out of lower energy.

This is the most common type of luminescence studied in the scientific
community. Photoluminescence spectroscopy is a non-destructive method of
probing the electronic structure of materials. The intensity and spectral content
of this photoluminescence is a direct measure of various important material

properties.

= Triboluminescence is the process in which light is generated via the
breaking of asymmetric interactions in a crystal when that material is

scratched, crushed, or rubbed.

Researchers have not yet arrived at a full understanding of the effect but the
current theory of triboluminescence, which is supported by crystallographic,’
spectroscopic,® and other experimental evidence, suggests that upon fracture of
asymmetrical materials, charge is separated and when the charges recombine a
flash of light is seen as a result of the electric discharge ionising the surrounding
air. Further research suggests that crystals which display triboluminescene must

lack symmetry (in order to permit charge separation) and be poor conductors.

= Electroluminescence is the emission of light in response to an electric

current passed through a substance, or to a strong electric field.

Generally, electroluminescence proceeds by the process outlined in Figure 1.6.
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Figure 1.6 The process of electroluminescence.

When a potential difference is applied between two ends of an appropriate
material several physical processes can occur to generate light by
electroluminescence. Firstly, a charge carrier from the cathode injects an
electron into the LUMO (Lowest Unoccupied Molecular Orbital) of a molecule,
generating a radical anion. At the same time an electron is removed from a
neighbouring molecule’s HOMO (Highest Occupied Molecular Orbital) at the
anode to generate a radical cation. These two species can meet, or migration of
the electron and the hole can occur through the species under the influence of
the field generated by the current. The rate of migration of the electrons and the
holes is dependent upon the material. When the two species combine, an
exciton is formed. The exciton can be treated in the same way as the two
excited states seen in the Jablonski Schemes, Figures 1.2 and 1.3, and will decay
back down to the ground state following the same pathways as shown for
photoluminescence. The main difference between electrochemically excited
species and photochemically excited species is the ratio of singlet and triplet

species generated. This is discussed in more detail later in this section.

In 1936 Destriau first published the process of electroluminescence using zinc
sulphide phosphor.7 Much work then followed on the production of Light
Emitting Diodes (LEDs) utilising this phenomenon, up until the 1960’s when
the first commercially usable devices were developed by General Electric.

Figure 1.7 shows a basic schematic ofa LED device.
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Figure 1.7 Schematic of a LED set-up.

The cathode is made up ofa low work function metal such as Al, Mg, Ag or Au.
These metals are chosen to ease the injection of electrons into the emitter layer.
The anode is made up of a high work function material, which needs to be
transparent to allow light to pass through. Indium Tin Oxide (ITO) is usually
used for this purpose. The emitter layer, which is sandwiched between the
anode and cathode, is a specifically designed material to generate luminescence
of the desired wavelength. To produce an efficient device a good conducting
material is required with high electron/hole mobilities. It is investigation into
the emitter layer that has generated vast amount of scientific research over the

last 70 years.

Arsenic, gallium and phosphorus were combined by Bevacqua to obtain a red
light source with an emission of 655 nm. The intensity of the device produced
was poor and further work was conducted using gallium phosphide to produce a
device emitting red light with much improved intensities over GaAsP.9
Improvements in manufacturing techniques and increased understanding led to
additional coloured LEDs being prepared in the 1970s, including oranges,

yellows and greens from doping with GaAs and GaP.10

More recently organic light emitting diodes (OLEDs) have been produced
which utilise the conjugation of aromatic molecules for the production of light.
OLEDs work by sandwiching several layers of conjugated polymeric materials

between two electrodes, one of which is transparent and allows light to pass out
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the device. The first observation of luminescence from an organic molecule

was reported in a paper by Pope et al,'! on luminescence of anthracene.

Research however, remained largely focused on inorganic materials due to the
low efficiency of organic light emitters. Organic dyes as light emitters regained
popularity in the late 1980s but these systems required expensive vapour

deposition. This problem was overcome by Friend ef al,’

when they published
a paper revealing a solution to this problem by using the conjugated polymer
poly(p-phenylenevinylene) (PPV). Friend's group, based in physics in
Cambridge UK, and a group in chemistry, led by Holmes, were collaborating to
research PPV. They were able to develop a simple device using a spin-coating

process to produce the first OLED.

Further research followed from many groups using PPV based molecules that
incorporate side chains and heteroatoms to tune the band gap of the materials
and therefore the colour of the emitted light. Figure 1.8 shows some of the
examples of the PPV derived polymers which have been reported.

Figure 1.8 PPV and derivative polymers.
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The red-orange emission of polymer A poly[2-methoxy-5-(2-ethylhexyloxy)-p-
phenylenevinylene] (MEH-PPV), was reported by Braun et al.® Polymer B
was synthesised in 1996 by Phillips, and led to multilayer OLEDs that were
more efficient due to improved hole injection. The phenyl groups observed in
polymer C poly(2,3-diphenylenevinylene) serve to increase the solubility of the
polymer and therefore increase its processability, but the electroluminescent
efficiency of this molecule as a single layer device is relatively low, although it
was found that the introduction of pendant groups such as that in polymer D
behave as inter-chain spacers and delay the excited state decay, thereby
increasing the electroluminescent efficiency. The silicon atoms in polymer E
served to increase the solubility of the polymer and increased the band gap,

allowing access to green photo-emissions.

The downfall of OLED devices arises because of their poor efficiency. The
ratio of singlet to triplet states generated in conventional OLED devices has
been determined as 1:3, which in turn limits the maximum efficiency to 25%.14
The efficiency of OLEDs is limited by the statistics of singlet states
recombining. Triplet states can emit photons but the probability of this is quite
small and energy loss from the triplet state usually occurs by intersystem
crossing, followed by internal conversion to the ground state. To overcome this
problem the triplet state needs to be accessed. As mentioned in the description
of luminescence earlier in this section, decay from the triplet excited state back
to the singlet ground state is spin forbidden, as governed by the selection rules.

This governing physical law can be relaxed by the inclusion of heavy atoms.

In very heavy atoms, relativistic shifting of the energies of the electron energy
levels accentuates the spin-orbit coupling effect. In typical organic molecules
with weak spin-orbit coupling and highly forbidden triplet-singlet transitions,
triplet state population is transferred into heat. Only the singlet state can emit
radiatively (fluorescence). On the other hand, in organo-transition-metal
compounds, fast intersystem crossing induced by spin-orbit coupling effectively
depopulating the excited singlet into the lowest triplet state. Again due to spin-
orbit coupling, the triplet can decay radiatively as phosphorescence even with

high emission quantum yield at ambient temperature. In case of validity of spin
10
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statistics only 25% of the excitons can be exploited by organic emitters, while
for triplet emitters additional 75% of the excitons may be harvested. Thus, the
efficiency of light emission in an electro-luminescent device with triplet

emitters can be up to a factor of four higher than with singlet emitters."®

To combine the properties of the highly conjugated aromatic compounds as
exploited in OLEDs, with the spin-orbit coupling properties of transition metals,
a method was needed for the synthesis of these new “organo-transition-metal
compounds”. One such method is the use of alkynes as a bridging unit between
the metal centre and the aromatic system. The sp-hybridised carbons of the
alkynes allow for good orbital overlap with the d-orbital of transition metals, the
chemistry of a variety of transition metal c-acetylide complexes is discussed in
the following section. Emphasis is given on the synthesis and photophysical

properties of these systems.

1.2 Transition Metal c-Acetylide Complexes

Transition metal oc-acetylide complexes (Figure 1.9) have been studied

extensively due to their many interesting chemical and physical properties.

Figure 1.9 Transition Metal 6-Acetylide Complexes.

These properties find many valuable potential applications in modern
technology, from light-emitting diodes, ! liquid-crystalline materials !” to
materials with non-linear optical properties'® and one-dimensional conductors."
Monomeric, oligomeric and polymeric compounds are all known and their

properties studied.*?!

The properties of these materials can be tuned by the adjustment of both the
alkyne ligand and the metal environment. Functional groups on the alkyne

ligands (R) can alter the electronic properties of complex as well as their
| solubility. The auxiliary ligands (L,) (i.e. spectator ligands, other than the

11
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acetylides), coordination geometry and oxidation state of the metal (M) have all
been varied to investigate the effects on the properties of the acetylide

complexes.?

It is well recognised that the metal to carbon bond, in metal c-acetylide
complexes, is generally thermally stable due to stabilisation through a dz-p7x
interaction. The absence of fhydrogen atoms on the alkyne ligand removes the
possibility of decomposition of these compounds by S-hydride elimination.
Photoelectron spectroscopy and calculations indicate a significant overlap
between the filled metal d-orbitals and the filled m-system of the alkynyl
moiety.23 The energy difference between the HOMO metal d orbitals and the
LUMO =* alkynyl orbitals appears to be too large (ca 15 e€V) for n-accepting

behaviour.

The metal geometry is an important factor in the control of the properties of the
acetylide complexes. Pt(II) and Pd(II) exhibit well defined square planar
geometries with cis/frans isomers possible, therefore if linear rigid-rod
complexes are desired, the frans geometry is employed and if ‘angular’
materials are required then the cis geometry is used. Ru(Il) and Rh(III),
showing octahedral geometry, may also be used to make trans linear rod
complexes, or cis angular complexes. Chelating ligands such as diphosphines
and diimines can be used to control stereochemistry in these compounds. Ag(I)
and Au(I) are both generally limited to linear, two-coordinate geometry and are
therefore employed in the synthesis of linear rigid rod acetylide complexes. The
choice of metal centre can have a significant effect on the band gap, with four
coordinate d® square planar metal centres favoured over six coordinate d°
octahedral units, because of the greater optical gap energy of the latter (ca 0.4
eV). 2

The chemistry of these various transition metal alkynes are discussed in more
detail in the following sections, with particular emphasis on their synthesis and

photophysical properties.

12
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1.2.1 Platinum and Palladium

The square planar geometries along with the kinetic inertness of Pt(II) and Pd(II)
gives rise to linear and stable alkynyl complexes. Platinum(Il) acetylide
complexes were first synthesised by Hagihara et al,'’ using the condensation
reaction between terminal or di-terminal alkynes and platinum chlorides.

Subsequently this method was adapted,” for example as shown in Figure 1.10.

Cul, NHPr,

P"Bus P'Bu,
N2
P"Buj 2 R—=—=H lnBU;;
i
Cul, NHPr, H—=—— R—=— 4
N
Y
R = aromatic spacer group
T"Bus
Plt — R e
P"Bus

n

Figure 1.10 Synthesis of Pt(II) di-ynes and poly-ynes.

The copper(I) iodide in the scheme is used as a catalyst, and it is thought that a
copper(I) acetylide intermediate is formed during the reaction. The copper(l)
acetylide is a highly reactive species, and the alkyne is readily able to
transmetalate to the platinum starting material to produce the desired product.
The diisopropylamine is used as the solvent and also acts as a base to accept
excess protons. This route has only been successfully used for the Group 10
metals palladium and platinum. It is unsuccessful with elements earlier in the
transition series, including nickel since they tend to react with the basic amine

solvent to form amine complexes.

13
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Alternative synthetic routes have also been reported, involving the use of
trimethylstannyl alkynyl derivatives,?® for example as shown in Figure 1.11.
The trimethylstannyl derivatives have been shown to be more stable than the
free alkynes,27 although concerns about the health implication of Sn(IV) have
made this route less popular. An extra step is also required in the synthesis of
the final compound; this involves the treatment of the alkyne with "BuLi
followed by Me;SnCl1.2

SnMe;Cl "Bui

Me;Sn——=————R—==—"S5nMe;
PB
toluene us
30°C, 1 hr| CI—Ht=Cl
PBU3
TBU:;
Pt——r—R—==
LBU3

n

Figure 1.11 Synthesis of a platinum acetylide polymer via trimethylstannyl alkynyl
derivatives.

This method does have some advantages, namely the avoidance of amine
solvents, allowing the synthesis of nickel analogues. Stoichiometric treatment
of bis(trimethylstannyl)alkynes with trans-[MCIly(PBus);] affords polymers in
excellent yield. In the case of M = Pt average molecular weights up to My =
210,000 were observed,?® which is on average 30,000 Daltons higher than the
dehydrohalogenation route of Hagihara et al.

m .
A variety of platinﬁi\x(\II) and palladium(II) species have been investigated with
respect to their phc;tolmninescence properties. The monomeric complexes
trans-[Pt(C=CH),(PEt;);] and trans-[Pt(C=CPh),(PEt;);] gave intense
vibronically structured emission in rigid glasses at 77 K.2° The emissive state

has been assigned as Pt 6d to n*(C=C) MLCT in character upon excitation into
14
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the low-energy MLCT absorption bands. Polymeric metal acetylide complexes

have also been studied such as the materials shown in Figure 1.12.

IIDBU3 I?Bu:;
|\|/| ——R— {—n{n ——R'—= R'}
PBuj n PBug n

where M = Pt (ll) or Pd (Il); R and R’ are aryl spacer groups, as shown below

Figure 1.12 Pt(II) and Pd(II) polyynes investigated for photoluminescent behaviour.

Studies on thin films at liquid helium temperatures have shown long-lived
phosphorescence, assigned to a triplet-singlet transition. The platinum species
have much longer phosphorescence lifetimes than isostructural palladium
species and this is likely to be due to the greater effect of spin-orbit coupling for

platinum **

The polymeric metal acetylide complexes, with their extended conjugation
lengths have shown low energies of absorption. The polymeric systems,
however, are difficult to study due to their relatively large size and molecular
weights. Di-yne complexes have been synthesised as dimeric models for the
polyyne systems, as they are easier to study and establish structure-property
relationships for the systems. Examples of such di-ynes in the literature are
given in Figure 1.13 along with the general synthetic route to the complexes.
The same dehydrohalogenation reaction is employed in the synthesis of the
dimeric system as for the polyyne analogues, but using a different platinum
starting material. Trans-Pt(PBu;),Cl; is used for the synthesis of the polymeric
systems, where the two chlorides offer two active sites leading to
polymerisation. The butyl phosphines are employed to aid solubility leading to

extensive degrees of polymerisation. The di-yne complexes are synthesised

15
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using trans-Pt(PEt;),(Ph)Cl, this starting material only contains one chloride
and therefore one reactive site towards the alkyne ligand. The phenyl group
effectively “caps off” one site of the platinum centre forcing the synthesis of the

discrete di-platinum di-yne complex.

<

Cul, NHPr,

PEt;, PEtg PE': :
lEt; H————R——=—H ILEt;,

Pt (11) Di-yne Complex

R = aromatic spacer group
Series A Series B

IO WaW

/]

Figure 1.13 Synthesis of platinum di-yne complexes

Raithby and co-workers investigated a series of systems containing thienyl-
pyridine rings, with adjacent electron donating and accepting units as the
aromatic spacer groups (Series A, Figure 1.13).3° The aim of the investigation
was to establish the affect of the donor-acceptor unit of the energies of the
singlet and triplet excited states. Absorption spectra were shown to be
dominated by m-m* transitions, with the platinum fragments acting as net
electron donors to the electron withdrawing spacer groups. The pyridine rings
in the systems were thought to withdraw electron density toward the lone pair,
away from the system backbone. This reduction in electron density was
rationalised as the reason for the higher optical gaps as compared to the purely

thiophene-containing systems.

The use of fused ring spacers has been found to be a powerful approach to the
production of some low band gap conjugated organic polymers.3! The Raithby

group took inspiration from this, and designed a series of fused ring spacers
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platinum acetylide complexes (Figure 1.13, Series B).*2 Optical spectroscopic
measurements showed that the electron-rich naphthalene and anthracene spacers
create strong donor-acceptor interactions between the Pt(II) centres and
conjugated ligands along the rigid backbone of the polymers. The band gaps
decrease as the size of the aromatic linker group increases, consistent with there
being greater delocalisation within the anthracene linker group compared to the
benzene linker group.

The lowest band gap observed for a Pt(II) complex was reported by Wong and
co-workers, Figure 1.14.% The group synthesised a Pt(II) polyyne with a 9-
dicyanomethylenefluorene-2,7-diyl as a donor—acceptor spacer with a band gap
of 1.58 eV. The authors suggest that electron-withdrawing groups at the
periphery exert a more pronounced influence on narrowing the band gaps of

these polymers than electron-donating substituents.

Figure 1.14 Low band gap Pt(II) polyyne containing 9-dicyanomethylenefluorene-2,7-diyl
spacer group.

1.3.1 Gold and Silver

Ethynyl compounds are amongst the most stable gold(I) organometallic

34

compounds known.”® The preference of gold(I) for two-coordinate, linear

coordination makes it ideal for the synthesis of rigid-rod materials with ethynyl
ligands. Several linear complexes [Au(C=CR)L] have been synthesised (L =

36, isocyanide®’ or amine®®) either from the polymeric

tertiary phosphine®, arsine
[{Au(C=CR)},] or by the reaction of [LAuCl] with Grignard reagents. A more

convenient synthesis of gold(I) ethynyls makes use of the simple reaction
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between [Au(PR3;)Cl] and terminal alkynes in basic alcoholic solution,> as
shown in Figure 1.15.

H—=——=—~Ph _
PhsPAUCI ~ PhePAU P
NaOEt / EtOH NaCl + EtOH

Figure 1.15 Synthesis of gold alkynyl complex under basic ethanolic conditions.

This method is generally applicable to a wide range of terminal alkynes, easily
precipitating the sparingly soluble gold(I) ethynyl in high yield. Methanolic
solutions also prove to be effective using either Na(OMe) or KOH as the base. *°

This approach has been used to synthesise a range of ethynyl complexes.

Many gold(I) complexes exhibit short Au--Au contacts between 2.7 — 3.5 A,
This tendency to aggregate was termed aurophilicity by Schmidbaur et al ¥
and is a consequence of relativistic effects of the heavy atom d'° system. The
aurophilic effect can lead to long-chain arrangements of gold(I) complexes in
the solid state — if these complexes are already rigid-rod linear structures, then

this motif will be extended throughout the crystalline material to give linear
polymers.

The photoluminescence of gold(I) complexes has been widely studied in the last
decade. The first luminescent gold(I) acetylide reported was [Aux(p-
dppe)2(C=C-Ph),], ** Figure 1.16, which shows intermolecular (but no
intramolecular) Au--Au interaction between two units leading to an Au--Au

separation of 3.153(2) A.
Ph,

/ \ — Au—P/

N
-
I

Phy

Figure 1.16 The first luminescent Au(I) acetylide complex reported,
[Auy(p-dppe)(C=C-Ph),].
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The complex displays a ligand-centred emission at 420 nm in dichloromethane
solution at 298 K, and the solid sample emits at 550 nm at 298 K. It was
suggested that the Au--Au interactions may influence the photoluminescence of
these gold(I) complexes. Mononuclear, dinuclear and polymeric rigid-rod
gold(I) acetylide containing complexes have also been synthesised and
investigated for their luminescence properties with examples shown in Figure
1.17.%

R
MeaP—-—AuAE—@ MesP—AU——= </ \,‘ ———Au—PMe,

R

R
TA——= 7N =—Au—P P—
>_/ th th

R

Figure 1.17 Gold(I) alkynyl compounds studied for their luminescent properties by
Puddephatt et al, where R =H or Me.

The compounds all show strong emission on excitation (Aex > 350nm). The
mono and dinuclear complexes are soluble in dichloromethane and emit at 424-
504nm and 415nm, respectively. These emissions have been assigned as n—n
or 6—m transitions. The dinuclear complex emits at 540 nm in the solid state,
strongly red-shifted compared to the solution emission. This is suggested to be
due to short Au--Au contacts (3.163(1) A) in the solid state. The polymeric
complexes are insoluble and can only be investigated in the solid state; they
show broad emission at 600 nm. This low energy emission can be attributed to
extensive delocalised m-conjugation along the polymer chain, as well as the

short Au---Au contacts in the solid state.

The Yam group have extensively studied the photophysical properties of a large

series of gold(I) alkynyl complexes.” A series of mono-, di- and trinuclear

gold(I) phosphine alkynyl complexes have been synthesised and structurally

characterised. In general, they assigned the intense absorption spectra as high-
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energy absorptions due to Intra-Ligand (IL) phosphine-centred and n-n*(C=C)
transitions, and the low-energy absorptions were assigned as metal perturbed IL
n-n* (C=C) transitions mixed with metal-to-alkynyl MLCT transitions. Both the
electronic absorption and emission energies are found to depend on the nature
of the alkynyl ligands. The nuclearity of the metal complexes also has an
influence on the electronic absorption as well as emission behaviour. The
emission energies are generally found to be lowest in the trinuclear complexes,

attributed to the presence of weak Au'+*Au interactions.

Silver acetylides are much less well known and studied although examples have
been reported.** A series of trinuclear Ag complexes were synthesised by the
Che* and Yam groups.*® The groups reported Ag(l) alkynyl complexes
[Ags(u-dppm)s(u3-n'-C=C-R)]** and studied their luminescence. Ag+Ag

interactions were also shown to influence the photoluminescent properties.

1.3.2 Ruthenium and Osmium

Ruthenium and osmium alkynyl complexes have been extensively investigated
by Lewis and co-workers utilising trimethylstaﬂgnylalkynes. Incorporation of
Ru(Il), 4 and Os(I*® metal centres into mono-, di- and polymeric alkynyl
systems were studied. Synthetic methods were found to be particularly reliable
for the synthesis of frans-oriented di- and polyalkynyl Ru(Il) complexes (with
stabilising dppe and dppm ligands), the synthesis of the monomeric and
polymeric Ru alkynyl is shown in Figure 1.18. Similar schemes have also been
reported for Os(II) (with dppm).

N\ N
Ph,P_ .PPh, 2Me,SnC=CPh Ph,P_ PPh, <:/\
Cl—Ru—-Cl ——Ru—

4> Cul, reflux Vs
Ph,P PPh, Ph,P PPh,

Cul, reflux
_ _ N\
Me,SnC=C—X—C=CSnMe, pth\ PPh,
. RU—=—X——=—=

— In

4~
PhP PPh,

Figure 1.18 Synthesis of Ru alkynyls using trimethylstannyl reagents.
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Dixneuf and co-workers developed a synthetic strategy to mono- and
unsymmetrical dialkynyl ruthenium compounds via a vinylidene intermediate. 49
Initial findings by the group showed that cis- [RuCly(Ph,PCH,PPh,),] readily
activates terminal alkynes to produce stable and isolable vinylidene complexes
in excellent yields. Sodium hexafluoro phosphate is used for the production of
a 16 electron Ru intermediate by the displacement of a chloride ligand. The
vinylidene species is then deprotonated by the addition of one molar equivalent
of DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) in dichloromethane. The reaction
is carried out at room temperature, and gives the frans-chloro alkynyl metal

derivative, the general reaction scheme is illustrated in Figure 1.19.

/\: "\ PF
Ph, PP PPn, A

thP\'IRu .l 2 H——R /

PhR” | ™CI  NaPF, CH,CI, pnel PPh. R
Ph, ‘ 2\/ 2

DBU
A CH,CI,
PP PPh,
ClI—Ru R

’
v,

d ~
Ph,P  PPh,

\/

Figure 1.19 Formation of vinylidene intermediates in the synthesis of ruthenium
alkynyl complexes.
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1.3 Properties of Transition Metal o-Acetylide Complexes

Transition metal c-acetylide complexes have been suggested to be good
materials for potential use in Light Emitting Diode (LED) technology. The
. conjugated aromatic systems linked to the metal centres via the acetylene
groups have been used to tune the optical gaps of these materials. Whilst the
heavy metal centres provide a route into efficient radiative use of triplet excited
state, via spin orbit coupling. The complexes possess other interesting physical
and electronic properties which may have applications in modern technology,

such as nonlinear optics and liquid crystalline phases.

1.3.1 Nonlinear Optics

As light travels through a material a variety of nonlinear optical effects may
occur. The interaction of light with such a material will cause its properties to
change. As light travels through the material, its electric field interacts with
charges in the material. The time dependent electron density distribution in the
material resulting from this interaction can affect the propagation of subsequent
light waves travelling through the material. These interactions can cause the
original optical beam to have its frequency, phase, polarisation, or path changed
significantly. The study of these changes is termed Nonlinear Optics (NLO)

since it describes the deviations of behaviour away from classical optics.

This ability to manipulate light has many important technological applications
in optical signal processing, generation of variable frequency laser light,
tuneable filters, and optical data storage. In order to control the properties of
light, chemists must design and synthesise molecules within which the
combination of photons can take place, and in which both the magnitude and

response time of these optical processes can be controlled.*®

Organometallic compounds provide new opportunities for engineering materials
with nonlinear optical properties. It is possible to change the transition metal
element, its oxidation state and hence the number of d-electrons, examine the

difference between diamagnetic and paramagnetic complexes and the effect of
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novel bonding geometries and coordination patterns with a view to altering the

non linear properties of the material.

In particular, transition metal acetylides are exceptionally useful for nonlinear

optical studies due to the following reasons:

= Metal to ligand or ligand to metal charge transfer bands are often observed
in the UV to visible region of the spectrum. These optical absorption bands
are often associated with large optical nonlinearities.

= Chromophores containing metals are among the most intensely coloured
materials known. The intensity of the optical absorption band is related to
its transition dipole moment. Large optical nonlinearities are associated
with such strongly allowed transitions.>!

= The presence of electron density away from the nuclei within a molecule

increases its polarisability, and therefore its potential for nonlinear optical

behaviour, hence systems with extensive z-conjugation are ideal.

Interest in nonlinear optics of square-planar metal aromatic complexes arose
from the knowledge that the fragments, MX,(PEt;),, where M=Ni, Pd, and Pt;
X=I, Br and Cl, are good electron donors. Experiments revealed that this class
of compounds substituted with various aromatic acceptors could exhibit

relatively large nonlinear optical behaviour.*?

More recently rigid rod polymers have been used to study their nonlinear optical
behaviour. The presence of low energy MLCT transitions and the possibility of
extended delocalisation through the polymer chain provide the rationale for

studying these materials for NLO applications.53

The susceptibilities of the
polyacetylide organometallic polymers are greater than those of the equivalent
organic polyacetylide. A strong dependence between NLO response and metal
employed (Ni, Pd, Pt) is seen. The nickel monomers and polymers tend to give
larger hyperpolarisabilities than the platinum complexes. The full involvement
of the metal in the polarisability of the polymer electron backbone is not yet

known.>*
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A recent review by Humphrey and Cifuentes summarises the studies of the
NLO properties of metal alkynyl complexes.” The review focuses on the
synthesis and structure property relationship of Ru, Ni and Au complexes. The
paper also reviews the recent progress with switching the nonlinearity of
alkynyl complexes using protonation/deprotonation and, particularly,
oxidation/reduction processes. This area in which alkynyl complexes may well
prove superior to organic molecules, and has been seen as a niche for
organometallics in nonlinear optics. An example of a switchable NLO system is

given in Figure 1.20.

C|\[Ru] [Ru]/c Cl\l Ry o | 3
Ru] = Ru(d Ru] u
F [Ru] = Ru(dppe)2 g

-3e”

V4
\

+3e”

I I
(Ru] | IRl

Cl cl

Cubic Hyperpolarizability Cubic Hyperpolarizability
= 2200+ 600 x 10" esu = 14000 £ 3000 x 10”6 esu

Figure 1.20 Switchable NLO system based on Ru alkynyl complexes.
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1.3.2 Liquid Crystal Phases

Liquid crystalline compounds demonstrate molecular order between that of an
ordered solid and a disordered liquid or solution. These intermediate phases are

referred to as mesophases and can be split into two subdivisions (Figure 1.21).

/4
0

0

/4

Nematic Smectic (SA) Smectic (Sc)

Figure 1.21 Liquid Crystalline phases.

“> Nematic - the molecules align parallel in the direction n, but can move
within the N phase and rotate freely around the long molecular axis. There
is orientational, but no positional order.

= Smectic - this phase has a higher degree of order. Molecules are arranged in
layers and are parallel within the layers. The SA phase has molecules
aligned parallel to the layer normal, but with no positional order within the
layer. Other Smectic phases include Sc, where the molecules are arranged

as in the SAphase but with the layers tilted relative to each other.

The Liquid crystal state was recognised in the middle of the 19th century in
nerve myelin.5% Since then the area of liquid crystals has become a major,
multidisciplinary field of research. Following the pioneering work of Gray and
co-workers in the early 1970s with correct properties and sufficient stability to
be used widely in commercial applications. 57 This has resulted in a
multimillion-pound industry devoted to liquid crystal displays (LCDs). This is
all down to the way liquid crystals are affected by electric current. A particular

type of liquid crystal, called twisted nematics (TN), is naturally twisted.
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Applying an electric current to these liquid crystals will untwist them to varying
degrees, depending on the voltage. Liquid Crystal Displays (LCDs) use these
liquid crystals because they react predictably to electric current in such a way as

to control light passage.

Studies on homometallic (Figure 1.22) and heterometallic rigid rod polymers
(Figure 1.22) by *'P NMR spectroscopic techniques showed that all those
investigated possessed a negative diamagnetic anisotropy, that is, they were
shown to align with their long molecular axes perpendicular to the applied
magnetic field. This was interpreted in terms of the negative diamagnetic

anisotropy of the carbon-carbon triple bond.>®

B, PBuq
. [I\IA — Xx—— |\|/| — X—— ]n*
PBU3 PBU3

Figure 1.22 Rigid rod polymers, where M’=Pd or Ni; M=Pd,
M’=Ni, and X=aromatic spacer group.

This work with polymeric acetylides prompted studies of related low molar
mass compounds, and the Pt(II) complex in Figure 1.23 was found to possess

two types of liquid crystalline phases.*

IT’Me3

7200 \Np— — /T
o . — I|Dt — \ / O—C,,Hys
PMe,

Figure 1.23 Pt(II) complex, which was found to posses liquid crystalline phases.

H,sC,5;—0

Particular attention has recently been directed towards a better understanding of
the relationships between the shape and nature of a complex and the structure of
the liquid crystal phase. Bruce et al have studied a series of complexes of
palladium(II) and platinum(II) based on trialkoxystilbazole esters and showed
how varying the ligand bulk effects the various liquid crystal phases, Figure
1.24.%
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2mHCr0
2iGhO

Figure 1.24 Complexes of Pd(II) and Pt(II) based on trialkoxystilbazole esters. M = Pd(ll)
or Pt(II), n=6, 8,10,12, or 14.

The linear Au(l) alkynyl complexes of the type in Figure 1.25 have been shown

to form nematic and smectic A phases without decomposition.6l

R and R' = aliphatic chains
Figure 1.25 Gold(I) alkynyl complex studied for liquid crystalline behaviour.
The isonitrile ligand is used in preference to much more sterically bulky
phosphines for stabilization of the gold acetylide. The molecules therefore,
have a more rod-like structure and are more suitable for the formation of liquid

crystal mesophases. A representative crystal packing diagram for the di-alkynyl

Au(I) complexes with the following R Groups is given in Figure 1.26.

R = n-C6Hi3, R'=c¢”N

Figure 1.26 Crystal packing diagram ofa Au(I) alkynyl complex.
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It is clear to see how these linear rigid-rod gold(I) complexes order in the solid
state as parallel rows. As the crystal melts some order is retained within the

plane so as to give liquid crystalline states.

1.5 Summary and Thesis Aims

The issue of providing energy efficient lighting is becoming ever more
imperative in today’s energy consuming world. Organic Light Emitting Diodes
(OLED)s have already entered the market place as replacement lighting to the
traditional incandescent bulbs. The luminescence efficiency of the organic
polymers used in OLEDs are limited to a maximum of 25%, due to the physical
laws governed by the spin selection laws. There has been a rapid expansion
over recent years in the incorporation of metals into these organic polymers, due
to the numerous properties that metals can bring to these systems, such as spin-
orbit coupling. The spin-orbit coupling properties of these heavy atoms can give
rise to a greater luminescent efficiency, by allowing the efficient radiative use of

the triplet state.

A successful method of incorporating metals into the conjugated polymeric
systems is the use of alkynes as a bridging unit between the metal centre and the
organic 7- system. Transition metal o-acetylide complexes and polymers have
been extensively studied in the literature for their luminescent properties.
Dinuclear metal acetylides complexes have in the past been studied within the
Group as model systems for the polymeric analogues. These dinuclear
complexes have been exploited to establish structure-property relationships for
the polymeric systems, and to gain better understanding on how the n- systems

of the spacer groups effect the photophysical properties of the complexes.

The aim of the work described in this Thesis has been to design a series of new
di-yne ligands in order to study the effects of the incorporation of various
heteroatoms and functional groups within the dinuclear metal complexes, on
their luminescent properties. Chapters 2 to 5 describe the synthesis of these
new di-yne ligands and the study of the photophysical properties of their
corresponding Pt(I) complexes by solution UV-visible Spectroscopy.
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Chapter 2 '
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)

PEty

OH=—0-C—=10

4,4'-Di-(trans-(phenyl,bis-triethylphosphine)platinum) ethynyl-biphenyl

(6)
PELPh PEt,Ph
EtzPh Et,Ph

4,4"-Di-(trans-(phenyl,bis-(diethyl)(phenyl)phosphine)platinum) ethynyl-biphenyl
)

4,4"-Bis-trimethylsilyl-terphenyl

®
4,4"-Diiodo-terpheny! 4,4"-Bis-trimethylsilylethynyl-terphenyl
® (10)

==

4,4"-Diethynyl-terphenyl

O=—C-0-0—=10

4,4"-Di-(trans-(phenyl,bis-triethylphosphine)platinum) ethynyl-terphenyl
a12)
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s Ao

4,4"-Bis-trimethylsilyl-quaterphenyl
13)

a0 U OaWa

4,4"-Diiodo-quaterphenyl
14)

s OO e

4,4"-Bis-trimethylsilylethynyl-quaterphenyl
as)

e OaUaUa

4,4"-Diethynyl-quaterphenyl
(16)

pEs PEt;
O 10000 —%10
lE'e lE!g
4,4"-Di-(trans-(phenyl,bis-triethylphosphine)platinum) ethynyl-tetraphenyl
an
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Chapter 3

1,4-Di-(4-bromo-phenyl)-butane-1,4-dione
(18)

O~ w0

) SiMe,
2,5-Di~(4-bromo-phenyl)-furan 2,5-Bis-(4-trimethylsilylethynyl-phenyl)-furan

19) 20)

e ot sy

2,5-Di-(4-ethynyl-phenyl)-furan
1)

[\
Pl\-: PEt;
O/'Laa F/EP/::Q

2,5-Di-(4-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl))phenyl)-furan
22

OO0, L OO

2,5-Di-(4-bromo-phenyl)-thiophene
23)

iMes

2,5-Bis-(4-trimethylsilylethynyl-phenyl)-thiophene
29

OO

2,5-Di-(4-ethynyl-pheny!)-thiophene
@25

l»f.
Ety P/EQ\©

2,5-Di-(4~(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)phenyl)-thiophene
: (26)

es Wen'aoW

2,5-Dibromo-selenophene
27 2,5-Bis-(4-trimethylsilyl-phenyl)-selenophene
28
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O

2,5-Di-(4-iodo-phenyl)-selenophene
29)

[\

2,5-Bis-(4-trimethylsilylethynyl-phenyl)-selenophene
(30)

OO

2,5-Di-(4-ethynyl-phenyl)-selenophene
@1

2,5-Di-(4-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)phenyl)-selenophene

(32)
Br/Q\Br M%Si/@\sMo; H/@\H
2,5-Dib -fu ] . .Di -
' r;);1 o-turan 2,5-Bis-trimethylsilylethynyl-furan 2,5-Diethynyl-furan
33) 39) 35

PE&,

O T G

2,5-Di-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)-furan
(36)

m/@\m M,ag/Q\%’ . /@\H

2,5-Dib thioph .
' rogg—) fophiene 2,5-Bis-trimethylsilylethynyl-thiophene

(33)

2,5-Di-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)-thiophene
(40)

2,5-Diethynyl-thiophene
(39
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s )
Messi—™ = SiMes W= ESs H

2,5-Diethynyl-selenophene
2,5-Bis-trimethylsilylethynyl-selenophene 42)

1)

2,5-Di-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)-selenophene

43)
. HN—NH N—N
Br Br
4-Bromo-benzoic acid N'-(4-bromo-benzoyl)-hydrazide 2,5-Di-(4-bromo-phenyl)-[1,3,4]oxadiazole
49) 45)

N

_N
/O/(O \
Me,Si = == iMeg

2,5-Bis-(4-trimethylsilylethynyl-phenyl)-[1,3,4]oxadiazole

(46)
N
[\
= =y
2,5-Di-(4-ethynyl-phenyl)-[1,3,4]oxadiazole
Cg)

N—N
A
P\Etg/
T = ~ APE(;
Ets )
50

2,5-Di-(4-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl))phenyl)-[1,3,4]oxadiazole
(48)

N—N N—N
[\ I\
S

y g Messi—= SS—sives

2,5-Di-(4-b -phenyl)-[1,3,4]thiadiazol . o
-(4-bromo-p (6:9);) [1,34]thiadiazole 2,5-Bis-(4-trimethylsilylethynyl-phenyl)-[1,3,4]thiadiazole

(50

== =
W -

2,5-Di-(4-ethynyl-phenyl)-[1,3,4]thiadiazole
(51
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N—N
= PEt;
U RO

2,5-Di-(4-(trans-(phenyl,bis-triethy lphosphine)platinum ethynyl))phenyl)-[1,3,4]thiadiazole
(52)

1,4-Bis-(4-trimethylsilylethynyl-phenyl)-butane-1,4-dione
(53)

—~ rO—

1,4-Di-(4-ethynyl-phenyl)-butane-1,4-dione
(54)

1,4-Di-(4-(trans-(phenyl, bis-triethylphosphine)platinum ethynyl))phenyl)-butane-1,4-dione
(55)

Fenasul
oF 50

2,5-Bis-(4-((triphenylphosphine) gold ethynyl)phenyl)-[1,3,4]Joxadiazole
(56)

e /a\§
5

2,5-Bis-(4-((triphenylphosphine) gold ethynyl)phenyl)-selenophene
7
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Chapter 4
[\ [\
Oy (O Oy (O—
Br H MeSi = H T Sives
2,5-D i-(4-brom0(-gg)enyl)- 1H-pyrrole 2,5-Bis-(4-trimethylsilylethynyl-phenyl)-1 H-pyrrole
59

/ \
OO

2,5-Di-(4-ethynyl-phenyl)-1H-pyrrole
(60)

[\
‘\:,j =

e, bes

2,5-Di-(4-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)phenyl)-1H-pyrrole
(61)

2:3-Di-(4-bromo-phenyl)-1-methyl-1H-pyrrole 1-Methy1-2,5-bis-(4-trimethylsilylethynyl-phenyl)-

(62) 1H-pyrrole
(63)
[\
Oy O—
" == | T~H
1-Methyl-2,5-di-(4-ethynyl-phenyl)-1H-pyrrole
(64)
[\
PEt3 = O T Q == j =
e ngy
1-Methyl-2,5-di-(4-(trans-(phenyl, bis-triethylphosphine)platinum ethynyl)phenyl)-1H-pyrrole
(65)
‘s 'as
Br /HN Br = /HN SS—sive,
Me;Si
1-Butyl-2,5-di-(4-bromo-phenyl)-1H-pyrrole 1-Butyl-2,5-bis-(4-trimethylsilylethynyl-phenyl)-
(66) 1H-pyrrole

(67
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[\

Oy O—<
— )) =~
1-Butyl-2,5-di-(4-ethynyl-phenyl)-1H-pyrrole

(68)

[\
o e NG

1-Butyl-2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl))phenyl)-1H-pyrrole

(69)
[ ) [\
A0y O Oy O—
O =770 i
1-Phenyl-2,5-di-(4-bromo-phenyl)-1H-pyrrole 1-Phenyl-2,5-bis-(4-trimethylsilylethynyl-
(70) phenyl)-1H-pyrrole

(71)

|

1-Phenyl-2,5-di-(4-ethynyl-phenyl)-1H-pyrrole
(72)

1-Phenyl-2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum ethynyl)phenyl)-1H-pyrrole
(73)

BrBr MesSi sm,

1-(4-Methoxy-phenyl)-2,5-bis-(4-trimethylsilylethynyl-

1-(4-methoxy-phenyl)- phenyl)-1H-pyrrole
2,5-di-(4-bromo-phenyl)-1H-pyrrole ) (75
(74)
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[\
OO

1-(4-methoxy-phenyl)-2,5-di-(4-ethynyl-phenyl)-1H-pyrrole
(76)

o OO p
0

e, ¢

1-(4-methoxy-phenyl)-2,5-di-(4-(trans-(phenyl, bis-triethylphosphine)platinum ethynyl)phenyl)-1H-pyrrole
an

| Ay

4-[2,5-di-(4-bromo-phenyl)-pyrrol-1-yl]-phenol 1-pyrenyl-2,5-di-(4-bromo-phenyl)-1H-pyrrole
(78) ()

U NH;

4-[2,5-Di-(4-bromo-pheny!)-pyrrol-1-yl]-benzonitrile 4-[2,5-Di-(4-bromo-phengrsl}-)pyrrol-l-yl]-pheny lamine
(80)
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Chapter 5
R F F F
7O~ <0O< ~ I
\
F
2',3',5',6'-Tetrafluoro-4,4"-bis-trimethylsilyl-terphenyl 2',3',5',6'-Tetrafluoro-4,4"-diiodo-terpheny!
(82) (83)

@49

@83

1,2,4,5-Tetrafluoro-3,6-bis-trimethylsilylethynyl-benzene 1,4-Diethynyl-2,3,5,6-tetrafluoro-benzene
87 (88)

1,4-Di-((trans-(phenyl,bis-triethylphosphine)platinum) ethynyl) 2,3,5,6-tetrafluoro-benzene
39)

OF-0

ey

(trans-(phenyl,bis-triethylphosphine)platinum)) ethynyl-benzene
(90)
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S0 FOHO

1,4-Dibromo-2,3,5,6-tetramethyl-benzene 2',3',5',6'-Tetramethyl-4,4"-bis-trimethylsilyl-terphenyl
(91) 92)

DaUaw,

2',3',5',6'-Tetramethyl-4,4"-diiodo-terphenyl
93)

2',3',5',6'-tetramethyl-4,4"- Di-((trans-(phenyl, bis-triethylphosphine)platinum)ethynyl)—terphenyl

s'—

9,10-Bis- 4-mmethylsnlyl-phenyl)-anthracene 9,10-Di- 4-1odo-phenyl)-anthracene
(96) o7
AW -
OO ~-O-CO-
2,5-Bis-(4-trimethylsilyl-phenyl)-pyrimidine 2,5-Di-(4-iodo-phenyl)-pyrimidine
(98) 99)

F=CO--O—<

2,5-Bis-(4-trimethylsilylethynyl-phenyl)-pyrimidine
(100)

N=N
Br: \ />—< >—Bl
: ;I—N
3,6-Di-(4-bromo-phenyl)-[1,2,4,5]tetrazine
(101)
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=N
Me;Si%©——<_N/>—®—'Z—SiMe,

3,6-Bis-(4-trimethylsilylethynyl-phenyl)-[1,2,4,5]tetrazine
(102)

SiMey

()

OCO& OOQ

1,3,5-Tri-(4-bromo-phenyl)-benzene Me;Si iMey
(103)

Br
x
A

1,3,5-Tris-(4-trimethylsilylethynyl-phenyl)-benzene
(104)

~c

1,3,5-Tri-(4-ethynyl-phenyl)-benzene
(105)

H

PEt;—Pt—PEt;

I
o
~ e

REty Z
e

N
(:( Ve .JSI@

1,3,5-Tri-(4-(trans-(phenyl, bis-triethylphosphine)platinum ethynyl)phenyl)-benzene
(106)
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Chapter Two

2. Oligophenylene Systems

2.1 Introduction

2.1.1 Background

An electronically conjugated system is a series of atoms covalently bonded with
alternating single and multiple bonds in a molecule. This system allows for the
delocalisation of electron density, which increases stability and thereby lowers the
overall energy of the molecule. Conjugated systems often have unusual properties,
such as B-carotene's extended conjugated hydrocarbon chain resulting in its strong

orange colour, see Figure 2.1.!

\\\\\\\\

Figure 2.1 Structure of beta-carotene with ten conjugated double bonds.

The colour is determined by the “length” of the conjugated system, since the electron
can travel the whole length of the chain. A simple way to visualise this is by thinking
of the molecule as a real-world example of the “particle-in-a-box™ solution to the
Schrodinger equation. Where E=hf ~ 1/L% so the frequency, and thus colour, of
emitted light is proportional to 1/L%.

In Chapter 1 conjugated organic compounds were discussed and their use in organic
light emitting diodes (OLEDs) was highlighted. One particular conjugated system
with linked arene rings, poly(p-phenylene) (PPP) (Figure 2.2a), has attracted
considerable interest over the last decade since it acts as an excellent organic
conductor upon doping. Doping with I, or AsFs raises its conductivity from 1012
cm’, in its neutral form into the metallic region with values around 500 S cm™.?
Polymers with PPP in the backbone have been used as the active component in blue
light-emitting diodes,’ and this area of research has become widely investigated as

highlighted in a number of review articles.*’
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n 1-8

PPP OPP

Figure 2.2 (a) Poly(p-phenylene) (PPP) and (b) oligo-(p-phenylene)s (OPP).

PPP is a highly insoluble polymer, and thus is difficult to characterise and study.
Oligo-(p-phenylene)s (OPP) have been extensively studied and reported in the

2 The solubility of the polymers rapidly

literature for their spectroscopic behaviour.
decreases with increasing chain length but the addition of substituents along the

conjugated backbone greatly improves this.

The development of refined models to accurately predict absorption and emission
spectra of well-defined oligo(phenylene) systems is ongoing.® Determining the
maximum effective conjugation length requires the synthesis of regioregular PPPs of
defined length. The electronic absorption band in the visible region is increasingly
red-shifted as the conjugation length increases, and the maximum effective
conjugation length is calculated as the saturation point of the red-shift. Early studies
by Hoeve et al estimated that the effective conjugation extended over 11 phenylene

units,” while later studies increased this estimate to 20 units.®

More recently, Otsubo et al synthesised 48-, 72-° and 96-mer'® oligothiophenes, and
found that the red-shift, while small (a difference of 0.1 nm between the 72- and the
96-mer), does not saturate, meaning that the effective conjugation length may be even

longer than 96 units.

46



Chapter Two

2.1.2 Objectives

The aim of this section of research was to study the effect of increasing the
conjugation length of the ©- system spacer bridging the two platinum centres of the
model compound shown in Figure 2.3, and to study the effect of the any inherent twist
angles between adjacent arene rings, by introducing a series of oligo-p-phenylene
spacers. As discussed in Chapter 1, much of the published work has focused on the
effects of changing the conjugated spacer group, X. The first compound of this class

to be reported was the 1,4-diethynyl benzene derivative, where X is para-CgHy.!!

l|°Et3 TEt;;
O

PEt, PEts

Figure 2.3 Model compound under investigation, where X is an aromatic spacer group.

Since publication of this compound, no studies have focused on systematically
extending the number of 7 bonds bridging the two platinum centres. It was proposed
to base this study on this archetypal compound and design analogues based upon it to
extend the conjugation length of the chromophore. By doing this it was hoped to
investigate the concept of conjugation within the model compound shown in Figure

2.3.
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2.2 Results and Discussion

2.2.1 Synthetic Strategy

The general synthetic strategy towards the oligo-/?-phenylene systems is shown in

Figure 2.4.

PEt3

/

1-4

Figure 2.4 General synthetic scheme for linear polyphenyl systems.

The synthetic route to the desired complexes can be broken down to into three
retrosynthetic steps. The three synthons making up the series are the terminal
diethynyl species (A), the Zus-trimethylsilylethynyl species (B), and the di-iodo
species (C).
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2.2.2 Ligand Synthesis

The 1,4-diiodobenzene and 4,4'-diiodo-biphenyl required in the synthetic strategy as
outlined in Figure 2.5, were commercially available. The 4,4"-diiodo-terphenyl and
4,4"-diiodo-quaterphenyl were not commercially available, therefore, the scheme

outlined in Figure 2.5 was devised for their synthesis.

Me;Si
| AN
o, —e O O
(8) 9
MesSi SiMes
o LY , © L

(
(13) O (14)

iMe,

Figure 2.5 Synthesis of 4,4'-diiodo-terphenyl and 4,4'"'-diiodo-quaterphenyl.

(i) p-Me;Si(CsH,)B(OH),, Pd(PPh;),, NaHCOs,,, toluene, A (ii) ICl, CHCL.
4,4"-Bis-(trimethylsilyl)-terphenyl (8) was synthesised by a Suzuki coupling12 vig the
reaction of 4-trimethylsilyl phenylboronic acid with 1,4-diiodobenzene in the
presence of tetrakis(triphenylphosphine)palladium(0) catalyst and aqueous sodium
hydrogen carbonate. The reaction Was carried out under reflux in toluene and after 48
h the reaction was complete, as confirmed by TLC. The crude product was purified
using standard aqueous extraction techniques to yield an analytically pure product in a
yield of 68%. 4,4"-Bis-(trimethylsilyl)-quaterphenyl (13) was prepared under the
same conditions using 4-trimethylsilyl phenylboronic acid and 4,4'-diiodo-biphenyl as
the starting materials. On completion of the reaction the solution was evaporated to
low volume which precipitated the product from solution. The solid was collected by
filtration and recrystallised from chloroform to yield the pure product, in a yield of
59%. Both (8) and (13) were fully characterised by 'H and *C NMR and IR
spectroscopies and elemental analyses were found to be in agreement with the

calculated values.

Removal of the trimethylsilyl groups of 4,4"-bis-(trimethylsilyl)-terphenyl (8) was
achieved by the addition of iodine monochloride in chloroform. After a short period

of time the product was formed as a precipitate. The product was collected by
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filtration and washed with cold chloroform to remove impurities. The product, 4,4"-
diiodo-terphenyl (9), was obtained with a yield of 62% and was characterised by mass
spectrometry, elemental analysis and NMR spectroscopy. The most indicative feature
of the spectroscopic data for this compound was the absence of the single peak in the
'H NMR spectrum at 0.32 ppm. Synthesis of 4,4"-diiodo-quaterphenyl (14) was
obtained in a similar manner, to yield the analytically pure product in 48% yield. No
NMR spectroscopic analyses were carried out on this product due to its insolubility in
all common organic solvents. Characterisation was achieved by mass spectrometry

and elemental analysis.

Syntheses of the trimethylsilyl protected diynes were achieved by employing the
Sonogashira Coupling reaction.’* Reaction of the corresponding aryl diiodide with
trimethylsilyl acetylene via catalytic (Cul and Pd(PPh3),Cl; catalyst) cross-coupling
lead to the formation of the desired products. The synthetic scheme for this set of
reactions is shown in Figure 2.6.

MesSi

\O\I . ?\
O

>
|

Figure 2.6 Synthesis of trimethylsilyl protected diyne ligands.

(i) Me;SiCCH, Pd(PPhs),Cl, Cul, 'Pr,NH, CH,Cl, (ii) Me;SiCCH, Pd(PPh;),Cl,, Cul, 'Pr,NH,
THF (iii) Me;SiCCH, Pd(PPh;);Cl,, Cul, ‘Pr,NH, DMF, A.
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Sonogashira coupling reactions of the four aryl diiodides varied only in the solvent
used in the reaction. The solvent was chosen to aid the solubility of the starting
material, hence for 1,4-diiodobenzene and 4,4'-diiodo-biphenyl, dichloromethane was
employed, for 4,4"-diiodo-terphenyl tetrahydrofuran was used, and for 4,4"-diiodo-
quaterphenyl, hot dimethylformamide was required to solublise the starting material.
'H NMR spectroscopy provided evidence of the formation of the bis-
trimethylsilyethynyl products ((1), (4), (10) and (15)). The aromatic proton
resonances of the C¢Hy units gave simple resonances due to the symmetry of the
compounds. A singlet resonance was also present at around 0 ppm in each case with
an integral corresponding to 18 protons of the trimethylsilyl groups. IR spectroscopic
data supported the NMR spectroscopy showing characteristic v(C=C) stretches with a
range of 2100-2130 cm™ for all four diynes. Bands at 1250 cm™ were also observed
corresponding to the Si-C stretches. The spectroscopic data for all new compounds

was found to be similar to that in previously reported compounds.'*

2.2.3 Complex Synthesis

The synthesis of the desired platinum complexes of the polyaryl diynes firstly
required the deprotection of the ligand to yield the terminal alkyne ready to be
attached to the metal, shown in Figure 2.7.
MesSi H
X X
0}

/

A ;
SiMe; H

Figure 2.7 Synthesis of terminal diyne ligands.
(i) KOH(aq), MeOH/CH,C}; (1:1 v/v),n =1-4.

These reactions were carried out in the presence of potassium hydroxide in a mixture
of dichloromethane and methanol. The reaction of potassium hydroxide with
methanol produces the methoxide anion, which acts as a nucleophile and attacks the
silicon centre. It is the strong silicon-oxygen bond in the by-product (methoxy-
trimethylsilane) which drives the reaction to completion.”” The volatile by-product is
removed on drying and the terminal alkyne is extracted via a water/dichloromethane
mixture to give the terminal alkynes in high yields. Synthesis of 1,4-diethynyl
benzene (2) required particular care due to the volatility of the compound. Work up

of this compound was handled in an ice-bath whenever possible. 4,4'-diethynyl
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biphenyl (§) and 4,4"-diethynyl terphenyl (11) were both synthesised under the same
conditions to give analytically pure products in yields of 89 and 72%, respectively.

All terminal alkynes in this Chapter were characterised by NMR and IR spectroscopy,
and displayed a characteristic 'H NMR spectra resonance at ca 3 ppm corresponding
to the proton on the alkyne. The absence of the Si-C stretch in the IR spectra at around
1250 cm™ was also noted. Due to the instability of the terminal alkynes, deprotection
reactions were only carried out on small quantities to yield merely sufficient ligand
required for the next step. Yields for the synthesis of terminal alkynes, (2), (5) and
(11), were all > 70%.

The final steps of the reaction scheme for the synthesis of the four platinum
complexes (3), (6), (8) and (17) involved dehydrohalogenation, this process was
achieved by reacting the terminal alkyne ligands with the platinum starting material
trans-Pt(Ph)(PEt;),Cl. The platinum precursor was synthesised by adapted literature
methods via the synthesis of cis-Pt(PEt;),Cl, from PtCl,, 16 followed by the
phenylation of this product to give trans-Pt(Ph)(PEt3),CL.!” This scheme is shown in
Figure 2.8.

PEts PEt3
(i) I (ii)
PtCl; — Et3P—Pt—Cl —— Ph—Pt—CI

|
I $Et3

Figure 2.8 Synthesis of the platinum starting material frans-Pt(Ph)(PEt;),Cl.
(i) Me,S, CH,Cl,, PEt;, (ii)) AgSO;CF,, MeOH, NaBPh,, CH,Cl,, LiCL

Platinum dichloride was suspended in dichloromethane and dimethylsulphide was
added, the reaction was stirred at room temperature, for 1h. Triethyl phosphine was
then added to the mixture which was left to stir for a further 2h. The reaction mixture
was then evaporated to low volume and the product was triturated using pentane.
Recrystallisation from ethanol afforded the pure cis-bis-triethylphosphine platinum
dichloride with a yield of 85%. The second reaction in this scheme was the
substitution of one of the chlorides with a phenyl group, which would act as a capping
unit once the ligand was attached, preventing further ligand substitution leading to
polymer formation. Cis-bis-triethylphosphine platinum dichloride was dissolved in

methanol, and two molar equivalents of silver triflate were added, in order to abstract
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the chloride ligands. The silver chloride was removed by filtration. Phenylation of the
complex was achieved by the addition of one molar equivalent of sodium
tetraphenylborate. Lithium chloride was added to re-insert a single chloride onto the
final complex. The product was collected via a dichloromethane/water liquid
extraction. The organic phase was evaporated to dryness to yield the crude product

which was recrystallised from methanol in a yield of 68%.

The syntheses of the desired platinum complexes (3), (6) and (12) were achieved by
the dehydrohalogenation reaction shown in Figure 2.9. The reactions were carried out
in dichloromethane and diisopropylamine, with a catalytic amount of copper iodide.
The amine acts as a base in the reaction, deprotonating the alkyne, which then
coordinates to the copper forming a more reactive species'® which is able to

transmetalate with Pt(Ph)(PEt3),Cl — forming the desired product.

PEts
H y

A

P

/

0]

/

A % /PEtg
Pt
e j@

Figure 2.9 Dehydrohalogenation reaction for the synthesis of (3), (6) and (12).
(i) trans-Pt(Ph)(PEt;),Cl, Cul, ‘Pr,NH, CH,Cl,.

Work up of the reactions comprised of the removal of the volatile components
followed by the elution of the reaction mixture through a silica gel plug with ethyl
acetate/hexane mixtures. This process removed the binary salts and copper catalyst
residues. Further purification of the complexes was achieved by recrystallisation
from ethanol. Yields of 62-75 % were achieved for the synthesis of these complexes.

Synthesis of the tetraphenyl platinum complex (17) was attempted by a different route
due to problems with the solubility and low yielding reactions for the corresponding
ligand (15). At the time this synthetic work was being conducted for this Chapter a
new synthetic route was being developed by our Group towards the formation of
platinum acetylide complexes. This involved the in situ deprotection and

dehydrohalogenation in one step and is shown in Figure 2.10.
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Q PEts
Megsi Pt/

EtaP/ %

/

)

Y

/

N PEts
SiMes 4 N /

EtaP/ \©

Figure 2.10 Synthesis of (17).
(i) trans-Pt(Ph)(PEt;),Cl, Cul, ‘Pr,NH, CH,Cl,, NaOMe, MeOH.

The trimethylsilyl protected ligand (15) was charged into a Schlenk tube along with
the platinum starting material frans-Pt(Ph)(PEt;),Cl, copper iodide catalyst and
sodium methoxide. The solids were then dissolved in an equal mixture of methanol
and dichloromethane. It was found from previous studies within the group that
methanol was required as a proton source in the deprotection step. After a few
minutes of stirring diisopropyl amine was added to the solution and the reaction was
left to stir for 18 hours. TLC analysis of the reaction mixture showed no starting
materials to be present therefore the reaction was worked up using the same procedure

as for all the other platinum complexes in this Chapter.

The NMR spectroscopic data suggests the formation of the desired complex (17).
These results were supported by TLC experiments, revealing a single spot at a

different R¢ value to the starting materials.

During the synthetic work carried out for this Chapter, a second platinum complex
was synthesised using the 4,4’-diethynylbiphenyl ligand. Complex (7) was made in
the same manner as (6) but with a different platinum starting material, containing
diethylphenyl phosphine ligands rather than the triethyl phosphines for all other
complexes in this Chapter. This was designed to investigate role of the phosphines
ligands in these systems, and their resultant effects on the electronic properties of the

complexes.
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2.3 Molecular Structures

In order to further characterise the new platinum di-ynes, and to gain useful
information about the twist angles in the poly-p-phenylene spacer groups, crystal
structure determinations were undertaken on all the systems for which suitable
crystals could be obtained. The structure solutions of all the solid state structures
presented in this Thesis were carried out by either Dr. Mary Mahon or Dr. Gabriele
Kociok-Kohn, The molecular structure of (6) was determined by X-ray crystallography
using single crystals grown from an ethanol solution and is shown in Figure 2.11.
Selected bond lengths and angles are shown in Table 2.1, full crystallographic data is

given in Appendix 1.

Figure 2.11 Molecular structure of (6) depicted with a §0% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the biphenyl ligand shown in blue.

Bond Lengths (A) Bond Angles (°)

PtrC7 2.010(17) Pti-C7-C8 176.0(16)
Pt2-C22 2.014(18) Pt2-C22-C21 179.6(16)
Pti-Ce 2.070(17) P1-Pt.-P2 178.11(18)
Pt2-C23 2.066(15) P3 Pt2P4 177.14(14)
Ptl-Pl 2.267(5) C6-Pti-C7 178.1(7)
C12-C15 1.47(2) C22-Pt2-C23 177.5(6)
C7-Cs 1.22(2) Dihedral c9-c14

31.1(5)
C21-C22 1.20(2) /C15-C18

Table 2.1 Table of selected bond lengths and bond angles of the molecular structure of (6).

The Pti-C7 and Pt2-C22 bonds at 2.010(17) A and 2.014(18) A, respectively, are

similar to the values in the range of di-platinum di-yne complexes characterised
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previously in the Group (1.96(2)-2.09(3) A). The Pt-P distances (av. 2.267 A) lie in
the expected range, 2.27(6)-2.32(8) A, by comparison to other structurally
characterised systems. The Pt-C6 and Pt-C23 distances 0f2.070(17) and 2.066(15) A,
fall in the previously determined range of2.05(2)-2.093) A. ¥

As expected, the alkynylic units are essentially linear, with Pt-C=C and C=C-C angles
are close to the 180° angle (see Table 2.1). P-Pt-P angles are also close to the 180°
angle confirming the square planar geometry at the platinum centre. The square plane
of'the Pt] makes a 24.3(5)° angle with the plane ofthe central phenyl ring (C9-C14) on
one side of the molecule and an angle of 58.3(5)° between Pt2 and (C15-C20). Angles
0of 80.8(5)° and 87.2(5)° are observed with the square plane platinum and the terminal
phenyl ring at each end, respectively. The terminal and central arene rings then make

angles of 57.6(5)° and 34.5(5)° with each other.

Figure 2.12 shows the molecular structure of (6) with the di-yne ligand in the space-
filling format. The plot highlights the ortho-ortho proton interactions on the central
rings, which force the rings to twist relative to each other with a dihedral angle of

31.1(5)°.

Figure 2.12 Molecular structure of (6) depicted in ball and stick form with the biphenyl group
shown in space-fill format.

The molecular structure of (7) was confirmed by X-ray crystallography using single
crystals grown from ethanol and is shown in Figure 2.13, with selected bond lengths

and angles shown in Table 2.2, full crystallographic data given in Appendix 1.
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Figure 2.13 Molecular structure of (7) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the biphenyl ligand shown in blue.

Bond Lengths (A) Bond Angles (°)

Pti-Ci 2.023(5) Pti-C,-C2 178.0(5)
Pt2Ci6 2.020(4) Pt2-Ci6-Ci5 177.1(5)
PtI-Clr 2.076(4) PI-Pti-P2 177.18(5)
PQ-C43 2.064(4) P3-Pt2-P4 176.55(5)
Ptl-PI 2.3053(12) Cn-Pti-Ci 178.30(19)
Ce-Cg 1.487(6) Ci6-Pt2-C43 178.83(19)
c,-c2 1.208(6) Dihedral C3-C8 335)
C15-C16 1.208(6) /Co-Ca

Table 2.2 Table of selected bond lengths and bond angles of the molecular structure of (7).

The structure of (7) is closely related to that of (6). All bond lengths and bond angles
are similar and may be considered to be essentially equivalent with the exception of
the Pt-P bonds. The molecular structure of (7) exhibits slightly elongated Pt-P bond
distances (2.3053(12) A) compared to the structure of (6) (2.267(5) A). This is due to
the change in phosphine ligand on the platinum centre, with triethyl phosphine present
in (6) and diethylphenyl phosphine in (7). The phenyl group on the phosphine ligand
set induces an electron withdrawing effect, pulling electron density away from the
phosphorus thus weakening the Pt-P bond. The dihedral angle between the two

central arene rings remains at 31.3(5)° as compared to 31.1(5)° that of (6).
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The molecular structure of (12) was determined by X-ray crystallography using a
single crystal grown from ethanol and is shown in Figure 2.14, with selected bond

lengths and angles shown in Table 2.3, full crystallographic data given in appendix 1.

Figure 2.14 Molecular structure of (12) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity except for hydrogens on the terphenyl ligand, shown as blue

spheres.
Bond Lengths (A) Bond Angles (°)
Pt-C3, 2.023(4) Pt-C3,-C32 175.5(4)
Pt-Ci 2.062(4) C31-C32-C3 174.6(4)
Pt-Pi 2.2921(11) Pi-Pt-P2 176.45(4)
Pt-P2 2.2973(10) Ci-Pt-C3i 176.84(16)
C31-C32 1.211(6) Dihedral €33-C38
34.4(3)
€36-C39 1.486(6) [c39-c4l

Table 2.3 Table of selected bond lengths and bond angles of the molecular structure of (12)

The asymmetric unit consists of half a molecule of (12) with the remainder of the
molecule generated by a centre of inversion present in the middle of the central arene
ring. The symmetry transformations used to generate equivalent atoms are 1 -x+1,-

y+2,-z+1 and are labelled as “atom”_b.

The molecular geometry of (12) is similar to that of (6). The terminal phenyl ring
(C,-C6) makes an angle of 83.6(3)° with the platinum-centred square plane, and the
outer phenyl ring of the terphenyl (C33-C38) makes an angle of 21.9(3)° to the same
platinum-centred square plane. Rings (C33-C38) and (C39-C41) are related by a

dihedral angle of 34.4(3)°, this is highlighted in Figure 2.15.
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Figure 2.15 Molecular structure of (12) depicted in ball and stick form with the central arene
rings shown in space-fill format.

It has not been possible to obtain crystals of'the platinum complex containing the tetra

arene ring spacer.

The molecular structures of (6), (7) and (12) have shown that the central arene rings in
the spacer ligands are twisted relative to each other. This twist is due to the
unfavourable ortho-ortho proton interactions, and is expected to have an effect on the
photophysical properties of the system. The comparison of the molecular structures
of (6) and (7) has shown that the change in phosphine ligand has no effect on the

overall geometry ofthe system, other than the slight change in the Pt-P bond length.
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2.4 UV-visible Spectroscopic Studies

The UV-visible spectra for all terminal alkyne ligands and their corresponding
platinum complexes in this chapter were determined. All measurements were carried
out in dichloromethane at 0.01 mM concentrations.  Specific details of
instrumentation and method of data collection is given in the general Experimental

Section 6.1.

Figure 2.16 shows both the UV-visible absorption and emission spectra of 1,4-
diethynylbenzene. The absorption spectrum exhibits intense absorption bands at 260
and 273 nm with extinction coefficients (¢) in the order of 10* dm>molcm™. These
can be assigned to = — =w* transitions, corresponding to the movement of electrons
from the highest occupied to the Lowest Unoccupied Molecular Orbitals (LUMO).
The band at 273 nm is believed to correspond to a transition from the ground state of
both the electronic and vibrational states of the molecule to the excited electronic state
in its vibronic ground state (0—0). The second peak at 260 nm corresponds to a
transition to the same electronic excited state but now a higher energy, excited
vibrational state within it (0—1). The difference between these two energies
corresponds to an energetic spacing of around 1830 cm™. It is worth noting that this
vibrational spacing corresponds to vibrational data in the excited state. The energy
corresponds to the IR section of the electromagnetic spectrum and more precisely lies
in between the stretching frequency of a C=C bond (ca 2100-2250 ¢cm™) and a C=C
bond (ca 1630-1680 cm™).
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Figure 2.16 UV-visible spectra of 1,4-diethynylbenzene, absorption is shown in blue and
emission in red.

The emission spectrum was collected after exciting the sample at 273 nm. The
emission band exhibits a maxima at 313 nm with two shoulder peaks at 305 and 322
nm. The energetic spacing of these peaks is at 840 cm'1 and 860 cm'l This can be
tentatively assigned to the out-of-plane C-H bending vibrations of the two adjacent
protons on the arene ring (reference values19- 860-800 cm'l). Excitation at the
second wavelength of 260 nm gave the essentially identical spectrum as excitation at
273 nm but with a slight drop in intensity. This is consistent with a pure substance
existing in solution in a unique form and supports the notion that the 260 nm peak is a

vibrational peak ofthe 273 nm band.

The UV-visible absorption and emission spectra of the di-platinum complex (3) were
measured and are shown in Figure 2.17. The absorbance spectrum consists of one
main peak with a value of 349 nm and a side shoulder peak at 333 nm. These
can be assigned to a i —P* transition. The energy spacing of these peaks with a
value of 1380 cm'l can be assigned to the aromatic vibrational mode of the arene
spacer ligand. There are also two further peaks present at 301 nm and 271 nm. The

energy spacing of'these peaks corresponds to a value 0f 3680 cm'l
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Figure 2.17 UV-visible spectra of Ph(PEt3).PtCC(C6H4)CCPt(PEt:): Ph (3), absorption is shown
in blue and emission in red. PhPt(PEt3)2Cl is shown in green, measured at the same
concentration.

The UV-visible spectra of the platinum starting material PhPt(PEt3)2Cl is also shown
in Figure 2.17. The absorption spectrum has been amplified ten fold and the emission
spectrum by one hundred times. As the two sets of data were collected at the same
concentration, the low intensity of the spectra for the platinum starting material

suggests that none of peaks observed for (3) can be assigned as metal based.

A large shift is evident in the absorption >ax from 273 nm for the free ligand to 349
nm for the corresponding di-platinum complex. This shift is due to the extension of
the chromophore length, the 6d orbitals on the platinum centres are able to interact
with the ;r orbitals of the alkyne ligand thus extending the conjugation length of the

system.

The emission spectrum of complex (3) was collected after exciting the sample at 349
nm and is shown in red in Figure 2.17. The band exhibits a maximum at 366 nm with

a shoulder peak at 386 nm, this corresponds to an energy spacing ofca. 1420 cm'l

Further spectral data was collected for the 4,4'-diethynylbiphenyl ligand as shown in

Figure 2.17. The absorption spectrum ofthis ligand gave a much broader peak shape
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than the monophenyl analogue in Figure 2.16. This can be attributed to the extra
degrees of freedom in the biphenyl analogue giving rise to many more possible
vibrational states. No vibronic structure was evident in the absorbance spectra of this
ligand. The increase in X'ax values for the absorbance spectra of the mono-phenyl
ligand to the biphenyl ligand, from 273 nm to 289 nm, is consistent with the drop in
energy of the electronic transition due to the increase in conjugation length of the

chromophore.

The emission spectrum, with some vibronic structure, exhibits two main bands at 326
and 340 nm and a shoulder peak at 355 nm. The progressional spacings

corresponding to these peaks come at ca 1250 cm'L

5 Amax = 289 nm, 8= 39,900 M'l cm
é; Emissionpgx = 340 nm

E
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Figure 2.18 UV-visible spectra of 4,4'-diethynylbiphenyl, absorption is shown in blue and
emission in red.

UV-visible spectra of complex (6), as shown in Figure 2.19 have similar
characteristics as complex (3) in Figure 2.17. The X'ax value of the absorbance
spectrum comes at the same value as for complex (3). However, the absorption peak

is broader and the onset of absorption is shifted to a higher wavelength.

The emission spectrum mirrors the absorption with the main band appearing at 387

nm with a side shoulder peak at 403 nm, giving an energy spacing ofca 1030 cm'L
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Figure 2.19 UV-visible spectra of PhPt(PEt3)2CC(C6H4H2ACCPt(PEt3)2Ph (6), absortion is shown
in blue and emission in red.

The UV-visible spectra of complex (7) are shown in Figure 2.20. No change in peak
shape, peak position or onset of absorption was found as compared to that of complex
(6). The small change of 8 value is within the experimental error, 58,800 dm3 mol#

cm* for (6) and 58,200 dm3 mol'1 cm'1 for (7).

Sle)

ArgorSgeco Em 33

emax = 349 nm, e = 58,200 M'l cm
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Figure 2.20 UV-visible spectra of PhPt(P(Ph)Et22CC(C6H4H2ACCPt(P(Ph)Et22Ph (7), absorption
is shown in blue and emission in red.
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The UV-visible spectra of4,4"-diethynylterphenyl (11) are shown in Figure 2.21. The
broadness of the absorbance band has increased compared to that of 4,4'-
diethynylbiphenyl with no vibronic structure observed. There is also an increase in
the wavelength of the onset of absorption. The emission spectrum gives rise to two
main peaks at 354 and 372 nm with a shoulder peak at 387 nm. These peaks
correspond to energy spacings of ca 1370 which is clearly visible and 1040 cm#l

which is tentatively assigned to the shoulder peak.

amax = 306 nm, s =31,000 M cm'
Emissionmpx = 372 nm

/\D%gboc@ Em Agioe

250 300 350 400 450
Wavelength (nm)

Figure 2.21 UV-visible spectra 4,4"-bis ethynylterphenyl (11), absorbance is shown in blue and
emission in red.

The UV-visible spectra of complex (12) are given in Figure 2.22. The broad
absorbance peak exhibits a maximum at 350 nm, which is essentially the same for all
the platinum complexes of this series. The onset of absorption does follow the trend
of shifting to a higher wavelength, lower energy compared to the biphenyl analogue

(6). No vibronic structure is observed in the absorbance spectrum.
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Figure 2.22 UV-visible spectra of Ph(PEt:)2PtCC(C6H43CCPt(PEt:)2Ph (12), absorbance is
shown in blue and emission in red.

The emission spectrum of (12) exhibits a broad peak maximising at 403 and 422 nm.
The difference in energy of these two peaks corresponds to an energy spacing of ca

1,120 cm'lL

An important feature of the UV-visible absorption spectra collected for this study is
the onset of absorption, as this is directly analogous to the optical gap energy of the
system. The Stokes shift is the difference in the wavelengths of the absorption
maxima and emission maxima. It is associated with the difference in molecular
geometry between ground and excited states. The larger the change in geometry the
greater the Stokes shift observed in the spectra. The optical gaps and Stokes shifts of

the di-yne ligands and Pt(II) complexes are summarised in Table 2.4.

As the number of rings increases in the systems for both the terminal alkynes and the
corresponding complexes, the Stokes shift increases. The optical gap ofthe system is
shown to decrease with an increasing number of phenylene rings, consistent with the

increase in the size ofthe chromophore.
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Compound Onset of absorption | Optical gap | Stokes shift
(nm) (eV) (nm)

1,4-diethynylbenzene (2) 300 4.14 40
4,4'-diethynylbiphenyl (5) 330 3.76 51
4,4"-diethynylterphenyl (11) 386 3.22 66
A3) 388 3.20 17

6) 397 3.13 38

(12) 409 3.04 72

Table 2.4 Table of UV-visible data for polyphenyl ligands and complexes.

In parallel studies to this chapter of work, other members of the group were studying
the oligothiophene analogues (Figure 2.23) to the polyphenyl compounds. Some of
the preliminary results have been reported.?’ Analyses were carried out on the
oligothiophenyl complexes by UV-visible spectroscopy to compare with the

complexes reported in this Chapter.

= %@9\ [
Pt n Pt
Ot /

PEt;

Figure 2.23 Oligothienyl complexes, where n =1 thienyl, n =2 bithienyl, n = 3 terthienyl

Figure 2.24 shows the optical gap energies of complexes shown in Figure 2.23 along
with the oligophenyl ligands and complexes. All three series show a drop in optical
gap energy as the number of rings is increased. The thienyl analogues show the
lowest energy optical gaps, with the terthienyl complex showing an optical gap of
2.46 €V compared to 3.04 eV for the terphenyl complex.
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Figure 2.24 Optical gap energies of oligophenyls and oligothiophenyl compounds.

As the number of thiophene units increases the optical gap decreases, the same is true
for the phenyl equivalents, but the drop in energy is less pronounced. This is because
the phenylene groups do not line up in a planar nature as they do in the thienyl series,
as seen in the dihedral angles in the solid state structures of (6) and (12). The twist
angle between the adjacent arene rings counteracts the drop in energy, which is

observed due to the extension ofthe length ofthe conjugated system.

2.5 Density functional theory (DFT) calculational studies

In order to further understand the electronic structures of the bridging ligands (2), (5),
(11) and (16), and the properties they invoke on the corresponding metal complexes,
Density Functional Theory (DFT) calculations, using the Gaussian03 program,2l
employing the B3LYP functional ° *in conjunction with the 6-31G* basis set

were carried out under Tbh symmetry. The calculated energies of the pz orbitals that
comprise the 7- system of the ligands for fully optimised geometries are plotted in
Figure 2.26. Molecular orbitals with orbital character concentrated on the alkynes, i.e.
perpendicular to the pz direction, are shown in red on the diagram. The calculated
optical gap energies are shown in blue. The energies calculated for the alkyne 71-

orbitals for where n = 0 were calculated under A»h symmetry.
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A decrease in the energy (stabilisation) of the LUMO is clearly observed as the
number of arene rings increases from 1 through to 4. The HOMO energy is also seen
to increase (destabilised) in line with increasing number arene rings. Consequently
there is an overall decrease in the HOMO-LUMO energy gap from n = 1 through to 4.
This decrease clearly correlates with the optical gap trend seen in the UV-visible
spectra of (2), (5) and (11) as discussed in Section 2.4.

Figure 2.25 Variable “twist angle” of the biphenyl ligand (5). 6 = dihedral angle.

0

Further calculations were carried out on the biphenyl ligand (5), Figure 2.25, with
orbital energies calculated under the 3 symmetry groups Doy, (0 = 0°), D, (rigid
symmetry broken, to allow the structure to relax and find its energy minimum and
therefore its optimal 0 value) and D»g4 (6 = 90°). The motivation for this part of the
study was to investigate how the dihedral angle between the two adjacent arene rings
affects the energies of the molecular orbitals of the system and to predict the extent of
the minimum twist required to avoid the ortho-ortho interactions of adjacent rings.

The results of these calculations are summarised in Figure 2.27.

Firstly, it should be noted that under the D, symmetry calculation the ligand was
found to adopt a “twisted” structure with an optimal 6 value at ~36.5°. The results
also show an increase in the HOMO-LUMO energy gap of the biphenyl system under
D, symmetry at 4.39 eV compared to that of the system under D>, symmetry at 4.13
eV. A larger increase is observed for the system under D,q symmetry. With the two
rings at right angles to each other, the overlap of the “p,” orbitals of one ring and the
next is lost and consequently the LUMO energy increases and the HOMO energy
decreases leading to an elevated HOMO-LUMO energy gap of 5.43 eV.
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Figure 2.26 Orbital energies of the oligophenyl ligands as calculated using the Gaussian03
program under Z)2h symmetry.
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Figure 2.27 Orbital energies of the biphenyl ligand (5) as calculated using the Gaussian03
program under D2h, D2and D2d symmetries. The energies ofthe orthogonal orbitals are shown in
red.
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2.6 Conclusions

A series of oligophenyl containing ligands and corresponding Pt(II) complexes have
been successfully synthesised and fully characterised in good to high yields. Their
UV-visible spectra have been investigated and the optical gaps of the systems

calculated.

The absorption spectra of complexes (3), (6) and (12) have shown that the values of
Amax remain constant at 349 nm. The onsets of absorptions, however, are influenced
by the number of arene rings in the central spacer ligand. The optical gaps of the
systems decrease as the number of rings increases. The phosphine ligands on the
platinum centre have been shown to have little effect on the UV-visible spectra of
systems. This shows that the orbitals on the phosphine ligands do not contribute to

the molecular frontier orbitals of the system.

Comparison of the oligophenyl complexes with the oligothienyl complexes has shown
that both systems follow the same trend, with the thiophene analogues displaying
lower optical gaps in every case. The drop in optical gap energy with increasing
arene rings is more pronounced in the thienyl series due to the planar nature of the
rings. The increase of phenylene rings does cause a drop in optical gap energy, but

this is offset to some extent due to the twist angles between the adjacent rings.

Single crystal structures of complexes (6) and (12) have shown the dihedral angles
between the central arene rings of the spacer groups to be 31.1(5)° and 34.4(3)°,
respectively. This inherent twist angle is thought to be partly responsible for the
higher optical gap of the phenyl analogues compared to the thiophenyl systems. The
electronic factors imposed by the incorporation of the heteroatom are also thought to
be responsible for the lower optical gaps of the thiophenyl systems. These two factors
are the purpose for the investigation in Chapter 3, i.e. the twist angles of adjacent

arene rings in the spacer ligand and the electronic effects of heteroatoms in the system.
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3. Chalcogenophene Systems

3.1 Introduction

3.1.1 Background

The chalcogenophene systems shown in Figure 3.1 derive their aromatic character
through the deiocalisation of a lone pair of electrons on the heteroatom into the z-

system of the ring.

o Q00

Furan Thiophene Selenophene Tellurophene

Figure 3.1 Heterocycles containing Group 16 elements.

In each heterocycle delocalisation results in the loss of electron density from the
heteroatom, with the extent of the delocalisation, and hence the aromaticity influenced
by the electronegativity of the heteroatom. Table 3.1 shows the Pauling
Electronegativities of the Group 16 elements discussed in this Chapter.! In the case of
furan, the highly electronegative oxygen centre holds on tightly to its electron density,
hence the lone pair of electrons cannot delocalise easily. As Group 16 is descended
the electronegativity of the heteroatom reduces and it is potentially easier for the lone
pair of electrons to delocalise into the ring system. However, concurrently the

orbitals become more mis-matched and the interactions are less effective.

Heteroatom | Pauling Electronegativity
0] 3.5
S 2.5
Se 24
Te 2.1

Table 3.1 Pauling Electronegativity values for the Group 16 elements.
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It is clear that both the electronegativity and the size of the frontier orbitals of the

heteroatom are important in determining the degree of aromaticity of the heterocycle.

A comparative study of the aromatic character of furan, thiophene, selenophene, and
tellurophene was carried out by Marino ef al.> The ground state aromaticities of the
chalcogenophenes were compared using several different criteria; NMR dilution shift,
the difference in chemical shifts of the a- and P-protons, the effect of a 2-methyl
substitution on the ring proton chemical shifts, the diamagnetic susceptibility
exaltation, the sum of the bond orders, and the mesomeric dipole moment. The
agreement among the results obtained was remarkably good and the following order
of decreasing aromaticity was established: benzene > thiophene > selenophene >

tellurophene > furan.

Chalcogenophenes have been incorporated into a variety of m-conjugated organic
systems and their luminescent properties studied. The Yu group utilised the Stille
coupling reaction (Figure 3.2) to synthesise polyphenylene-co-furan (PPF) and
polyphenylene-co-thiophene (PPT), and have subsequently characterised each

compounds luminescent properties. *

CsHy4
|
/ \ Pd(PPh3);Clz
) _PdPPhCl
UsSN N\~ ~SnBus | T
sH11

Figure 3.2 Synthesis of polyphenylene-co-furan (E = O) and polyphenylene-co-thiophene (E = S).

Both polymeric compounds showed similar photoluminescent spectra. PPF was
found to have a larger quantum efficiency for emission than PPT, although PPF was
found to be photochemically unstable due to photooxidation.

A recent publication by Humphrey et al reported the synthesis of and crystallographic
and electrochemical studies on alkyne-coordinated Group 6-Iridium clusters linked by
heterocyclic groups.” The report describes the synthesis of a series of silyl-protected
2,5-diethynyl thiophene and selenophene derivates and their use as ligands for the

synthesis of a series of dinuclear compounds containing Iridium clusters, the paper
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also discusses comparisons with the previously reported phenyl-based analogous
compounds.*” The photophysical properties of these systems were not investigated,
however, cyclic voltammetric scans for these complexes all showed reversible

oxidation processes.

Chalcogenophenes have been studied extensively in their polymeric forms.
Polythiophene (PTh), Figure 3.3, is one of the most widely studied conjugated organic
polymers both experimentally® and theoretically,’ as demonstrated by Schopf and
KoBmehl’s comprehensive review of the literature published on the compound
between 1990 and 1994.'° In addition, Roncali surveyed electrochemical synthesis in
1992, ' and the electronic properties of substituted PThs in 1997, while
McCullough’s review focussed on the chemical synthesis of conducting PThs.!?
Conversely, the other polymers depicted in Figure 3.3 have only been investigated to

a much lesser extent.

B
=\ L/

. -

n

Figure 3.3 Polyheterocyclic compounds where E = O - Polyfuran (PF), E = S — Polythiophene
(PTh), E = Se — Polyselenophene (PSe), E = Te — Polytellurophene (PTe).

Experimental investigation of polyfuran (PF) has been hindered by the difficult
conditions necessary to polymerise furan.!* The band gap for PF was determined to
be 2.35 eV, 0.35 eV larger than that found for PTh. Theoretical calculations of band
gaps have differed from the experimental observations, due to the ring opening of the
polymers and limited conjugation lengths, these complications have resulted in PF

being the least studied of the heterocyclic polymers.

The band gap for polyselenophene (PSe) was determined electrochemically to be 2.0
eV, very similar to that found for PTh. A series of oligoselenophenes up to hexamers
were synthesised and their absorption spectra measured.’® As the selenophene

oligomers absorb at wavelengths about 0.2-0.3 eV longer than the corresponding
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thiophene oligomers, one would expect a slightly smaller band gap for PSe than for

PTh.

Polytellurophene (PTe) has been obtained by electropolymerisation of
bitellurophene.15 The black film obtained was tested for its conductivity but no band
gap values were determined. Theoretical results predict a PTe band gap that is 0.34
eV smaller than for PTh. Although no reasons are given in the literature for lack of

experimental data on PTe, the ease of oxidation ofthe tellurium could be responsible.

3.1.2 Objectives

The aim of this section of research was to study the effect of incorporating some
chalcogenophenes into the systems studied in Chapter 2. The initial work was to
modify complex (12) (Figure 3.4a) by removing the central arene ring and replacing it
with a heterocycle (Figure 3.4b) and to investigate the steric and electronic effects of
this substitution. The investigations into oligophenyl rings detailed in Chapter 2,
showed that the adjacent arene rings were twisted relative to each other, with dihedral
angles of around 34° observed in the solid state. This twist occurs to minimise the
ortho proton-proton interactions, and is responsible for the disruption of optimal
orbital overlap between the rings, leading to a lowering of the conjugation in the

system.

Dihedral Angle = 34.4°

0£-<X03C>—£0

(12) @

PEt3

PEt3
E=0,S, Se, Te

(b)

Figure 3.4 Compound (12) (a) and heterocyclic analogues (b).

Substitution of the central arene ring for a chalcogenophene should lead to a more
planar system, through the reduction of these proton-proton contacts, and give rise to
better delocalisation across the compound, and changing the chalcogen ought to

induce different degrees of steric and electronic effects in the system.
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3.2 Results and Discussion
3.2.1 Synthesis of Chalcogenophene- Containing Ligands

This section details the synthesis of the heterocyclic ligands required in order to
investigate the objectives of this Chapter. The first such ligand necessary for this
study was the furan- containing di-yne (20), Figure 3.5.

The synthetic route to compound (20) was based on the compound 1,4-bis-(4-bromo-
phenyl)-butane-1,4-dione (18), which could be used as a reagent in a Paal-Knorr ring

closing reaction to form a furan precursor molecule.

Br
—>——Br + @—Br
(o]

O
_ O /\ (21

Figure 3.5 Synthetic scheme employed for (20).

Reagents and conditions; (i) AICl;, CH,Cl,, 0-10 °C (ii) ZnCl,, Et,NH, ‘BuOH, C¢Hj (iii) P,Os,
xylene, A (iV) Me;SiCCH, Pd(P Ph3)2Cl2, CllI, iPerH, CH;Clz.

Me;Si SiMe;
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The 1,4-diketone (18) was synthesised by a two step reaction (Figure 3.5).
Aluminium trichloride was used as the catalyst in the Friedel-Crafts acylation reaction
of bromobenzene with bromo-acetylbromide to form 2-bromo-1-(4-bromo-phenyl)-

ethanone.'®

This was then reacted with 1-(4-bromo-phenyl)-ethanone to give (18),
using zinc chloride in the presence of diethylamine and ters-butanol forming a zinc
chloride-amine-fert-butyl alcohol complex as a condensation reagent in accordance
with the published method.!” The reaction was left to stir for 7 days after which time
TLC revealed that the reaction had reached completion. The mixture was evaporated
to low volume in order to precipitate the product from solution. This was then
collected by filtration and washed with cold benzene affording an analytically pure

product in 85% yield.

Phosphorus pentoxide was employed as the ring closing reagent in the synthesis of
2,5-di-(4-bromo-phenyl)-furan (19). The pentoxide was refluxed with 1,4-di-(4-
bromo-phenyl)-butane-1,4-dione (18) in xylene for 2 h. The reaction mixture was
allowed to cool before water was added and the mixture heated to 80 °C to quench
any excess pentoxide. After heating the xylene was removed under reduced pressure
and the product extracted into dichloromethane. Methanol was added to the solution
and the dichloromethane removed under reduced pressure precipitating the product
from solution. This was collected by filtration and characterised by 'H and >C NMR
spectroscopy. The "H NMR spectrum showed a singlet at 6.74 ppm corresponding to
the CH resonance on the furan ring. The compound was further characterised by

elemental analysis and mass spectrometry.

A Sonogashira coupling reaction (see Chapter 2, Section 2.2.2) was used for the
synthesis of the trimethylsilyl protected alkyne ligand (20). The existence of a singlet
in the '"H NMR spectrum at 0.27 ppm with an integral of 18 protons confirmed the
formation of the bistrimethylsilylethynyl product. This was verified with the
observation of a characteristic v(C=C) stretching frequency in the IR spectrum at
2158 cm™. The protected ligand (20) is air stable but degrades with time in the

presence of light. Therefore the compound was stored in the absence of light.
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The thiophene containing ligand (24) was synthesised from compound (18) via

reaction scheme shown in Figure 3.6.

l ®

l(ii)
B O /S\ o

Figure 3.6 Synthesis of (24). Reagents and conditions: (i) Lawesson’s Reagent, xylene, A (i)
Me;SiCCH, Cul, Pd(PPh,),Cl,, 'Pr,NH, CH,Cl,.

Me;Si SiMe;

Synthesis of the thiophene containing compound (23) utilised a similar strategy as
adopted for the furan analogue (19), with the starting material 1,4-di-(4-bromo-
phenyl)-butane-1,4-dione (18) being used in a Paal-Knorr ring closing reaction.

The first attempts to synthesise 2,5-di-(4-bromo-phenyl)-thiophene (23) employed
phosphorus pentasulphide as the ring closing reagent, refluxing five molar equivalents
of P,Ss with (18) in xylene. The reaction produced a mixture of two products, namely
the desired product 2,5-di-(4-bromo-phenyl)-thiophene (23) and the furan analogue
2,5-di-(4-bromo-phenyl)-furan (19). This was evident in the "H NMR spectrum of the
product obtained, with two singlets observed corresponding to CH resonances of two
different heterocycles. The CH resonance positions on the furan and thiophene rings
were observed at 6.74 ppm and 7.27 ppm, respectively. Attempts to separate these
‘two compounds by chromatography proved unsuccessful as both compounds ran at
very similar Ry values on silica and alumina TLC plates in various solvent
combinations. It is believed that the presence of water in the reaction solvent was

responsible for the formation of the furan product.
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Lawesson’s reagent (2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane 2,4-
disulfide), was used in a subsequent attempt at ring closure under the same conditions,
and proved to be successful in converting the ketone to the thioketone. The 1,4-
dithioketone was then ring closed forming the thiophene through the loss of hydrogen
sulphide,'® by refluxing for 18 hours in xylene. The reaction was deemed complete
by TLC, and then quenched with water. The product was extracted via a
dichloromethane/water extraction, and the analytically pure product (23) was obtained
in 83% yield, and fully characterised by 'H and '3C NMR spectroscopy, elemental

analysis and mass spectrometry.

The synthesis of the di-alkynyl species (24) was carried out in a similar manner to that
of the furan derivative (19). The main difference was that the thiophene derivative
was more stable than the furan. The di-yne (24) was achieved in 83% yield and was
characterised by "H and '*C NMR and IR spectroscopies and elemental analysis.

No selenophene ring closing reagents were found in the literature; therefore a
different synthetic strategy was used for the synthesis of the selenophene containing
ligand (30). It was decided to utilise a similar scheme to the one employed in the
synthesis of the oligophenyl systems in Chapter 2, i.e. to utilise the Suzuki Coupling
reaction. The selenophene- containing ligand (30) was synthesised via the four step

reaction scheme shown in Figure 3.7.

2,5-dibromoselenophene (27) was synthesised by adapting the published method for

the synthesis of 2,5-dibromothiophene.19

The commercially available selenophene
was brominated using two equivalents of bromine in hydrobromic acid and diethyl
ether. After 2 hours a 'H NMR spectrum of the crude reaction mixture revealed a
90% yield of di-substituted product and 10% of the mono-substituted product (2-
bromoselenophene). A saturated solution of sodium thiosulphate was added to
quench the excess bromine in the reaction mixture and the organic phase was
separated and dried. Removal of the solvent afforded a brown oil which was purified
by vacuum distillation. An isolated yield of 64% was obtained for this product and

characterised using multinuclear NMR spectroscopy.
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0

Se

[ 0

Br 'S¢ Br

l ®

/ \ a8)
Me;Si O 10“) O SiMes

(7 ()
' (iv)

=
" /
Me;Si SiMe;

»

9
«_
()
| &

Figure 3.7 Synthesis of the selenophenyl ligand (30). Reagents and conditions: (i) Br;, HBr, Et,0
(ii) p-Me;Si(C¢H,)B(OH),, Pd(PPh3),, NaHCOs ), toluene, A (iii) ICl, CHCI; (iv) Me;SiCCH,
Pd(PPh;)zClz, Cul, Pr. zNH, CH;Clz.

2,5-bis-(4-trimethylsilyl-phenyl)-selenophene (28) was synthesised by a Suzuki
coupling of the 2,5-dibromoselenophene and 4-trimethylsilyl phenylboronic acid.
The two starting materials were refluxed in toluene in the presence of tetrakis
triphenylphosphine palladium as catalyst and aqueous sodium hydrogen carbonate.
After refluxing for 76 hours TLC revealed that the reaction had reached completion
and the organic phase was decanted and evaporated to dryness to afford a brown oil.
The crude product was purified by column chromatography, then recrystallisation.
The analytically pure product was obtained with a yield of 64% and characterised

using multinuclear NMR spectroscopy, elemental analysis and IR spectroscopy.
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The trimethylsilyl groups of compound (28) were then removed, using iodine
monochloride in dichloromethane solution to afford the di-aryl iodide product (29),
2,5-di-(4-iodo-phenyl)selenophene. After a few minutes a yellow precipitate formed,
and the reaction was left to stir for a further 15 hours. The solid was then filtered off
and washed with cold ethanol. The conversion was confirmed by the absence of the
singlet resonance at 0.29 ppm in the 'H NMR spectrum, corresponding to the loss of
the trimethylsilyl group, and was further characterised by C and "’Se NMR

spectroscopy and elemental analysis.

The Sonogashira reaction of the aryl iodide (29) with trimethylsilylacetylene was
observed at a faster rate than the aryl bromides (19) and (23). The reaction was
complete in 4 hours, compared to that of the furan (19) and thiophene analogues (23)
which took 18 and 26 hours, respectively. This is due to the increased reactivity of
aryl iodides over aryl bromides during palladium catalysis.2! The reaction was carried
out in dichloromethane and diisopropylamine in the presence of
bis(triphenylphosphine)palladium(II) chloride and copper iodide catalysts. On
completion, the volatiles were removed under reduced pressure and the crude product
passed through a silica plug with ethyl acetate/hexane eluent. The highly soluble
compound was purified by column chromatography to give the analytically pure
compound (34) in a 68% yield. This was confirmed by multinuclear NMR
spectroscopy, elemental analysis and IR spectroscopy.

A similar approach was attempted in the synthesis of the tellurophene analogue as
adopted for the lighter period analogues. Tellurophene itself is not commercially

available; therefore it was prepared using literature procedures outlined in Figure 3.8.
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Me3Si H —— > Me3Si = ——-= -—SiMe3

(i)

QTe

Figure 3.8 Attempted synthesis of 2,5-dibromotellurophene. Reagents and conditions: (i) 0 2
CuCl2 (ii) Na2T'e, MeOH,23 (iii) BuLi, Et20,1,2-dibromo-tetrachloroethane, -78 °C.4

Direct bromination of tellurophene, using Br2 as was achieved with the furan
analogue, was not attempted. This is because the literature suggests that the tellurium
itself is brominated rather than the 2- and 5- positions of the tellurophene ring.

Several attempts were made using an alternative literature preparation.24 This
reaction involved the use of «-butyl lithium in diethyl ether to produce the di-lithium
salt, followed by the reaction with 1,2-dibromo-tetrachloroethane to give 2,5-
dibromotellurophene. Every time this reaction was attempted the 2-
bromotellurophene was obtained as the single product. The reaction was repeated
using tert-butyl lithium, but these “harsher” conditions were found to decompose the
product. Work is currently ongoing within the group investigating alternative routes

to the desired product.

The spectroscopic characterisation ofthe ligands in this section all give spectra which

could be assigned to the expected products. Some ofthe more interesting features and

trends will be discussed in Section 3.4.
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3.2.2 Synthesis of di-platinum complexes (22), (26) and (32)

Figure 3.9 illustrates the deprotection and dehydrohalogenation steps utilised for the
synthesis of complexes (22), (26) and (32).

E E=0(20)
= E =56 (30)
=Se
Me;Si = \\\

(i) SiMe;

[\
O E O E=0(21)
% E =8 (25)
H

E = Se (31)
(i)

\

o O
o -~
\ y E=0
=0(22)
PEts P/Et3\© E=§(26)
E = Se (32)

Figure 3.9 Synthesis of complexes (22), (26) and (32) where E = O, S and Se. Reagents and
conditions: (i) KOH,q, MeOH/CH,Cl, (ii) PhPt(PEt;),Cl, Cul, 'Pr;NH, CH,Cl,.

Attempted syntheses of complexes (22), (26) and (32) were carried out as outlined in
Figure 3.9 with work-up of reactions carried out using the same method of complex
synthesis as discussed in Chapter 2, Section 2.2.3. The thiophene and selenophene
analogues both gave good results, with near quantitative yields for the deprotection
step. The existence of a singlet in the "H NMR spectra for (21), (25) and (31) at 3.15
ppm, 3.09 ppm and 3.16 ppm, respectively indicated the presence of a free alkyne
proton. The compounds were further characterised by >C NMR and IR spectroscopy.
The dehydrohalogenation steps towards (26) and (32) gave good yields of 66% and
82%, respectively. The *'P NMR spectra showed a single resonance with Pt satellites
for the thiophenyl and selenophenyl complexes at 10.00 ppm (*Jpp = 2638 Hz) and
10.01 ppm (*Jprp = 2639 Hz), respectively.
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The synthesis of the furan analogue proved to be more problematic, giving a low yield
and requiring further purification. This was believed to be due to the instability of the
furan heterocycle in the system, under the reaction conditions. It was thought that the
copper iodide could have a role in ring-opening the furan ring, or decomposing the
complex into other side products. A second attempt to synthesis the furan complex
(22) in the absence of copper iodide and at an elevated temperature, proved to be
successful. Using the same work-up conditions as for (26) and (32), (22) was
obtained as an analytically pure product in a yield of 61%. A singlet was observed for
(22) in the *'P NMR spectrum at 10.20 ppm with Pt satellites corresponding to a
coupling constant of 'Jpp= 2641 Hz.

As for all the ligands in this section, the platinum complexes all gave spectroscopic
data which could be assigned to the desired products. Some of the more important

features and trends will be discussed in Section 3.4.

3.2.3 UV-visible spectroscopic studies of complexes (22), (26) and (32)

The purified and fully characterised complexes (22), (26) and (32) were then studied
for their photophysical properties by undertaking UV-visible absorption studies in
dichloromethane solutions at room temperature. Figure 3.10 shows the UV-visible
absorption spectra of the di-platinum complexes (22), (26) and (32). The furan
derivative (22) exhibits two main absorbance bands at 357 and 375 nm, with a
shoulder band also present at 393 nm. The energy spacings between these bands
correspond to energies of ~1350 cm™ and ~1220 cm™. The onset of absorption is
observed at 439 nm corresponding to an energy of 2.83 eV. The thiophene complex
(26) exhibits a broad absorbance band with a maxima at ~388 nm, with the onset of
absorption occurring at 462 nm, which equates to an energy of 2.69 eV. The
selenophene analogue (32) also exhibits a broad absorbance band, with a maxima at
397 nm. The onset of absorption is observed at 467 nm, corresponding to an energy
of 2.66 eV. ‘
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Figure 3.10 UV-visible spectra of the platinum complexes (22), (26) and (32) in CH2CI2 solution
at RT.

It is clear from Figure 3.10 that there is a definite shift of Aax values for the
complexes as the heteroatom changes from oxygen to sulphur and then to selenium.
In addition, the onset of absorption shifts to higher wavelength, lower energy, as the

heteroatom changes down Group 16.

Table 3.2 summarises the UV-visible data obtained from the spectroscopic
measurements on compounds (22), (26) and (32), along with the arene derivative for
comparison. The results clearly indicate a decrease in band gap energy of the system
as the central arene ring of the terphenyl complex (12) is replaced by a Group 16
heterocycle. A further drop in energy is observed as the chalcogen changes from
oxygen to selenium down Group 16. The coefficients of absorption values (e),

however, do not change significantly and all lie within experimental error.
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PEt3 PEt3
OE—0-0—F0
ILEtg 'LEts
R= Onset of absorption Amax €
(nm) (eV) (nm) (dm’molem™)
/N 409  3.04 350 72,300
/) 439  2.83 375 75,300
(0]
/) 462 2.69 388 77,300
S
{\ 467  2.66 397 69,700
Se

Table 3.2 Table of spectroscopic data of complexes (12), (22), (26) and (32).

The emission spectra for complexes (22), (26) and (32) are shown along with their
corresponding absorption spectra in Figure 3.11. ~All three spectra exhibit strong
emission bands with two main maxima. The furan analogue displays two emission
~ bands at 396 and 419 nm, with the energy spacing between these two bands equating
to 1390 cm™, while the thiophene analogue emits at 438 and 463 nm, with an energy

1

spacing corresponding to 1230 cm™. Similarly, the selenophene analogue exhibits

two bands, at 451 and 475 nm, with an energy separation of 1120 cm™.
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Figure 3.11 UV-visible absorption and emission spectra of the platinum complexes (22), (26) and
(32) in CH2CI2 solution at RT.

3.2.4 DFT calculations! studies of compounds (21), (25) and (31)

To understand and explain the spectroscopic behaviour in Section 3.2.3, electronic
structure calculations of the systems were undertaken. Density Functional Theory
(DFT) calculations, using the Gaussian03 program,28 employing the B3LYP
functional29,3031 in conjunction with the 6-31G* and SDD basis sets32,25 were carried
out, initially under C2V symmetry. The thiophene- and selenophene- containing
ligands were recalculated under C2 symmetry to check for a global minimum energy
under a relaxed geometry. This was carried out after imaginary frequencies were
observed in the results for (25) and (31), indicating the global minimum was not
reached in both cases. Geometry optimisations were carried out to locate the lowest
energy molecular structure for all the terminal alkyne ligands (21), (25) and (31). The
energies of the molecular orbitals were also calculated with the energies of frontier

orbitals given in Table 3.3.
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Compound | Symmetry HOMO | LUMO | Optical Gap | Dihedral
(eV) (eV) (eV) Angle (°)
(21) Cyy -5.28 -1.74 3.33 0
(25) Coy -5.39 -1.94 3.23 0
(25) 6} -5.46 -1.83 3.36 224
31) Cyy -5.40 -2.04 3.14 0
31) G -5.49 -1.91 3.29 24.9

Table 3.3 DFT calculational results obtained for ligands (21), (25) and (31).

The first significant result to note from the DFT calculations is the preferred geometry
of the arene rings in the di-yne ligands. All the systems were allowed to undergo
optimum geometry calculations under both C,y and C, enforced symmetry, Figure
3.12. The furan- containing ligand (21) was found to observe no change in the total
energy of the molecule under the lower symmetry group C, when compared to
calculation under the higher symmetry group C,,. This suggests that the compound
chooses to adopt a planar structure, and does not observe a drop in energy by twisting

the adjacent arene rings relative to the central furan ring.

Pl Systi
anar System 'Twisted' System

[\ [\
Cyy C "

Figure 3.12 The two symmetry groups under which DFT calculations were undertaken.
E =0 (21), S (25) Se (31).
The thiophene- containing ligand (25) does show a difference in energy under the two
different symmetry groups. A drop in the total energy minima of 1.55 kJ mol™ is
observed under the C, when compared to Cyy calculations. This drop in energy
coincides with a twist of the arene rings relative to the thiophene ring with a
calculated dihedral angle of 22.4°. Under the C, symmetry restrictions the energies of
the frontier orbitals change as outlined in Table 3.3. This effect can be explained by
the development of greater steric effects due to the larger heteroatom. The larger
atomic size of the sulphur atom enforces the ortho- hydrogens on the adjacent arene
ring closer to the thiophene. This gives rise to unfavourable interactions and the

system twists away from planarity to minimise this. The selenophene- containing
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ligand was also found to decrease in total energy under C; when compared to Cyy
calculations by 2.18 kJ mol™. This drop in energy coincides with a twist of the arene
rings relative to the selenophene ring with a calculated dihedral angle of 24.9°. The
same effect is not observed for the furan as the smaller atomic size of the oxygen
allows enough space between the hydrogens on the furan and the ortho- hydrogens on

the adjacent ring.

The predicted optical energy gap of (21) and (25) under the same symmetry (Cay)
suggests a drop in energy for the thiophene- containing ligand when compared to the
furan- containing ligand by 0.1 eV. These two results suggest that the increase in the
size of the chalcogen within the heterocycle has an electronic effect on the system
causing a drop in the optical energy gap and a steric effect on the system by forcing

an increase in the optical energy gap.

3.2.5 Synthetic details for the platinum complexes (36), (40) and (43)

It is clear from the calculational data in Section 3.2.4, that the chalcogen in the
heterocyclic systems imposes both electronic and steric factors. To investigate purely
the electronic influence of the chalcogen, it was decided to synthesise simpler
chalcogenophene systems in which the adjacent arene rings were “removed” thus
eliminating any steric influences of the heteroatom on the system. The synthesis of

these simpler single ring di-yne complexes is discussed in this section.

The strategy employed in the synthesis of the furan- containing complex (36) is
illustrated in Figure 3.13.

92



Chapter Three

o e Qe

(i)

B [\ 34
H = == H 4*———£T1———- Me;Si = = SiMe,
)
oe [ N8

L e ::: I
MO
<>\ /
PEt; PEty

Figure 3.13 Synthesis of the platinum complex (36). Reagents and conditions: (i) Br,, HBr, Et,O
(ii) Me;SiCCH, Pd(PPh;),Cl,, Cul, 'Pr,NH, CH,Cl, (iii) KOH,q), MeOH, CH,Cl,
(iv) PhPt(PEt;),Cl, Cul, ‘Pr,NH, CH,Cl,.

In the first stage, furan was brominated using bromine in chloroform to yield 2,5-
dibromofuran (33) as a yellow oil (Figure 3.13), which was purified by
chromatography to give the analytically pure product in a 60% yield.

(33) was then used in a Sonogashira coupling reaction with trimethylsilylacetylene to
synthesise 2,5-di(trimethylsilylethynyl)furan (34). The reaction was achieved under
standard conditions already discussed in this Thesis (Section 3.2.1). However,
purification was carried out by sublimation of the crude product to yield (34) as an
analytically pure pale yellow solid, which was characterised by 'H and *C NMR and
IR spectroscopy.

Deprotection of (34) to synthesise 2,5-di(ethynyl)furan (35) was carefully carried out
in the absence of light. The work up of the reaction was adapted from the standard
deprotection conditions used for other compounds in this Thesis due to the high
volatility of the product. An aqueous extraction was carried out using diethyl ether as

the organic solvent, since this was more easily removed than other solvents, allowing

93



Chapter Three

the work up to be carried out in an ice bath wherever possible. The product was
found to be relatively unstable and degraded rapidly, within hours, to give a dark
brown oil. For this reason full characterisation was not possible and the product was
used in the next step of the reaction scheme as soon as its identity and purity had been

confirmed by 'H and *C NMR spectroscopy.

The synthesis of the platinum complex (36) was carried out by a dehydrohalogenation
reaction between 2,5-diethynyl furan (35) and the platinum starting material trans-
bis(triethylphosphine)(phenyl)platinum(Il) chloride. The reaction was carried out as
for all other platinum complexes in this Chapter, with extra care taken due to the
volatility of 2,5-diethynyl furan (35).

The thienyl (40) and selenienyl (43) analogues of complex (36) were synthesised in a
similar manner, see Figure 3.14. The thiophenyl complex has been reported
previously, 26 therefore this section of work can be seen as an extension of this

complex into the furan and selenophene analogues.

Br/(}\m E=S@7

E =Se (27)
\ @
. — — =
T
l (i)
—= £ == E=S(39)
H E = Se (42)

PEt; / \ PEt,
L= E = /
®/ \ ot E=S (40)
PEts PEt, E = Se 43)
Figure 3.14 Synthesis of the platinum complexes (40) and (43).

Reagents and conditions: (i) Me;SiCCH, Pd(PPh;),Cl;, Cul, 'Pr,NH, CH,Cl, (i) KOH,,), MeOH,
CH,Cl, (iii) PhPt(PEt;),Cl, Cul, 'Pr,NH, CH,Cl,.
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The 2,5-dibromothiophene (37) employed in a Sonogashira coupling with
trimethylsilylacetylene was commercially available, while 2,5-dibromoselenophene
(27) was synthesised as highlighted in Section 3.2.2. The trimethylsilylethynyl
analogues (38) and (41) were obtained with yields of 82% and 76%, respectively,
with both compounds exhibiting the characteristic 18 proton singlet at 0.24 ppm in the
'H NMR spectrum for the trimethylsilyl groups. Compounds (39) and (42) were then
synthesised using the standard aqueous KOH conditions outlined for the furan
derivative (35). A yield of 75% was achieved for (39) and 62% for (42). The
slightly low yields are due to the high volatility and low stability of the compounds.

The platinum complexes (40) and (43) were synthesised using a dehydrohalogenation
reaction as for the furan analogue (36), with a yield of 70% achieved for both the

thiophenyl and selenophenyl complexes.

3.2.6 UV-visible spectroscopic studies of complexes (36), (40) and (43)

Figure 3.15 shows the UV-visible absorption spectra of the di-platinum complexes
(36), (40) and (43). The spectra were collected at room temperature in a
dichloromethane solution at 0.01 mM concentration. The furan derivative (36)
exhibits two main absorbance bands with maxima at ~358 and ~347 nm. The energy
spacing between these bands corresponds to an energy of ~885 cm™, with the onset of
absorption observed at 413 nm, corresponding to an energy of 3.01 eV. The
thiophene derivative (40) exhibits absorbance band maxima at 377 and 362 nm. The
energy difference between these two bands equates to 1100 cm™, with the onset of
absorption at 469 nm, equating to an energy of 2.65 eV. The selenophene analogue
(43) exhibits an absorbance band with maxima at 391 and 373 nm, corresponding to
an energy spacing of 1230 cm™ with the onset of absorption observed at 480 nm (2.58
eV).
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Figure 3.15 Absorption spectra of (36), (40) and (43) in CH2C12at RT.

Table 3.4 compares the UV-visible data for the heterocycle complexes and the
corresponding arene analogue. The results clearly indicate a drop in the band gap
energy of the system when the central arene ring of the phenyl complex (3) is

replaced by furan, with a further decrease being observed upon moving down the

Ot— fo

Group 16 heterocycles.

Onset of absorption Amax 6
R (nm) (eV) (nm) (dm3mol‘icm‘])
O 388 3.20 349 51,400
413 3.01 358 32,100
469  2.65 377 45,800

O 480  2.58 391 40,500

Table 3.4 Table of spectroscopic data of complexes (36), (40) and (43).
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The emission spectra of complexes (36), (40) and (43) are shown along with their
corresponding absorption spectra in Figure 3.16. Each emission spectrum was
collected after exciting the corresponding sample at its absorption maxima

wavelength, 358, 377 and 391 nm for (36), (40) and (43), respectively.

(36)

o ET s

(40)
(A

(43)

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 3.16 UV-visible absorption and emission spectra of (36), (40) and (43) in CH2CI2 at RT.

All three spectra exhibit strong emission bands with two main maxima. In the furan
analogue, the two emission bands are at 384 and 398 nm, in which the energy spacing
between these two bands equates to -910 cm'L This energy is associated with ground
state vibrational data, and lies within the literature range of the u(C=C) within a furan
ring.27 For the thiophene analogue, the emission bands are at 399 and 419 nm, with
an energy spacing corresponding to -1200 cm'Lwhich can be equated to the u(C=C)
within a thiophene ring.77 While the selenophene analogue exhibits two bands at 410
and 434 nm, with an energy separation equating to -1350 cm'l between them, which

is associated within the literature range ofthe u(C=C) in a selenophene ring.27
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3.2.7 DFT calculational studies of compounds (35), (39) and (42)

In order to further understand the electronic structures of the bridging ligands (35),
(39) and (42), DFT calculations, using the Gaussian03 program,28 employing the
B3LYP functional®>%3! in conjunction with the 6-31G* basis set*? were carried out

under Cyy symmetry.

The energies of the molecular orbitals of the nt- system of the ligands (35), (39) and
(42) along with the tellurophene analogue are plotted in Figure 3.17. Each non-
hydrogen atom in these systems contributes one “p,” orbital to give nine n- molecular
orbitals, occupied by a total of 10 x electrons. The energies of the LUMO orbitals are
given in blue, the HOMO orbitals in green and the optical gaps in red. The figure
clearly shows the trend of decreasing optical gap as the size of the chalcogen is
increased. The energy of the LUMO orbitals decrease steadily (stabilise) through the
series of the chalcogenophenes (furan through to tellurophene), and this can be
explained in terms of molecular orbital character of the LUMO being centred over the
heteroatom thus effecting the energy of that orbital. The HOMO energies however,
remain fairly constant with the molecular orbitals displaying a nodal plane through the
centre of the heteroatom, therefore the heteroatom does not contribute to the HOMO

and does not affect its energy, beyond its influences on molecular geometry.

These results show that the heteroatoms are involved in the frontier molecular orbitals
of these systems, with the energy of the HOMO affected by the chalcogen. The
electronic effects of the different chalcogens can therefore be used to tune the optical
gap of the system. The same decreasing optical energy gap trend is also observed in
the experimental results obtained from the UV-visible spectroscopic studies in Section
3.2.6. The calculational results therefore show an excellent agreement with
experimental data, showing that the models used in these calculations work well to
give credible qualitative results. Although the tellurophene analogue ligand was not
synthesised, the DFT results predict a further small decrease in optical energy gap

from the selenophene ligand.
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Figure 3.17 Molecular orbital energies of the chalcogenophene ligands as calculated using the Gaussian03 program under Z)2hsymmetry.
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3.2.8 Synthetic details for the diazole containing compounds

One method of eliminating the steric effects of the heterocycle on the system is to
“remove” all the protons on the central heterocycle. This can be achieved by
replacing the CH groups with two N atoms, making a diazole heterocycle. This
would eliminate the possibility of ortho-ortho proton interactions forcing the rings to
twist relative to each other, and therefore allowing the possibility of a planar system.
The synthesis of these compounds will be discussed in this section. The author
wishes to acknowledge that the synthesis of the diazole compounds were carried out
jointly with Claire Lock as part of a final year research project towards a MChem
degree entitled “Luminescent organometallic materials for novel inorganic light

emitting diodes”.

The synthetic strategy employed in the synthesis of the oxadiazole- containing ligand
is shown in Figure 3.18.

cl
NH—NH, + Wr
o
‘(i)
HN—-NH
Naataot
Br r
i(ii)
N—N
ot
45)
Br Br
J(iii)

N—N
/ \
(46)
Me,Si = =

Figure 3.18 Synthesis of (46). Reagents and conditions: (i) pyridine, A (ii) POCl;, A (iii)
Me;SiCCH, 'Pr.NH, Pd(PPh;),Cl;, Cul, THF.

SiMes
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4-Bromobenzoyl chloride was reacted with hydrazine hydrate in pyridine under reflux
for 1 hour. The reaction was then cooled and treated with water to precipitate the by-
products, and the filtrate evaporated to low volume to give a white crude product
which was recrystallised from toluene to give a translucent white solid.®> A yield of
60% was achieved and the product was analytically pure and subsequently
characterised by "H NMR spectroscopy and elemental analysis.

The next step in the reaction scheme was to form the central oxadiazole ring. This
was achieved by heating (44) with phosphorus oxychloride under reflux overnight.
The excess phosphorus oxychloride was then removed by distillation, and the
remaining sample was treated with water to decay any remaining phosphorous
oxychloride. The organic phase was then separated and dried giving the crude
product which was recrystallised from ethanol to give (45) as colourless crystals
(94%).

(45) was then reacted to replace the terminal bromides with trimethylsilylacetylene
groups. This reaction process follows that previously described (see Figure 3.6),
using the palladium catalysed cycle, and was determined complete after 24 hours by
TLC. A standard Sonogashira coupling reaction work-up, followed by washing the
crude product with ethyl acetate, produced (46) in 93% yield.

HN—NH

44)
I 0]
N—N
O (e
49)
Br Br
' (ii)
N—N
/O/k \
(50)
Me;Si ¢ =

Figure 3.19 Synthesis of the thiadiazole ligand (50).
Reagents and conditions: (i) P,S;y, xylene, A (ii) Me;SiCCH, Pr,NH, Pd(PPh;),Cl,, Cul, THF.

SiMes
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The cyclisation was carried out in accordance with the method described by Stolle et
al, whereby the 1-benoyl-2(4-bromobenzoyl)hydrazine was reacted with phosphorus
pentasulphide in xylene under reflux.>* After 14 hours the solution was cooled to
room temperature and water added dropwise before the solution was reheated. The
solution was then allowed to cool to room temperature again and its pH neutralised
using sodium hydrogen carbonate. The volatiles were then removed to yield a brown
solid which was recrystallised from xylene to give the pure product as a white powder.
A yield of 76% was achieved for (49) and the product was characterised by NMR

spectroscopy and elemental analysis.

The next step of the sequence was achieved using the palladium catalysed method
described previously to give (50). Work up of the product was carried out in the same
manner as employed for the oxadiazole analogue. A yield of 76% was achieved and
the product was characterised by NMR and IR spectroscopy in addition to elemental

analysis.

Synthesis of the selenadiazole compound was attempted following the reported

literature preparation,®® shown in Figure 3.20.

I\ ;\/ ’ \ Nt

Figure 3.20 Attempted synthesis of 2,5-Bis-(4-bromo-phenyl)-[1,3,4]selenadiazole
Reagents and conditions: (i) Se, NaBH,, pyridine, 2M HCI (ii) N,H,, MeOH.

The reaction of 4-bromobenzonitrile to 4-bromo-selenobenzamide proceeded well,
using published methods.*® However, the cyclisation of this product to form the

selenadiazole compound did not proceed as expected, with the reaction of 4-bromo-

102



Chapter Three

selenobenzamide with hydrazine in methanol at room temperature, giving an

insoluble pink solid, believed to be 3,6-bis-(4-bromo-phenyl)-[1,2,4,5]tetrazine.
The oxadiazole and thiadiazole ligands were converted to their corresponding
platinum complexes as outlined in Figure 3.21. The method for synthesising the

terminal alkynes (47) and (51) and the platinum complexes (48) and (52) were the

same as previously discussed in this Chapter.

N—N
7\
£ E =0 (46)
/ E =S (50)
Me;,Si = x
0]

SiMe;

N—N

[\

E E
- D

(i)

0O (47)
S (51)

—N
E

N
/©/< \
PEts
/
F}t = Wi
E=0(48
e /\© ezoe

Figure 3.21 Synthesis of (48) and (52) where E=OorS.
Reagents and conditions: (i) KOH,,q,, MeOH/CH,Cl, (ii) PhPt(PEt;),Cl, Cul, 'Pr,NH, CH,ClL,.

3.2.9 UV-visible spectroscopic studies of complexes (48) and (52)
The solution phase photophysical properties of (48) and (52) were investigated as

0.01 mM dichloromethane solutions at room temperature. The electronic absorption
spectra were first determined, followed by emission spectra after exciting the
corresponding sample at its absorption maxima wavelength, 366 and 384 nm for (48)
and (52), respectively. Figure 3.22 shows the UV-visible absorption and emission
spectra of the di-platinum complexes (48) and (52). The oxadiazole complex (48)

displays one main absorbance band at 366 nm, with an onset of absorption at 432 nm
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(2.88 eV). The thiadiazole complex (52) exhibits a maxima at 384 nm, with an onset

of absorption at 458 nm (2.71 eV).

PE{j

(48)

g-foglert)

(52)

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.22 UV-visible absorption and emission spectra of platinum complexes (48) and (52).

The emission spectra for complexes (48) and (52) both show strong emission bands,
with the oxadiazole complex (48) displaying two maxima at 407 and 423 nm, while

complex (52) displays a broader emission spectrum with a maximum around 458 nm.

N T- Ny Kyr—~y

R= Onset of absorption rax 8
(nm) (eV) (nm) (dm3moricm'])
439  2.83 375 75,300
O 462  2.69 388 77,300
VNN 432 2.88 366 95,000
VNN 458 271 384 94,000

Table 3.5 Table of UV-visible data for (22), (26), (48) and (52).
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The spectroscopic data is summarised in Table 3.5 along with the data for the furan

and thiophene analogues for comparison.

3.2.10 DFT calculational studies of compounds (47) and (51)

To investigate further the electronic structures of the diazole- containing ligands (47)
and (51), DFT calculations were carried out as previously seen in Section 3.2.4. The
Gaussian03 program was used,”® employing the B3LYP functional®®?®! in
conjunction with the 6-31G* basis set.3? The energies of the HOMOs and LUMOs

are given in Table 3.6 along with the previously discussed values for the furan and

thiophene analogues.
P o S o S
Re Svimmetry | HOMO | LUMO | Optical Gap | Dihedral
ymmely | @v) | (V) (V) Angle ()
) Cay 528 | -1.74 333 0
) Cav 539 | -1.94 3.23 0
) G, 546 | -1.83 3.36 2.4
S
N—N
( ) Cov -6.06 22.08 3.66 0
(0]
N—N
( p) Coy -6.02 2229 3.42 0
S

Table 3.6 DFT calculational results obtained for ligands (21), (25) (47) and (51).

Firstly the geometry optimisation calculations showed that the thiadiazole- and
oxadiazole- containing ligands choose to adopt a planar geometry (C;y symmetry),
with no further energy stabilisation gained from adopting a ‘twisted’ structure (C>
symmetry) as was seen for the thiophene- containing analogue (Section 3.2.4). It is
also worth noting that the calculations predict a higher optical gap for the diazole-
containing ligands when compared to the chalcogenophene analogues. This was
observed experimentally in the UV-visible studies of the corresponding Pt(II)

complexes in Section 3.2.3.
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3.2.11 Synthetic details for the dicarbonyl compounds (53) — (55) and UV-
visible studies of (55)

During the synthesis of the furan complex (22) decomposition was observed for the
platinum complex. It was proposed that one of the decomposition products was the
ring opened furan, dicarbonyl complex (55). To investigate this hypothesis the
dicarbonyl complex was synthesised, as outlined in Figure 3.23. The product would
also serve as a good comparison with the furan complex (22) in order to investigate

how the loss in conjugation of the open system of (55) affects the photophysical

a18)
Br 0 O Br

@

ent ol
Me;Si SiMe;

(ii)

(i)

(55)
PEt;, O O PEtg
O =0
Figure 3.23 Synthesis of the platinum complex (55). Reagents and conditions: (i) Me;SlCCH

Pd(PPh;),Cl;, Cul, 'Pr,NH, CH,Cl, (ii) KOH,), MeOH/CH,Cl, (iii) PhPt(PEt;),Cl, Cul, 'Pr,NH,
CH,CL.

properties.

Figure 3.24 displays the UV-visible absorption and emission spectra of complexes (22)
and (55). The di-carbonyl complex displays a broad absorption band commencing at

400 nm (3.11 eV), compared to the closed furan which commences at 439 nm (2.83
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eV). The large difference in the onset of absorption is due to the loss of conjugation
at the CH2 position of the di-carbonyl. This results in a larger optical gap and,

therefore, a shift to lower wavelength.

PE«,
(22)

I~ guan

(55)

AE’)\so

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 3.24 UV-visible absorption and emission spectra of platinum complexes (22) and (55).

The emission spectra are shown in Figure 3.24. Complex (55) displays a much
broader spectrum with two distinct maxima at 409 and 504 nm, with an energy
spacing between these two bands of 0.78 eV. The existence ofthe second band at 504

nm is tentatively assigned to the emission from an excimer formed in solution.37
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3.2.12 Synthetic details for the gold(I) systems (56) and (57) and UV-visible
spectroscopic studies

The effect of changing the metal centre on the photophysical properties of the system
was the motivation for this section of research. Two di-ethynyl ligands were chosen,
(31) and (47), which were previously complexed to Pt metal centres, to be used in the
synthesis of gold(I) complexes. Ligand (31) 2,5-di-(4-ethynyl-phenyl)-selenophene
was chosen because this is believed to have the greatest dihedral angle between
adjacent rings, and ligand (47) was chosen as this is believed to have the most planar
structure. Secondly, gold was the metal of choice as there is a possibility of an
extended array or polymeric structure for the gold complexes via Au-Au

interactions.*®

The ligands were reacted with triphenylphosphine gold chloride in methanol and an
excess of sodium methoxide. Both reactions produced a precipitate, which was the
crude product and was filtered and washed with methanol, and the solid was
recrystallised from ethanol/chloroform mixtures. The general reaction scheme is

shown in Figure 3.25.

y—Y
/ \
£ E=0,Y=N47)
E=Se,Y=CH(@31)
= ‘ ~-

U]

y—Y
/ \
E
== = E=0,Y=N(56)
= T E=Se, Y =CH (57)

Phyp—AY U~pPhy

Figure 3.25 Synthesis of gold complexes (56) and (57). Reagents and conditions: (i) Ph;PAuCl,
NaOMe, MeOH.

Both gold(I) complexes were characterised by multinuclear NMR spectroscopy with
3P NMR spectra exhibiting single resonances at 42.31 and 42.46 ppm for (56) and
(57), respectively. This compares well with related alkynyl- triphenylphosphine gold

() complexes in the literature.*
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The UV-visible absorption and emission spectra of (56) and (57) were determined as
0.01 mM dichloromethane solutions. A comparison between the UV-visible spectra
of the platinum and gold complexes of ligand (31) is provided in Figure 3.26. The
spectra provide evidence that the absorbance and emission properties of these systems
are ligand based, as both gold and platinum complexes display the same

characteristics with an energy shift.

The absorption spectra of (32) and (57) show maxima at 397 nm and 376 nm,
respectively. The onset of absorption has also shifted to lower energy for the
platinum complex compared to the gold complex, with a value of 444 nm (2.80 eV)
observed for the gold complex and 467 nm (2.66 eV) for the platinum complex.
These wavelengths correspond to a drop in optical gap energy of 0.14 eV for the
platinum complex when compared to that of the gold complex. This result suggests
that there is a better degree of orbital interaction for the platinum orbitals with the
alkynyl ligand orbitals, than found between the gold and the alkyne in the analogous
complex. This increased interaction mediates a greater degree of delocalisation across

the system and hence a drop in band gap energy.

(57)

(32)

A orBgeor Empion

250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.26 UV-visible absorption and emission spectra of the gold complex (57) and the
platinum complex (32).
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The emission spectra of (32) and (57) display strong vibronic structural bands. The
platinum complex shows maxima at 451 and 475 nm, with an energy separation of
~1120 cm™ between them, while the gold complex has maxima at 430 and 456 nm,

with an energy separation of ~1330 cm™ between them.

UV-visible absorption and emission spectra were collected for complex (56), with an
excitation wavelength of 341 nm for the emission spectrum. Similar behaviour was
observed when comparing the gold complex with the analogous platinum complex
(48) of the same ligand. The gold complex (56) displays an absorption band
maximising at 341 nm, with absorption commencing at 381 nm corresponding to an
optical gap energy of 3.26 eV. This optical gap energy is 0.38 eV higher than the
related platinum complex, confirming the previously seen result of a better orbital
interaction between the alkyne ligand and platinum, than found between the alkyne
ligand and gold.

The solution phase photophysical properties of the terminal alkyne ligand (47) can
also be compared with the gold(I) complex (56), with the ligand absorption spectra

maximising at 308 nm and the gold(I) complex at 341 nm.

The emission spectrum displays two main bands at 369 and 389 nm. The energy

difference between these two bands equates to ~1390 cm’.
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3.3 NMR Studies of Chalcogenophene- Containing Platinum(II)
and Gold(I) Complexes

3.3.1 NMR Spectroscopy

For analogous ligands and complexes, where the chalcogen is the only variant in the
system, the NMR spectra are very similar to each other, except that the CH
resonance on the backbone ofthe heterocycle is observed to vary. Table 3.7 gives the

CH resonances ofthese compounds.

H H
R = E = IH NMR
(ppm)
BrC6H4- 0 6.74
TMSCCCeH4- 0 6.77
HCCC6H4- 0 6.79
PhPt(PEt3)2CCCe6H4 0 6.77
PhPt(PEt3)2CC- 0 6.04
BrCeH4- S 7.27
tm sccce6h4 S 7.31
HCCCo6H4- J 7.20
PhPt(PEt3)2CCCeH4- S 7.21
PhPt(PEt3)2CC- S 6.61
IC6H4- Se 743
tm sccceh4 Se 7.47
HCCCo6H4- Se 7.40
PhPt(PEt3)2CCC6H4 Se 7.37
PhPt(PEt3)2CC- Se 6.75

Table 3.7 Selected *H NMR spectroscopic data.

In all cases the heavier chalcogen containing compound displayed a higher ppm
proton resonance on the backbone of'the heterocycle. This is thought to be due to the

change in the orientation ofthe chalcogenophene ring.

*HNMR spectra of the platinum complexes, alkyl groups on the phosphines exhibit

complex multiplets or broad resonances due to and 'H-31P coupling. In many
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platinum complexes the ortho protons of the PAi-Pt groups were coupled not only to
the meta protons on the arene ring but also to the spin active 19Pt nuclei with a

coupling constant of 3/pm * 40Hz.

3.3.2 13C NMR Spectroscopy

Assignment of 13C resonance positions were aided by the use of PENDANT NMR

experiments.
Spectral data for platinum complexes showed 31P-13C coupling
\\N ¢/¢ in the CH2 groups of the alkyl phosphine auxiliary ligands.
[V R -R  This is a type of virtual coupling40 which occurs when 2pp is
AN T \ large relative to Lpc + 3Jpc, which is normally the case for

fra«s-Z>/.s-phosphine complexes. The carbon nuclei then appear
to be coupled equally to both phosphorus nuclei, and an apparent triplet is observed.
The Upc + 3Jpc coupling constants for these complexes are all in the region of 30-35
Hz. However, when two phosphorus ligands are equivalent and are mutually cis, 2pp
is small and therefore only a doublet is observed. This behaviour has in the past
proved to be a valuable tool in determining the stereochemistry of phosphorus

complexes of Os1l, Rull Rh", Ir1l Pt1, Pd1, PdIV, and Pdiv.41
The gold(I) complexes also exhibit 31P-13C coupling for all the CH carbons of the

phenyl ring on the triphenyl phosphine auxiliary ligand. Typical values are shown for

the selenophene containing gold complex (57) below.

Carbon  I3C NMR resonance position (ppm)  Coupling Constant (Hz)

c, 134.3 Vrc=14.1
C2 129.2 R
c3 131.6 =g

Table 3.8 Selected 13C NMR spectroscopic data for (57).
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Another important feature of the 13C NMR spectral data collected for this series of

compounds is the resonance positions of the ipso carbons on the heterocycles (given

in Table 3.9).

A

R
R= E= 13C NMR (ppm)

tm sccce6h4 0 153.50
hccceh4 0 153.44
PhPt(PEt3)2CCCe6H4- 0 153.21
PhPt(PEt3)2CC- 0 absent
tm scccoh4 S 143.73
hccceh4 S 134.75
PhPt(PEt3)2CCCeH4 S 132.21
PhPt(PEt3)2CC- s 126.80
tm sccceh4 Se 136.08
hcccéh4 Se 136.42
PhPt(PEt3)2CCCeH4- Se 132.54
PhPt(PEt3)2CC- Se 131.52

Table 3.9 Selected 13C NMR spectroscopic data.

The trend for each related compound in Table 3.9 shows that in all cases the heavier
chalcogen containing compound displayed a higher ppm carbon resonance for the
ipso carbon of the heterocycle. This is due to the greater electronegative heteroatoms,
at the top of the group, inducing less of a shielding effect on the magnetic

environment of the carbon being observed.

3.3.3 3P NMR Spectroscopy

The 31P NMR spectral data of all the platinum complexes, shown in Table 3.10, show
that the phosphines are in a trans arrangement around the platinum centre giving rise
to a square planar geometry.4243 Due to the symmetry of the complexes all four
phosphorus nuclei are equivalent giving rise to a single resonance. The presence of
195Pt, which has a natural abundance of33.8% and a spin quantum number of Vi, gives
rise to satellites around the central resonance. @ The Vptp coupling constants are

quoted in Table 3.10. The values are all in the region of 2350-2650 Hz confirming
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the trans arrangement. The values for the mono heterocyclic complexes are at the
lower end of this range indicating the lower degree of conjugation through these

systems.

pE v pH3
to

R = E = Y= 5(3IP) (ppm) (\QI’S
_C=C- (36) 0 CcH 10.04 2361
_CAC-CoH4- (22) 0 CH 9.99 2638
_C=C-CéH4- (48) 0 N 10.20 2629
_C=C- (40) s CH 10.09 2365
_C=C-CéHa- (26) s CH 10.00 2638
_C=C-CeH4 (52) s N 10.12 2630
_C=C- (43) Se CH 10.13 2365
-C=C-CeH4- (32) Se CH 10.01 2639

Table 3.10 Selected 31P NMR spectroscopic data.

It can be noted that for all the “one- ring” chalcogenophene containing complexes
((36), (40) and (43)) the “ptp coupling constants are in the range of 2361-2365 Hz.
The “three- ring” chalcogenophene containing complexes ((22), (26), (32), (48) and
(52)) give rise higher Vptp coupling constants in the range 0f2629-2639 Hz.

Changing the chalcogen down a series of analogous complexes has proved to have

little effect on the phosphorus environment ofthe system.

3.3.4 Group 16 NMR Spectroscopy

To probe the nuclear environment of the new compounds synthesised in this Chapter
it was decided to examine the NMR spectra of the spin active chalcogen within the
molecules. The 10 isotope of oxygen with a nuclear spin of 5/2 has an extremely low
sensitivity of 1.10x10'5 (relative to *H= 1) and a low natural abundance of 0.037%.41

For these reasons no 10 NMR spectra were recorded. The low sensitivity (2.26x10°3
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— relative to '"H = 1) and the resulting very broad signals due to the quadrupolar

moment are the two main reasons why no *>S NMR spectra were recorded.*!

7Se nuclei are of moderate NMR receptivity with relative natural abundances of
7.58%, meaning "’Se NMR spectra were able to be collected for all Se containing
compounds in this Chapter. It should be noted that variations up to ca 10 ppm with
solvent and temperature can occur for '’Se NMR and 20 ppm for '*Te NMR. All
77Se spectra were collected in deutero chloroform and at 298 K therefore all data are

comparable.

The "Se NMR spectra proved to be extremely useful in the identification of the
components of unseparated reaction mixtures for the ligands in this study. Much like
3'lp NMR spectra were used in the identification of purified metal complexes
containing phosphine ligands, a single signal in the 7’Se{'H} NMR spectra indicated a
pure single product for the selenophene containing ligands. The ’Se NMR spectra
were referenced to selenophene as an external standard (8 = 605.0 ppm) and the
spectra were obtained at the operating frequency of 76.36 MHz; 30° pulses were used

with an acquisition time of 0.85 s and a 5 s delay time.

Table 3.11 details the resonance positions and coupling constants obtained from the
compounds synthesised for this study. All experiments were carried out in deutero-
chloroform at 298 K. Coupling constants to nuclei such as proton, *C and 'P are
normally obtained from the positions of the satellites in the spectra of these nuclei.
All selenium-proton coupling constants obtained for Table 3.9 were calculated from

non-decoupled ’Se NMR spectra.
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R "Se NMR (ppm) | *Js.n (Hz)
-H 605.0 9.4
-Br 730.1 8.3
-C=CSiMe; 758.9 7.0
-C=CH 761.2 8.3
-C=CPt(PEt;),(Ph) 709.0 7.5
-C¢H,4SiMe; 572.6 8.5
-CgH,l 574.4 8.4
-C¢H4C=CSiMe; 573.0 6.2
-C¢H4C=CH 574.8 5.9
-C¢H4C=CPt(PEt3),(Ph) 563.2 6.0
-CsH4C=CAu(PPhs) 568.0 5.8

Table 3.11 Selected ”"Se NMR spectroscopic data.

The data shows a large shift in the resonance position of the "’Se NMR from
selenophene at 605.0 ppm to 761.2 ppm for the diethynyl-selenophene ligand (42). It
is also clear that for the compounds containing phenyl rings at the 2- and 5- positions
on the selenophene a large upfield shift of over 100 ppm is observed when compared
to the “one- ring” analogues. This is due to the extra shielding effects of the aromatic

system.
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3.4 Molecular structures determined by X-ray crystallography

Where suitable single crystals were obtained of X-ray diffraction quality, the
molecular structures were determined. The solid state structures were sought after, so
that the orientation of the arene rings in the central spacer ligand could be defined.
The orientation of the rings in relation to the square planes of the platinum centres
was also of interest, as this could have some correlation to the photophysical

properties ofthe systems.

The molecular structure of (36) was determined by X-ray crystallography from a
single crystal obtained from an ethanolic solution and is shown in Figure 3.27.
Selected bond lengths and angles are provided in Table 3.12, with crystallographic
data provided in Appendix 1.

098

Cc32 C16

C31

C28(
C29 cis,
c30 ;
27 ic20
P3
C5 C4 Cl7/ C19 C12
Cc22
c7 c23
c43 cad by O
c2
6 O o a g r
c39
c38 c18 M
C40
c41 - . i
c1o C26 c25
c3s/
c13
c33
cl4
C34 36 000

Figure 3.27 Molecular structure of (36) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the furan ligand which are shown in blue.

The molecular structure of (36) consists of discrete di-nuclear molecules in which the
platinum atoms are surrounded by four ligands in a square planar geometry with the
two phosphines in a trans arrangement. The structure is disordered in the four ethyl
groups, with occupancy distributed over two sites (60:40). Excess electron density
was accounted for as partial oxygen atoms (098 and 099), this is believed to be water
molecules which are present from the crystallisation solvent. The bond lengths and
bond angles around the metal centre are comparable to similar di-platinum di-yne
complexes characterised previously within the group and this Thesis. The plane of

the furan ring (C3, C4, €5, (5 Oi) makes an angle 0f42.99(12)° with the square plane
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of'the platinum centre (Pti, Pi, P2, Ci, C21) and an angle of 52.16(15)° with the square

plane ofthe platinum centre (Pt2, P3, P4, C8 C39).

Bond Lengths (A)

PtrCi
Pt2-Cs8
Ptl-C21
Pt2-C39
Ptl-Pl
Ptl-P2
Pt2"P3
Pt2-P4
C1-C2
c7c8

Table 3.12 Selected bond length and bond angle data for (36).

2.013(14)
2.003(13)
2.057(13)
2.073(12)
2.282(4)
2.287(4)
2.298(3)
2.291(3)
1.202(18)
1.212(17)

Bond Angles (°)

Pti-Ci-C2
Pt2-Cs-C7
P!-Pt,-P2
P3Pt2P4
Ci-Pti-C2i
C39-Pt2-C8
C6-01-C3
Dihedral (C3-Ce6,01)
/(Pti, Pi, P2, C2, C21)

Dihedral (C3-C6,01)
/(Pt2, P3, P4, C8 C39)

177.8(13)
177.5(14)
179.40(15)
174.26(13)
179.3(6)
178.6(5)
108.5(11)

42.99(12)

52.16(15)

Single crystals of (43) grown from an ethanolic solution were subsequently used to

obtain the X-ray structure shown in Figure 3.28. Selected bond lengths and angles are

provided in Figure 3.13, with crystallographic data provided in Appendix 1.

Ptlb

P2b

C5(

C8

Cl6
Cl1s,
C17/
P2
C4 Cl181
.C3
Pt1
Cc2 C1
Pl
Cl1
Cc12 Cl10

C24 Cc23

Cc20 C21

Figure 3.28 Molecular structure of (43) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the selenophene ligand which are shown

in blue.
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The asymmetric unit contains one half of the dinuclear molecule in addition to one
molecule of dichloromethane, which is omitted for clarity. The selenophene moiety
straddles a crystallographic inversion centre, and hence is disordered over two sites.

Only one representation is shown for clarity.

Bond Lengths (&) Bond Angles (°)
Pt;-C,; 2.010(4) Pt,-C,-C, 175.9(4)
Pt;-Cyo 2.057(4) Py-Pt;-P; 178.67(3)
Pt,-P, 2.2914(10) Ce-Se1-Cs 88.6(3)
Pt,-P, 2.2925(10) C1-Pt-Crs 176.75(15)
Dihedral (C3-Cg, Sep)
C-C, 1.214(5) (6P P G O 48.90(14)

Table 3.13 Selected bond length and bond angle data for (43).

The Pt;-C; bond at 2.010(4) A is similar to the values in the range of di-platinum di-
yne complexes (1.96(2)-2.09(3) A) characterised previously within the group.** The
Pt-P distances (av. 2.29(10) A) lie in the expected range, 2.27-2.32 A, by comparison
to other structurally characterised systems. The Pt-Cy¢ distance of 2.057(4) A falls in
the previously determined range of 2.05(2)-2.09(3) A. The plane of the selenophene
ring (Cs, C4, Cs, Cs, and Se;) makes an angle of 48.90(14)° with the square plane of
the platinum centre (Pt;, Py, P, C;, and C)).

The molecular structure of (40), the thiophenyl analogue of the furyl (36) and
selenophenyl (43) structures discussed in this section, has been previously reported by
the Group.26 Table 3.14 shows the bond angles of the heteroatoms in these related
structures to the two adjacent carbon atoms of the heterocycles. The magnitude of
the angle gives an indication of how far the heteroatom sits within the carbon
framework of the heterocycle. In the furan structure (36) the largest angle is observed
out of the three structures, this shows that the lighter chalcogen is able to sit the
deepest in the heterocycle. The sulphur atom, with its larger atomic size, is pushed
out further making a less obtuse angle of 95(1)° with the adjacent carbons. The
selenium atom is pushed out further still, making and angle of 88.6(3)°.
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\ R=CCPt(PEt3)2Ph
R*Q E C'R
E= Angle (CI-E-C2)
0 107.2(9) o
S 95(1)°
Se 88.6(3)°

Table 3.14 Selected bond angles of complexes (36), (40) and (43).

The molecular structure of compound (48) is shown in Figure 3.29, which includes
the atom numbering scheme. Selected bond lengths and angles shown in Figure 3.15,

full crystallographic data given in Appendix 1.

C12
c50
N1 N2
cil C49, ,C52
c7 LC28 C34| C33
cl0 C9 c8 csl
c29
clo C24
ptl 23 C30 c31 e
1 Cl18 C13 6c22 c37
co( .
ci61 cl4 cs ca0
Pl V c3
cis
c42 ca1
c2 c4 ca3

C44

Figure 3.29 Molecular structure of (48) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the di-yne ligand which are shown in
blue.

The geometry around the metal centres of the molecular structure of (48) is closely
related to the structures discussed in Chapter 2. The environment around the metal
centre is essentially identical to all the other related Pt(II) complexes in this thesis,
with all the bond lengths and bond angles lying in the range of previously
characterised related complexes in the Group. The bond lengths and angles of the
central di-yne ligand are of interest in this structure, as it is predicted that this
oxadiazole ligand could give rise to the most planar molecular structure of all the

related structures in this Chapter.
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Bond Lengths (A)

Pti-Ci9
Pt2-C36
Ptl-P1
Ptl-P2
Pt2"P3
Pt2-P4
Ptl-Cj3
Pt2-C37
C19-C20
C35-C36
Ni-N2
0-C27
0-C28
n,-c27

N2-C28

2.022(7)
2.015(8)
2.2908(18)
2.282(2)
2.281(2)
2.279(2)
2.061(6)
2.061(7)
1.188(10)
1.182(10)
1.401(9)
1.365(9)
1.361(8)
1.288(10)
1.292(10)

Chapter Three

Bond Angles (°)

Pti-Ci9-C20 176.8(8)
Pt2-C36-C35 178.9(7)
P1-Ptl-P2 175.13(8)
P3-Pt2-P4 176.82(8)
Ci3-Pti-Ci9 176.2(3)
C36"Pt2-C37 178.13(8)
C27-0-C28 102.8(6)
Dihedral Angles (°)

C21-2(JC27,N 12jC2820 4.12(13)
C29-34/C27,Ni-2,C28, O 5.25(13)

Table 3.15 Selected bond lengths and bond angles of complex (48).

The arene ring (C21-C26) and the square plane of Pti metal centre is related by a

dihedral angle of 64.86(10)°.
metal centre is related by a dihedral angle of 81.35(11)°.

central di-yne ligand can be observed more clearly with an alternative view of the

molecular structure as shown in Figure 3.30.

The arene ring (C29-C34) and the square plane of Pt2

Figure 3.30 Molecular structure of (48), illustrating the near planar nature of the central di-yne
ligand.
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The central oxadiazole ring is related to its adjacent arene rings with angles of
4.12(13)° and 5.25(13)° for rings (C21-C26) and (C29-C34), respectively. This is the
most planar structure that has been observed for all the related compounds structurally
characterised in this Thesis. With this in mind, it would be expected that compound
(48) should display the lowest optical gap energy in the UV-visible absorption
spectrum. As this is not the case, one can conclude that the electronic effects of the
heteroatoms in the central oxadiazole ring have a negative influence on the optical

energy gap ofthe system.

X-ray crystallography was used to determine the molecular structure of (52) shown in
Figure 3.31, also using single crystals obtained from an ethanolic solution. Selected
bond lengths and angles are provided in Table 3.16 with crystallographic tables
available in Appendix 1.

C46

) cl6
c4s, e c7
c43 he
Xe C301 .
c1s
ca7( c13 P2
50 c2  c3
c49 Pe2 P21 C20 C19 i1
cs2 c34
€36 €35 €331
C4:
€53 Cs4 3 C12(
c7
c41 CIT
c37 .
C39 c8
c38
c1o

c40

Figure 3.31 Molecular structure of (52) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the di-yne ligand which are shown in
blue.

The molecular structure of (52) is again closely related to the structures discussed in
Chapter 2, with all the bond lengths and bond angles around the metal centre lying in
the predetermined range as outlined in Chapter 2. The bond lengths and bond angles
of the central di-yne ligand are of interest in this structure, so comparisons can be
made with the analogous oxadiazole- containing complex (48), and in particular how

the chalcogen influences the sterics ofthe di-yne ligand.
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Bond Lengths (A) Bond Angles (°)
Pti-Ci9 2.015(6) Pti-Cio-C20 173.6(5)
Pt2-C36 2.023(6) Pt2-C36-C35 174.4(6)
Ptl-P1 2.2863(17) P1-Ptl-P2 172.57(6)
PU-P2 2.2954(17) P3-Pt2-P4 176.89(6)
Pt2‘P3 2.2937(16) Ci-Pti-C,9 177.5(2)
Pt2-P4 2.2952(16) C36"Pt2-C49 175.3(2)
Pti-Ci 2.069(6) C27-S-C28 87.1(3)
Pt2-C49 2.079(6) Dihedral Angles (°)
C19-C20 1.208(8) C2126/C27,Ni.2,C28, S 22.21(12)
C35-C36 1.198(8) C29-34/C27,N 12,C28» S 6.55(11)
N1-N2 1.378(7)
S1-C27 1.732(6)
S1-C28 1.740(6)
N1-C27 1.287(8)
N2-C28 1.301(8)

Table 3.16 Selected bond lengths and bond angles for complex (52)

Arene ring (C21-C26) and the square plane of Pti metal centre is related by a dihedral
angle of 83.08(15)°. Arene ring (C29-C34) and the square plane of Pt2 metal centre is
related by a dihedral angle 0of 66.96(13)°. The near planar nature of the central di-yne

ligand can be observed more clearly with an alternative view of the molecular

structure as shown in Figure 3.32.

Figure 3.32 Molecular structure of (52), illustrating the near planar nature of the central di-yne
ligand.
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The central thiadiazole ring is related to its adjacent arene rings with angles of
22.21(12)° and 6.55(11)° for rings (C21-C26) and (C29-C34) respectively. These
dihedral angles are clearly larger than the angles observed in oxadiazole- containing
complex (48). The larger sulphur atom is forcing the adjacent arene rings to twist
slightly when compared to the oxygen derivative. This twist in the structure, however,
does not influence the photophysical properties as much as the electronic effects of
the heteroatom, as the optical energy gap of the thiadiazole complex is lower than the

oxadiazole analogue even though it is less planar.

Single crystals of (55) grown from an ethanolic solution were subsequently used to
obtain the X-ray structure shown in Figure 3.33. Selected bond lengths and angles are

provided in Table 3.17, with the crystallographic tables presented in Appendix 1.

J~Cs6

C36

Figure 3.33 Molecular structure of (55) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity.

All the bond lengths and bond angles around the metal centre were found to be within
the range of similar structures as characterised by the Group. The bond lengths and
angles of the central di-yne ligand are of interest in this structure, so the geometry of
the system could be related back to the photophysical properties as studied by UV-

visible spectroscopy in Section 3.2.11.
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Bond Lengths (A) Bond Angles (°)
Pti-C7 2.026(11) Pti-C7-Cs 177.9(11)
P-C26 2.006(14) Pt2-C26-C25 175.5(11)
Ptl-Pl 2.289(3) P1-Ptl-P2 174.95(12)
PtrP: 2.286(3) P3-Pt2-P4 174.91(11)
PP 2.291(3) Ci-Pt,-C7 178.8(5)
Pt2-P4 2.296(3) C26-Pt2-C27 176.3(5)
Pti-Ci 2.083(11) Dihedral Angles (°)
Pt2-C27 2.066(12) C13121516/C 1718194 75.32(10)
C7-Cs 1.195(16) C9.14/C 1924 72.35(12)
C25-C26 1.212(18)
Ci15-01 1.204(15)
S 1.230(15)
Ci6-Cr17 1.513(16)

Table 3.17 Selected bond lengths and bond angles for complex (55).

The arene ring (Co-Ci4) and the square plane of Pti metal centre is related by a
dihedral angle of 52.33(12)°. The arene ring (C19-C24) and the square plane of Pt2
metal centre is related by a dihedral angle of 38.10(11)°. Arene rings (Co-Cis) and
(C19-C24) are related by a dihedral angle of 72.35(12)° which can be observed more

clearly with an alternative view o fthe molecular structure in Figure 3.34.

Figure 3.34 Alternative view of the molecular structure of (55).
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The molecular structure of (55) clearly shows that the di-yne ligand is twisted by a
large dihedral angle between the arene rings of the ligand. This means that the 71-
conjugation ofthe system is not possible through the entire length of molecule, and is

reflected in the relatively high optical energy gap ofthe compound (Section 3.2.11).

The molecular structure of (57) is shown in Figure 3.35, which includes the atom
numbering scheme. Selected bond lengths and angles shown in Table 3.18, full

crystallographic data given in Appendix 1.

Figure 3.35 Molecular structure of (57) depicted with a 50% ellipsoid probability. Hydrogen
atoms have been omitted for clarity, except for those on the di-yne ligand which are shown in

blue.
Bond Lengths (A) Bond Angles (°)

Aui-Pi 2.2699(16) Pi-Aui-Ci 175.1(2)
AU2-P2 2.2749(16) P2-Au2-C20 172.9(2)
AUI-CI 1.969(6) Aui-Ci-C2 174.8(6)
Au2-C20 2.000(9) Au2-C20-Ci9 170.3(6)
Ci-C2 1.222(9) C9-Se-Ci2 88.1(3)

Ci9-C2o 1.214(9) Dihedral Angles (°)
C3-8/C2728,Ni.2, Se 7.61(10)
Ci3-18/C27-28Ni-2, Se 2.14(11)

Table 3.18 Selected bond lengths and bond angles of complex (57).

Arene ring (C3-Cg) and the selenophene ring are related by a dihedral angle of
7.61(10)°. Arene ring (Cn-Cis) and the selenophene ring are related by a dihedral
angle of2.14(11)°. Arene rings (C3-Cg) and (Co-Cig) are related by a dihedral angle
of 6.82(14)°. The relatively planar structure of (57) is some what surprising,
considering the size of the heteroatom, as one would predict greater dihedral angles

for the heavier chalcogenophene- containing systems.
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In summary the molecular structures obtained in this Chapter have shown that the
geometry of the di-yne spacer group does have an influence on the photophysical
properties of the system, but this influence is far out weighed by the electronic
influences of the heteroatoms within the heterocycles. For example the oxadiazole-
containing complex (48) was shown to have the nearest to fully planar structure of the
molecular structures obtained in the Chapter, but the thiadiazole- containing complex
(52)' exhibiting a less planar structure, gives rise to a lower optical energy gap than
(48).
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3.5 Summary of Results and Conclusions

A series of new di-yne ligands incorporating chalcogenophene rings have been
synthesised and characterised. All products were synthesised to moderate or high
yields. The new ligands were complexed to a series of Pt(II) and Au(I) metal centres

to afford dinuclear metal complexes.

The ligands and complexes synthesised within this Chapter have been characterised
initially by multinuclear NMR spectroscopy followed by other analytical methods.
The photophysical properties of the metal complexes in this Chapter have been
investigated by solution state UV-visible absorption and emission spectroscopy.
Some solid state structures, determined by single crystal X-ray diffraction, have been

discussed here.

Key

Y—Y
e O
PEty PEty -
PEty
O O ~
A

13

PEQ/O\
O
E = 0 (36), S (40), Se (43) =0Y=CH(22), E=OY=N (48)

E SY=CH (26), E SY=N(52)
E=SeY=CH(32)

The UV-visible spectra of metal complexes (22), (26) and (32) have shown that the
band gaps decrease as Group 16 is descended. The difference is largest between the
second and third periods, 0.14 eV, with only 0.03 eV being pbserved between third
and fourth periods. This can be explained as second period elements have the ability
to effectively hybridise s and p orbitals, unlike the remaining periods.* This trend is
also observed for the complex series (36), (40) and (43) with the difference between
the second and third periods at 0.36 eV and 0.07 eV between third and fourth periods.
Band gaps increase in the following order: selenophene<thiophene<furan, for the
complex series [(22), (26) and (32)] and [(36), (40) and (43)]. This roughly reflects
the trend in n-donor strengths. Weak n-donor strengths of the heteroatoms lead to
small band gaps, which can be achieved by going to higher periods or to the left in the
Periodic Table of a particular atom.*
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Incorporating nitrogen into the system in the diazole complexes (48) (oxadiazole) and
(52) (thiadiazole) was expected to give lower band gaps than the corresponding furan
(22) and thiophene (26) complexes. This was predicted because of the planar nature
of the di-yne ligands, as shown in the solid state structures reported in this Chapter.
The planar structure leads to better delocalisation across the system and lowers the
band gap. The nitrogen 7-orbitals, however, do not interact with the system as well as
the carbon m-orbitals in the furan and thiophene complexes. For this reason the
optical gap of the system actually increases for the diazole systems in comparison

with the furan and thiophene derivatives.

We have also shown in this Chapter how the open system of the dicarbonyl complex
(55), as observed in the molecular structure, gives a much broader UV-visible
spectrum and higher band gap, compared with the “closed system” of the furan
complex (22).

The Au(I) complexes (56) and (57) have been compared to their Pt(II) analogue
complexes (48) and (32) respectively. The UV-visible spectra showed that the Pt(II)
complexes gave lower band gaps than the Au(I) complexes, as previously seen in the

literature.*’
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4. Luminescent Pyrrole- Containing Systems

4.1 Introduction

4.1.1 Background

The five-membered heterocyclic ring, pyrrole is shown with its numbering scheme in

Figure 4.1.

Figure 4.1 Pyrrole numbering scheme.

The nitrogen- containing heterocycle has very low basicity (pKs = -4.2)! compared to
amines and other aromatic compounds like pyridine (pKa = 5.2),% where the ring
nitrogen is not bonded to a hydrogen atom, due to the lone pair of electrons of the

nitrogen atom becoming delocalised in the aromatic ring.?

Much like the polyphenylene systems (discussed in Chapter 2) and the polythiophene
systems (discussed in Chapter 3), polypyrroles (PPy) have become widely studied as
conductive polymers in the past decade.* Characteristics such as low oxidation
potential, solubility in water of the pyrrole monomers,® high conductivity at room
temperature,® as well as stability of charged samples under ambient conditions, make
PPys both commercially and scientifically interesting. Conducting PPys have also
shown tremendous technological potential and can be incorporated in electro-optical
devices including molecular electronic devices,’ electrocyclic capacitors,® actuators’®

and sensors. '°

However, the optical properties of substituted PPys, such as
luminescence, decay time and quantum efficiency, have not been widely reported,
perhaps due to their weak luminosity, ' i.e poor density of luminous intensity in a

given direction.
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The Ono group have reported the only known pyrrole- containing di-yne as shown in

Figure 4.2.1

/

— =
MesSi— = N T siMes

Figure 4.2 Structure of 7,9-bis-trimethylsilylethynyl-8H-acenaphtho[1,2-c|pyrrole.

This pyrrole- di-yne was used as a precursor to the synthesis of larger porphyrin-
containing compounds which were studied for their luminescent properties. The
electronic spectrum of the above di-yne was determined in dichloromethane solution
and showed four maxima peaks at 316, 340, 390 and 416 nm. The optical gap energy

of the complex was never reported.

Pyrroles have been extensively studied due to their luminescent properties as part of
larger macrocyclic systems known as porphyrins. A porphyrin is a heterocyclic
macrocycle made from 4 pyrrole subunits linked through 4 methine bridges, Figure
43.

Figure 4.3 Porphyrin structure.

Porphyrins combine readily with metals, coordinating with them in the central cavity
and are known collectively as metalloporphyrins. Iron- (heme), magnesium-

(chlorophyll), zinc-, copper-, nickel-, and cobalt- (vitamin B12) containing porphyrins

are known. >

The electronic spectra observed for metalloporphyrins originate from the aromatic

14

tetrapyrrole- containing macrocycle.© However, the metal ion also plays a central-

role due to the heavy atom effect, i.e. spin-orbit coupling between the n-electrons of
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15 The area of luminescent

the macrocycle and the electrons of the central atom.
metalloporphyrins is very well documented, and applications of these materials

include oxygen sensing,'® and phosphoresent labelling in immunoassays.17

4.1.2 Objectives

The aim of this section of the research was to study the effect of incorporating a
pyrrole ring into the central di-yne ligand and to make comparisons to the results
obtained for the Group 16- containing heterocycles in Chapter 3. As there has been
very little work published on pyrrole- containing di-ynes, and no subsequent metal

complexes, this work was hoped to open up a new area of chemistry to be investigated.

A study of the effect of introducing further functional groups into the system by
substituting the NH proton of the pyrrole ring with aliphatic and aromatic groups was
also planned.

The drop in optical gap energy of the Group 16- containing heterocyclic systems,
furan>thiophene>selenophene, in Chapter 3 was explained in terms of the trend in n-
donor strengths.'® The same theory also predicts a drop in optical gap energy as the
heteroatoms are changed towards the left of the Periodic Table. It is therefore
predicted that the pyrrole system will have a lower optical gap energy than its furan
analogue. It should be noted, however, that this is not a direct comparison as the
pyrrole ring is protonated at the 1- position, whereas the chalcogen- containing

heterocycles simply have lone pairs on the heteroatoms.

4.2 Synthesis of the pyrrole containing ligands

The general syntheses of all the pyrrole- containing ligands within this Chapter were
based on the Paal-Knorr synthesis of pyrroles. The Paal-Knorr Pyrrole Synthesis is
the condensation of a 1,4-dicarbonyl compound with an excess of a primary amine or

ammonia to give a pyrrole (Figure 4.4)."°

. ,:0 oj NH,R' R \@/R

Figure 4.4 The Paal-Knorr Synthesis of Pyrroles.
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To investigate how the pyrrole heterocycles affect the properties of our systems a
series of pyrrole containing di-ynes were synthesised and characterised as described
below. The series of ligands was designed as outlined in the retrosynthetic scheme

shown in Figure 4.5.

Me;Si SiMes

Figure 4.5 Retrosynthetic strategy towards Pyrrole- containing ligands. Where R = H, aliphatic,
aromatic groups.

1,4-a’i-(4-bromo-phenyl)-butane-1,4-dione20 (18) was used as the starting material for
the synthesis of all the pyrroles in this Chapter. In first instance (18) was refluxed in
an ethanolic solution of ammonium acetate for 3 h after which time the solution was
concentrated to low volume to afford the pyrrole containing product, 2,5-di-(4-bromo-
phenyl)-pyrrole (58) in a yield of 94%, Figure 4.6. The product has been previously
reported, but was synthesised using 1,4-bis-(4-bromo-phenyl)-but-2-yne-1,4-dione as

21 A similar

the starting material with a Pd/C catalyst under microwave irradiation.
yield was reported for this synthetic route. The 'H NMR spectrum of (58) showed a
characteristic resonance at 6.57 ppm corresponding to the CH proton on the backbone
of the pyrrole ring. This resonance was in fact split into a doublet by the NH proton
at the 1l-positon of the pyrrole, with a coupling constant of “Jag = 2.5 Hz
Characterisation of (58) was supported by >*C NMR spectroscopy, elemental analysis

and mass spectrometry.
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Br : \ / Br

=
e3Si (59) SiMe,

Figure 4.6 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-pyrrole (59)
(i) CH;COONH,, EtOH, A (ii) Me;SiCCH, Pd(PPh;),Cl,, Cul, 'Pr;NH, CH,Cl,.

Compound (58) was subsequently used to synthesise the dialkyne ligand (59) in the
Sonogashira coupling reaction with trimethylsilyl acetylene, Figure 4.6. Standard
conditions were used, as have already been outlined in previous Chapters. After work
up, a yield of 84% was achieved for (59) with characterisation achieved by 'H and *C
NMR spectroscopy and elemental analysis.

Further pyrrole- containing ligands were synthesised using a similar method as for
ligand (59), see Figure 4.7. The methyl (63) and butyl (67) analogue ligands were
synthesised to investigate how aliphatic substitution at the 1- position of the pyrrole
effects the properties of the system. The synthesis of these ligands involved the Paal-
Knorr reaction of 1,4-bis-(4-bromo-phenyl)-butane-1,4-dione (18) with methylamine
in ethanol to form (62) and butylamine in ethanol to form (66). Both dibromides were
characterised by 'H and '>C NMR spectroscopy and by EI mass spectrometry. The
CH resonances of the protons on the pyrrole ring were observed at 6.31 ppm and 6.34

ppm for (62) and (66), respectively.

Compounds (62) and (66) were subsequently reacted with trimethylsilylacetylene in a
Sonogashira reaction to form the desired di-yne ligands (63) and (67), respectively.
This method has been described previously in this Thesis. The di-yne ligands were
characterised by 'H and ’C NMR and IR spectroscopies. The characteristic 18
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proton singlet resonance was observed for both compounds in the 'H NMR spectra,
corresponding to the trimethylsilyl groups. The presence of the alkyne group was
confirmed by the characteristic v(C=C) stretch at 2160 cm™ for (63) and 2155 cm™ for

(67), respectively.
Br O \' ./ O Br

(18)

R = Me (62), Bu (66)

v (ii) R' = CgHs (70), CsHsOMe (74)

"aliphatic method" "aromatic method"
1y

Figure &4.7 Synthesis of pyrrole containing ligands (i) xs. RNH;, EtOH (ii) xs. R'NH;,
Q CH;COOH, A (iii) Me;SiCCH, Pd(PPh;),Cl,, Cul, 'Pr,NH, CH,CL.

Two more pyrrole containing ligands were synthesised, with aromatic functional
groups at the 1- position of the pyrrole ring, Figure 4.7. These new compounds were
designed to investigate if the chromophore of the di-yne spacer could be extended
through the nitrogen of the pyrrole into a further conjugated functionality.

Initial attempts of the Paal-Knorr synthesis using amines containing aromatic groups
proved to be unsuccessful using the same conditions as for the aliphatic amines.
Refluxing of the 1,4-dicarbonyl (18) in an ethanolic solution of the aromatic amine
failed to give any of the expected pyrrole containing product. After reviewing the
literature, a preparation of a pyrrole with an aromatic group at the 1-position was
found, Figure 4.8.22
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HaN
CH3COOH
+
/\E/\)k ) ——-————-———-—A T
v

Figure 4.8 Synthesis of 4-(2-ethyl-5-methyl-pyrrol-1-yl)-2-isopropyl-5-methyl-phenol.

With this literature precedent in mind, a second attempt at the synthesis of the
aromatic substituted pyrroles at the 1-position was carried out in acetic acid solution,
Figure 4.7. The 1,4-dicarbonyl (18) and phenylamine were dissolved in acetic acid at
110 °C and after 3 hours of stirring a white precipitate was formed. The solid was
collected and washed with acetic acid followed by ethanol to afford 2,5-di-(4-bromo-
phenyl)-1-phenyl-pyrrole (70) in a yield of 80%. The use of acetic acid as the
solvent is thought to accelerate the reaction, by acid catalysis.”? The insolubility of
the product in acetic acid also helps to drive the rate of reaction and gives rise to a
simple work up of the product. The product was primarily characterised by 'H NMR
spectroscopy showing a singlet resonance at 6.47 ppm corresponding to the protons at
the 3- and 4-position of the pyrrole. Characterisation was supported by *C NMR

spectroscopy, EI mass spectrometry and elemental analysis.

The synthesis was repeated using 4-methoxyphenylamine as the ring closing reagent
to produce 2,5-di-(4-bromo-phenyl)-1-methoxyphenyl-pyrrole (74) in a yield of 69%.
The product was characterised by 'H NMR spectroscopy showing a singlet resonance
at 6.45 ppm, for the protons at the 3- and 4-positions of the pyrrole. BC NMR
spectroscopy, EI mass spectrometry and elemental analysis of (74) all gave data to
support the expected structure of the product.

Both dibromide products (70) and (74) were reacted with trimethylsilyl acetylene in a
Sonogashira coupling reaction to produce the protected diyne ligands (71) and (75) in
yields of 78% and 79%, respectively. Both products displayed the expected 'H and
BC NMR spectra for the desired product, with 18 proton integral singlet resonances at
0.22 ppm in the "H NMR spectra for the trimethylsilyl groups. This was supported by
the IR spectra displaying v(C=C) at 2153 cm’ for (71) and 2155 cm™! for (75),
confirming the presence of the alkyne groups.
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4.3 Synthesis of the pyrrole containing platinum (II) complexes

The trimethylsilyl protected diyne ligands in this Chapter were deprotected using an
aqueous solution of potassium hydroxide solution to cleave the silyl group, generating
the terminal alkyne. The yields obtained for this set of reactions, along with selected
spectroscopic data, is given in Table 4.1.

/ \ KOH(qq) / \
O O CH,Clp / MeOH (1:1)
Messi—= R SS—siMes = & =y

Vield THNMR BC NMR IR
1€
R'= %) (C=CH) (CHpymole) | (C=CH) (CHpyrrole) v(C=C)
0
(ppm) (ppm) (em™)
H (60) 98 3.13 6.63 77.78  109.21 1941
Me (64) 91 3.13 636 7820 109.67 1943
"Bu (68) 90 3.14 637 79.54 111.68 1944
CeHs (72) 70 3.10  6.50 77.62 110.34 1943

Table 4.1 Selected spectroscopic data and yields of the terminal diyne ligands containing a
pyrrole ring. 'H NMR recorded at 400.13 MHz and *C NMR recorded at 100.61 MHz.

The terminal diynes were subsequently reacted with two molar equivalents of trans-
bis(triethylphosphine)(phenyl)platinum(II) chloride, along with a copper iodide
catalyst in a 1:1 mixture of triethylamine and dichloromethane to afford the dinuclear
platinum complexes as discussed in previous Chapters. The yields of this set of

reactions along with selected characterisation data is given in Table 4.2.
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PhPt{PEt3),Cl Cul

CHoCly / NEtg (1:1)

==

/

" OH Ets F?l;t;,
. 31 . IR
Yield P NMR Elemental Analysis
R= ) v(C=C)
(%) (ppm) Jp(Hz) Result % (calc. %) 1
(cm™)

C=524(525)

H (61) 77 9.99 2641 H=6.39 (6.37) 2090
N=0.94 (1.10)
C=53.4(52.8)

Me (65) 83 10.08 2639 H =6.39 (6.45) 2089
N=0.91(1.08)
C=52.4(53.8)

"Bu (69) 83 10.09 2639 H = 6.49 (6.70) 2091
N =0.93 (1.05)
C=55.5(54.8)

CsHs (73) 63 10.04 2633 H=6.37(6.31) 2096
N=0.94 (1.03)
C=55.7(54.5)

*CsHsOMe (77) 53 10.10 2644 H=6.27(6.32) 2093
N=0.92 (1.01)

Table 4.2 Selected spectroscopic data and yields of the platinum (II) complexes of the pyrrole
containing diyne ligands. *Synthesis of this compound was carried out by the in situ deprotection
of the trimethylsilyl protected ligand (74), by the addition of sodium methoxide and methanol to
the normal dehydrohalogenation reaction. P NMR recorded at 161.97 MHz.
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4.4 UV-visible spectroscopic studies of pyrrole containing platinum

(IT) complexes

The electronic absorption and emission spectra of the platinum(Il) complexes (61),
(65), (69), (73) and (77) were determined as 0.01 mM concentration dichloromethane
solutions, at room temperature. Figure 4.9 illustrates the absorption and emission
(obtained by exciting the sample at 357 nm) spectra of complex (61) along with the

spectra of the furan analogue (22) for comparison.

Affigc= 357 nm,
c e=58,100 M'1cm"
%l Emission,™, =423 nm
)
gs Avex= 375 nm,
4 e=75,300 W1cm'1
&J Emission,™, = 398 nm
<
280 330 380 430 480 530 580

Wavelength (nm)
Figure 4.9 Absorption and emission spectra of (61) and (22) in CH2C12 solution at RT.

The pyrrole containing complex (61) exhibits one main absorbance peak at 357 nm.
The onset of absorption is observed at 447 nm (2.77 eV). This corresponds to a
bathochromic shift in energy, indicating a decrease in magnitude of'the optical gap, as
compared to the furan analogue (22) which absorbs from 2.83 eV. This trend was
predicted in the objectives of this Chapter and can be explained in terms of the trend
in 7c-donor strengths as the heteroatom in the central heterocyclic ring is replaced by
an atom either further down the same group or by an element in a group to the left in

Q

. 1 . .
the Periodic Table. Both absorption and emission spectra are due to n—>7*

transitions with some contribution from the metal centres as described previously.
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The emission spectrum of (61) displays two main peaks at 421 and 445 nm, with the

energy spacing between these two peaks corresponding to -1280 cm'L

The electronic absorption and emission spectra of the platinum (II) complexes (61),

(65) and (69) are illustrated in Figure 4.10 for comparison.

R=H (61)
Mnax = 381 nm, e=65,500 M"1cm'

Emission?* =421, 445 nm

R =Me (65)
A™x =381 nm, e= 65,500 M'1cm’

Emission™* = 420 nm

A xp aoshE—sio

R ="Bu (69)
=382nm,e 68,900 M'1cm’

Emission™* = 421 nm

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 4.10 Absorption and emission spectra of (61), (65) and (69) in CH2C12 solution at RT.

The absorbance spectra of the platinum complexes shown in Figure 4.10 all show
very similar characteristics. All three complexes (61), (65) and (69) displayed an
onset of absorption at 447 nm (2.77 eV). This suggests that substitution with alkyl
chains at the 1-position ofthe pyrrole ring in these systems does not have a significant
effect on the optical gap of the system, because the alkyl groups do not contribute to

the molecular frontier orbitals.

The emission spectra of complexes (61), (65) and (69) were collected after exciting
the samples at 357 nm. The spectra again show very similar characteristics in terms
of the position of the emission peak. The structure of the band, however, changes
significantly with complex (61) showing two distinct bands at 421 and 445 nm, whilst
complexes (65) and (69) display much broader bands with one main peak at 420 nm

and both with shoulder peaks to higher wavelengths.
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Figure 4.11 illustrates the absorption and emission of complexes (73) and (77). The
emission spectrum of (73) was obtained after exciting the sample at 342 nm and (77)
after exciting at 345 nm. The figure also contains the spectra collected for complex

(61) for comparison.

PE.3

R=H (61)
x= 381 nm, e= 65,500 M'1cm

Emission™, =421, 445 nm

R = C6H5 (73)
=342 nm, e=41,200 M'1cm'
Emission™, = 411 nm

NS BoCEm adico

R = C6H4OMe (77)
A™, = 345 nm, e - 46,100 M"1 cm'

Ernissionmex= 411 nm

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 4.11 Absorption and emission spectra of (61), (73) and (77) in CH2C12 solution at RT.

The two spectra of (73) and (77) are of similar shape, with only small changes in the
intensity of the peaks. Complex (73) maximises at 342 nm and complex (77)
maximises at 345 nm. The onset of absorption is observed at 311 nm for (73) and 314
nm for (77), this corresponds to optical gap energies of 3.01 eV and 3.00 eV,

respectively.

Complexes (73) and (77), however, display very different UV-visible spectra when
compared to that of complex (61). The aryl substituted pyrrole- containing complexes
absorb at a lower wavelength, corresponding to a higher optical gap than the simpler
1-H pyrrole system. It was predicted that aryl substitution of the 1-position of the
pyrrole ring would in fact extend size of the 7i-conjugated system, and therefore
decrease the optical gap of the system. This is clearly not the case, and the optical
gap is increased when compared to the 1-H pyrrole system. This may be explained in
terms of steric crowding around the central ring ofthe di-yne ligand, and is illustrated

in Figure 4.12.
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[LIPt
(61)

[L]Pt

R=H (73) R = OMe (77)

PYL] = (Ph)Pt(PEL3)2

Figure 4.12 Steric crowding observed in complexes (73) and (77).

The proton on the nitrogen in complex (61) is relatively unhindered, and does not
have much of an interaction with the nearest protons on the adjacent arene rings. In
complexes (73) and (77) the aryl groups are far more sterically demanding than the
proton, and are believed to have some effect on disrupting the effective length of the
chromophore by forcing the -C6H4- groups to twist, in order to minimise the proton-

proton interactions (shown in red, Figure 4.12).

Table 4.3 summarises the photophysical data obtained from the absorption spectra of
all the pyrrole containing Pt(II) complexes in this Chapter. It is clear to see that the
substitution ofalkyl groups at the 1-position ofthe pyrrole has no significant effect on
the absorbance spectra observed. This suggests that the alkyl groups have no

contribution to the molecular frontier orbitals ofthe system.
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/
'LEPT =
Ot )
Compound R= Absorb. Apax (nm) Optical Gap (eV)
(61) H 381 2.77
(65) Me 381 2.77
(69) "Bu 382 2.77
(73) CeHs 342 3.01
7N CsH4sOMe 345 3.00

Table 4.3 Summary of photophysical data of complexes (61), (65), (69), (73) and (77).

Substitution of aryl groups at the 1-position of the pyrrole has shifted the spectra to
higher energy. This is believed to be due to the inclusion of the sterically demanding
groups at the 1- position, forcing the -C¢Hy- groups to twist relative to the pyrrole ring.
This shift seems to be independent of the type of aryl group in question as the UV-
visible spectra of complex (73) and (77) are similar with both complexes exhibiting

optical gap energies within experimental error of each other.

4.4 Solid state X-ray structure of (61)

Suitable single crystals were obtained of X-ray diffraction quality of complex (61),
from ethanolic solution, and its molecular structure was determined. The relative
orientation of the pyrrole ring to the adjacent arene rings was of interest. The most
important bond lengths, bond angles and dihedral angles are discussed in this section
as well as comparisons made with analogous molecular structures of complexes from

Chapter 3.

Figure 4.13 illustrates the molecular structure of (61) as a thermal ellipsoid plot.
Table 4.4 contains selected bond length, bond angle and dihedral angle data.
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Figure 04.13 Molecular structure of (61) illustrated as a thermal ellipsoid plot at a §0%
probability level. Hydrogen atoms have been omitted for clarity except on the central diyne

ligand.

The ligands surround the platinum atoms in a square planar orientation with all bond

lengths and bond angles falling in the same range as for all the analogous platinum(II)

molecular structures in Chapters 2 and 3.

Bond Lengths (A)

Pti-Ci
P2"C38
Ptl-Pl
PtrP2
Pt2“P3
Pt2-P4
#o.
Pt2-C39
Ci-C2
C37-C38
C9-N,
C12-N,
C9-C10

Cn-Ci2

2.031(6)
2.037(6)
2.2799(15)
2.2980(18)
2.2880(15)
2.2855(15)
2.060(6)
2.070(5)
1.205(8)
1.185(8)
1.389(7)
1.380(7)
1.378(8)

1.379(8)

Bond Angles (°)

Pti-Ci-C2
Pt2-C38-C37
Pi-PtrP2
Ps-Pt2-P4
C,-Pti-Ci9
C39-Pt2-C38

C12-N-C9

174.3(5)
174.3(5)

171.33(8)

178.55(6)
179.4(3)
177.6(2)

110.0(5)

Dihedral Angles (°)

G3-18/C9-12N
C3-8/C9-12,N
Ci3-18/C38,C39,P3,P4,Pt2
C3.s/Ci,Ci9,Pi,P2,Pti
C1,Ci9,Pi,P2,Pti/Ci9-24

C38»C39,P3,P4,Pt2/C39 44

15.87(12)
15.12(15)
47.94(13)
30.59(15)
80.58(12)

83.38(15)

Table 4.4 Selected bond length, bond angle and dihedral angle data from the molecular
structure of complex (61).
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The molecular structure of (61) bows round along the length ofthe complex, forming
a ‘crescent’ structure. This bowing effect is not observed in analogous molecular

structures of complexes of other heterocyclic systems in Chapter 3.

The pyrrole ring is twisted relative to its adjacent arene rings giving rise to dihedral
angles of 15.87(12)° (relative to Co-ig) and 15.12(15)° (relative to C3-8). This is the
largest pair of dihedral angles observed from the series of three ring heterocyclic
systems in this Thesis. It might be expected that the dihedral angle would be larger
because of the presence of the proton on the pyrrole ring compared to the previously
studied ring systems where there are only lone pairs on the heteroatom. The relative
twist angles observed in the central di-yne ligand can be clearly seen in an alternative

view ofthe molecular structure of (61) as shown in Figure 4.14.

Figure 04.14 Alternative view of the molecular structure of complex (61).

Unfortunately, no other suitable single crystals of X-ray diffraction quality were
obtained for the other pyrrole containing complexes within this Chapter, therefore the
orientation of the substituted alkyl and aryl groups at the 1-position of the pyrrole

could not be determined.
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4.5 Summary and Conclusions

Novel synthetic routes towards a series of di-yne ligands incorporating pyrrole
heterocycles have been developed. All products were synthesised in moderate or high
yields. The new ligands were complexed to Pt(I) metal centres and fully
characterised by multinuclear NMR and IR spectroscopies and by elemental analyses.

The structure of the pyrrole containing Pt(II) complex (61) has been confirmed by
single crystal X-ray diffraction. The geometry around the metal centre is as expected,
in a square planar arrangement, and the di-yne ligand shows a twisted structure with
the pyrrole ring twisted to its adjacent arene rings by dihedral angles of 15.87(12)°
and 15.12(15)°.

The solution state UV-visible spectra of the Pt(II) complexes were determined as
dichloromethane solutions at room temperature. The 1-H pyrrole- containing Pt(II)
complex (61) was compared to the furan- containing analogue (22), with (61)
showing a lower optical gap than (22). The alkyl substituted pyrrole containing Pt(II)
complexes, (65) and (69) were shown to have similar photophysical properties as
complex (61), suggesting the alkyl groups do not contribute to the molecular frontier
orbitals.

Aryl substitution at the 1-position of the pyrrole ring was shown to increase the
optical gap energy of the system by 0.24 eV. The shift was attributed to the steric
effects of the aryl groups. Further substitution of the arene ring at the 1-position of the
pyrrole was shown to have little effect on the photophysical properties of the system,
as both complexes (73) and (77) gave almost identical UV-visible spectra.
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Chapter Five

S. Tuneable ‘Twisted’ Systems

5.1 Introduction

5.1.1 Background

An ability to conirol the optical and electronic properties of luminescent
oligomers or polymers is currently an important issue in the design of new

materials for organic light emitting diodes.

Recently, there has been a large amount of research targeted at preparing and
exploiting “planarised” poly(p-phenylene) (PPP) systems to maximise the
extent of conjugation. Oligomers and polymers with 5,6-
dihydrophenanthrecene-3,8-diyl repeat units (poly(phenanthrecene)s), (PPT)
Figure S5.1a, and 4,5,9,10-tetrahydropyrene-2,7-diyl  sub-structures
(poly(tetrahydropyrene)s (PTHP)), Figure 5.1b, have been used as “planarised”
PPP analogues”.3 These systems with their ethane-1,2-diyl bridges between
adjacent phenylene rings maintain inherent flexibility and are not fully
planarised. However, UV-visible spectroscopic studies of these systems
showed a degree of conjugation nearly twice as high as those of the parent PPPs
and OPPs.

_ H7Cg

(a) (b) gH17

Figure 5.1 Planarised PPP models (a) poly(phenanthrecene) (PPT),
(b) poly(tetrahydropyrene) (PTHP).

Tour et al reported a fully planarised polymer with a PPP-type backbone using
an imine bridge, Figure 5.2.* The main PPP backbone was synthesised via a

Suzuki Coupling of an arylbis(boronic ester) with an aryl dibromide. The imine
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bridges were then formed by exposing the polymer to trifluoroacetic acid

forcing the consecutive units into planarity.

/N_
__<_\ O\
> / \{

Figure 5.2 Imine bridged PPP planarised analogue.

5.1.2 Objectives

The aim of this Chapter of work was to study the effects of the steric
interactions within the di-nuclear Pt(II) systems utilised in previous Chapters.
For this purpose a series of new di-yne ligands and Pt(II) complexes were
synthesised and fully characterised. The new compounds, and particularly the
organic spacer groups, were designed to attempt to enforce a range of twist
angles between adjacent arene rings in the spacer by replacing the protons on
the spacer ligands with larger sterically demanding groups, or by altering the
ring substituents from electron donating to electron withdrawing groups, thus
fine tuning the size and properties of the central chromophore. The strategy for
the design of further new ligands in which the steric interactions were
minimised by replacing the CH groups on the spacer ligand with nitrogen atoms.
It was hoped that this would planarise the systems and would maximise the

extent of conjugation, mirroring the work of Tour.*

The final aim of this section of work was to move from linear di-yne spacer
units to those based on trisubstituted arene ring systems and thus investigate the

effect of incorporation of a third metal centre into the system.
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5.2  Synthesis of 4,4"-bis-(trans-(phenyl,bis-triethylphosphine)
platinum) ethynyl-2',3',5',6'-tetrafluoro-terphenyl (86)

The first system in which sterically demanding groups were used to attempt to
enforce a twist due to steric interactions was the tetrafluoro complex (86). The
synthesis of complex (86) was achieved via a 5 step reaction scheme shown in

Figure 5.3.

Figure 5.3 Synthetic route towards complex (86) (i) p-Me;Si(CGI-L)B(OH;)z, Pd(PPhs3),,
NaHCOs,), toluene, A (ii) IC1, CHCI,, (iii)) Me;SiCCH, Pd(PPh;),Cl,, Cul, Pr,NH, CH,Cl,
(iv) KOH,, ), MeOH/CH,CI, (v) PhPt(PEt;),Cl, Cul, 'Pr,NH, CH,Cl,.
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The commercially available 1,2,4,5-tetrabromo-3,6-diiodo-benzene was reacted
with p-trimethylsilyl-phenyl boronic acid in a Suzuki coupling reaction under
standard conditions.” Analytically pure (82) was achieved after purification by
chromatography and recrystallisation in a yield of 82%. The product was
characterised by 'H, °C and F NMR spectroscopy, with the proton NMR
spectrum showing the characteristic singlet resonance at 0.32 ppm
corresponding to the 18 protons of the trimethylsilyl groups. The *C NMR
spectrum was assigned to all the carbon environments with a coupling constant
of 'Jrc = 246 Hz observed for the ipso-carbon directly bonded to the fluoride on
the central arene ring. The elemental analysis confirmed the expected
molecular formula (Cy4H26Si,F3).

Compound (82) was subsequently reacted with iodine monochloride in a
chloroform solution affording the di-iodide compound (83) in a yield of 80%.
The cleavage of the trimethylsilyl groups was confirmed by the absence of the
singlet at 0.32 ppm. The *C NMR spectrum showed only 5 of the 6 expected
resonances due to poor solubility of the compound. Further analysis by EI mass
spectrometry and elemental analysis confirmed the molecular formula of (83) to
be CsHgF4l,.

Compound (83) was then used in the Sonogashira coupling reaction with
trimethylsilyl acetylene to give the protected di-yne ligand (84). The reaction
was carried out in the presence of bis(triphenylphosphine)palladium(II)chloride
and copper iodide catalysts, in diisopropyl amine and dichloromethane solution.
After 4 hrs the volatiles were removed and the crude product was purified by
chromatography to afford (84) in a yield of 68%. The product was
characterised by 'H, *C and 'F NMR spectroscopy, supported by elemental
analysis. The 18 proton resonance at 0.28 ppm in the 'H NMR spectrum, along
with quaternary carbon resonances at 96.05 and 104.30 ppm in the *C NMR
spectra were the most indicative features in the NMR spectra obtained.

The di-yne compound (84) was then deprotected using an aqueous solution of

potassium hydroxide in a methanol solution. The volatiles were then removed

155



Chapter Five

after 1 h and extracted from water into dichloromethane. The solvent was
removed to afford the terminal alkyne (85) in a yield of 85%. Characterisation
was achieved by multinuclear NMR spectroscopy, showing the appearance of a
singlet resonance in the '"H NMR spectrum at 3.17 ppm which corresponds to
the terminal alkyne proton.

The terminal alkyne (8S) was reacted with half an equivalent of rrans-
bis(triethylphosphine)(phenyl) platinum(Il)chloride to give the Pt (II) dinuclear
complex (86). The reaction was carried out in a dichloromethane solution with
a copper iodide catalyst and di-isopropylamine. The product was purified by
chromatography and recrystallisation to afford (86) in a yield of 90%.
Characterisation was achieved by multinuclear NMR spectroscopy. This
includes '"H NMR spectroscopy showing multiplet resonances at 1.07-1.15 ppm
and 1.74-1.81 ppm for the CH; and CH, groups of the alkyl phosphine,
respectively. The *C NMR spectrum exhibits all 14 expected resonances, with
coupling seen to phosphorus ({pc+3Jpc = 34 Hz) and fluorine (‘Jrc = 247 Hz).
The '°F NMR spectrum shows a single resonance at -145.1 ppm. The 3P NMR
spectrum exhibits a singlet with platinum-195 satellites and a coupling constant
of "Jpp = 2636 Hz. This confirms the trans- arrangement at the platinum centre.

5.3 Synthesis of 1,4-di-((trans-(phenyl,bis-triethylphosphine)
platinum)ethynyl)-2,3,5,6-tetrafluoro-benzene (89)

To eliminate the steric effects of the fluorides in complex (86) on the adjacent
arene rings, a second tetrafluoro-benzene complex was synthesised to
investigate purely the electronic effects of the incorporation of fluorine into the

system.

The terminal di-yne ligand 1,2,4,5-tetrafluoro-3,6-di-ethynyl-benzene (88) was
synthesised by adapting a literature preparation.6 Although the ligand has been
reported in the literature since 19727 only two metal complexes of the ligand are
known. The first is a Rh(Il) complexs and the second is a Pt(II) organometallic
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polymer.6 The synthetic route to the Pt(II) complex (89) is outlined in Figure
5.4.

J (iii)

R F

/D Ti@

t—— =—Fpt
= JLEtg >=< 89) ILEta
F

Figure 5.4 Synthesis of complex (89).
(i) Me;SiCCH, Pd(PPh;),Cl,, Cul, ‘Pr,NH, CH,Cl, (ii) KOH,,, MeOH/CH,Cl,
(iii) PhPt(PEt;),Cl, Cul, 'Pr,NH, CH,Cl,.

sl
Complex (89) was syn esised by the reaction of the terminal di-yne ligand (88)
with half an equivalent trans-bis(triethylphosphine)(phenyl)platinum(II)chloride,
with a copper iodide catalyst in dichloromethane and diisopropyl amine. The
pure product was obtained after purification by chromatography and
recrystallisation in a yield of 79%. The complex was characterised by 'H, *C,
g 31p NMR spectroscopies. The 'H and *C NMR spectra both showed the
expected resonances consistent with the expected molecular structure. The “F
NMR spectrum exhibited a singlet resonance at -144.0 ppm, and the >'P NMR
spectrum showed a singlet at 10.28 ppm with coupling observed to '**Pt in the
form of satellites corresponding to a coupling constant of 'Jpp = 2613 Hz. The
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elemental analysis results were consistent with the molecular formula

C46H70F4P4Pt2«

Compound  (82)  (83)  (84)  (85)  (86)  (87)  (88)  (89)

1 NMR

-144.3 -143.7 -145.1 -145.0 -145.1 -136.7 -137.6 -144.0

(ppm)

Table 5.1 19F NMR data of compounds (82) - (89). Spectra were recorded at 376.5 MHz.

Table 5.1 displays the 19F NMR data of the tetrafluoro- compounds (82) - (89).
It is clear to see that the chemical shift of the resonances observed do not

significantly alter on substitution ofthe 1,4- positions ofthe central arene ring.

5.4 UV-visible studies of the tetra-fluoride containing
complexes (s¢) and (89)

The purified and fully characterised complexes (86) and (89) were studied for
their photophysical properties by obtaining UV-visible absorption spectra as
0.01 mM dichloromethane solutions at room temperature. Figure 5.5 shows the
UV-visible absorption and emission spectra of the di-platinum complex (86)

and the non-fluorinated analogue (12) for comparison.

R=H (12)
Xmmax = 350 nm, e= 72,300 M cm’

Emissiorimax =403, 422 nm

R=F (86)
X*ax = 340 nm, e = 69,400 M'1cm'

Emission,” =422 nm

AS O 3aropts pron

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 5.5 Absorption and emission spectra of (12) and (86) in CH2C12 at RT.
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The absorption spectrum of (86) displays a maxima 340 nm and an onset of
absorption at 392 nm (3.16 eV). The emission spectrum of (86) displays a

maxima at 422 nm.

Figure 5.6 displays the UV-visible absorption and emission spectra of the di-

platinum complex (89) and the non-fluorinated analogue (3) for comparison.

R=H (3)
=349 nm, ¢ = 51,300 M'l cm'

Emission,™, = 366 nm

=~ ﬁcg;/Em s%ﬁ

R=F (89)
0 Arcax= 354 nm, e= 87,000 M'1cm’
< \") Emission,™* 371 nm
250 300 350 400 450 500

Wavelength (nm)

Figure 5.6 Absorption and emission spectra of (3) and (89) in CH2C12 at RT.

The absorption spectrum of (89) displays a maxima at 354 nm and an onset of
absorption at 396 nm (3.13 eV). The emission spectrum of (89) displays a
maxima at 466 nm. Shoulder peaks are present in both the absorption and
emission spectra of (89), although these are particularly broad therefore

vibrational energy spacings can not be determined accurately.

Table 5.2 summarises photophysical data of complexes (3), (12), (86) and (89).
When comparing the spectra of (86) to the non-fluorinated analogue (12) it can
be seen that there is a shift to higher optical gap energy for (86). This is
believed to be due to the steric interactions of the tetrafluoride groups with the
ortho protons on the adjacent arene rings. This interaction is believed to
enforce a large dihedral angle between the arene rings on the spacer ligand, thus

reducing the effective n- conjugation through the complex.
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PEts PEts
%R%Flt
" ey C
Onset of
R= absorption Aenax , 81 |
(m) (eV) (nm) | (dm’mol cm™)
..... (<) -(-1-;) 409 3.04 350 72,300
K F
..... i'é'é) 392 3.16 340 69,400
F
----- @(-5- 388 3.20 349 51,400
R F
..... gi%&) 396  3.13 354 87,000

Comparison of the spectra of (89) with (3) has shown a shift to lower optical
gap energy for (89). This is due to the electron withdrawing effects of fluorine
altering the energy of the molecular frontier orbitals. In the “three- ring” system
(86), the fluorides are also acting to reduce the optical energy gap, but this is
counteracted with the steric influences of the fluorides enforcing a large

dihedral angle between the arene rings on the spacer ligand, thus reducing the

Table 5.2 Summary of photophysical data of complexes (3), (12), (86) and (89).

effective n- conjugation through the complex.
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5.5 Synthesis of 4,4''-di-(trans-(phenyl,bis-triethylphosphine)
platinum) ethynyl-2',3',5',6'-tetramethyl-terphenyl (95)

The second system in which sterically demanding groups were used to attempt
to enforce a twist due to steric interactions was the tetramethyl complex (95).

The synthesis of complex (95) was achieved via a 5 step reaction scheme shown

\
T Br Br
@ o1

| o

i OO
2)

(iii)

O

l (iv)

in Figure 5.7.

Figure 5.7 Synthesis of complex (95) (i) Bry, CH,CL,® (i) p-Me;Si(C¢H,)B(OH),,
Pd(PPh;),, NaHCOs,q, toluene, A (iii) ICl, CHC,, (iv) Me;SiCCH, Pd(PPh;),Cl, Cul,
"Pr,NH, CH;Cl, (v) NaOMe, PhPt(PEt;),Cl, Cul, ‘Pr,NH, CH,Cl,.

1,2,4,5-Tetramethyl-benzene was brominated in the 3 and 6- positions using
literature procedures to afford 1,4-dibromo-2,3,5,6-tetramethy1—benzene.9
Compound (91) was then subsequently reacted with p-trimethylsilyl-phenyl

boronic acid in a Suzuki coupling reaction under standard conditions.” The
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analytically pure product (92) was achieved after purification by
chromatography in an 84% yield. The product was characterised by 'H and '*C
NMR spectroscopy, with the proton NMR spectrum showing the characteristic
singlet resonance at 0.32 ppm corresponding to the 18 protons of the

trimethylsilyl groups.

Compound (92) was subsequently reacted with iodine monochloride in a
chloroform solution yielding the di-iodide compound (93) in a yield of 96%.
The cleavage of the trimethylsilyl groups was confirmed by the absence of the
singlet at 0.32 ppm. Further analysis by EI mass spectrometry confirmed the

molecular formula of (93) to be CyyHyls.

Compound (93) was then used in the Sonogashira coupling reaction with
trimethylsilyl acetylene to give the protected di-yne ligand (94). The reaction
was carried out in the presence of bis(triphenylphosphine)palladium(II)chloride
and copper iodide catalyst, in diisopropyl amine and dichloromethane solution.
After 18 hours the volatiles were removed and the crude product was purified
by chromatography to afford (94) in an 80%. The product was characterised by
'H and BC spectroscopy. The 18 proton resonance at 0.27 ppm in the '"H NMR
spectrum, along with quaternary carbon resonances at 94.10 and 105.17 ppm in
the C NMR spectrum were the most indicative features in the NMR spectra
obtained.

Complex (95) was synthesised by the direct reaction of the trimethylsilyl
protected di-yne ligand (94). This was achieved by the in situ deprotection of
the alkyne ligand in the dehydrohalogenation reaction with frans-
bis(triethylphosphine)(phenyl)platinum(II) chloride. Sodium methoxide was
added to the reaction mixture in order to deprotect the ligand, with standard
conditions used as previously detailed in the synthesis of (86) in Section 5.2.
The pure product was obtained after purification by chromatography and
recrystallisation in a 48% yield. The complex was characterised by 'H, *C, and
3P NMR spectroscopies. The 'H and *C NMR spectra both exhibited the

expected resonances consistent with the expected molecular structure. The *'P
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NMR spectrum showed a singlet at 10.02 ppm with coupling observed to 195Pt
nuclei in the form of satellites corresponding to a coupling constant of “ptp =
2638 Hz. The elemental analysis results were consistent with the molecular

formula C62H90P4Pt2.

5.6 UV-visible studies of complex (95)

To investigate the effects of the tetramethyl groups in complex (95) on the
photophysical properties of the system, UV-visible absorption spectra as 0.01
mM dichloromethane solutions, at room temperature, were determined. Figure
5.8 shows the UV-visible absorption and emission spectra of the di-platinum

complex (95) and the terphenyl analogue (12) for comparison.

(95) .
Harmonic peak at double
excitation wavelength
4 (12)
%
e
2
230 280 330 380 430 480 530 580

Wavelength (nm)

Figure 5.8 Absorption and emission spectra of (12) and (95) in CH2C12solution at RT.

The absorption spectrum of (95) displays a sharp maximum peak at 267 nm and
an onset of absorption at 335 nm (3.70 eV). The emission spectrum of (95)
displays a maximum at 345 nm with a second peak at 428 nm. The energy
difference between these two peaks equates to 0.7 eV. The existence of a

second emission peak was observed and previously in the spectrum of (55).
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This was tentatively assigned to the emission from an excimer in solution and is

also thought to be the case in this example.10

When comparing the spectra of (95) to the terphenyl analogue (12) it can be
seen that there is a large shift to a higher optical energy gap for (95). This is
believed to be due to the steric interactions of the methyl groups with the ortho
protons on the adjacent arene rings. This interaction is believed to enforce a
large dihedral angle between the arene rings on the spacer ligand, thus reducing

the effective n- conjugation through the complex.

5.7  Synthesis and UV-visible studies of complex (90)

In the extreme case, where the steric demands of the central di-yne ligand force
the dihedral angle between adjacent rings to be close to 90°, within previously
seen conjugated systems in this Thesis (Figure 5.9), the effective n- conjugation
can be blocked at the point where the two rings are linked. This reduces the size

of'the choromophore and increases the optical energy gap ofthe system.

90°
effective T conjugation length
90"

R = Sterically demanding group
Figure 5.9 Complex (90) shown as a model complex for when “-conjugation is lost at the
di-yne spacer group.

To model this situation complex (90) was synthesised and the photophysical
properties studied by UV-visible spectroscopy. The results for this study can

then be compared back to previously discussed complexes.

164



Chapter Five

The synthesis of (90) was achieved by a one step reaction as shown in Figure
5.10. Trans- 6/s(triethylphosphine)(phenyl)platinum(II) chloride was reacted
with ethynyl benzene, in a tetrahydrofuran and diisopropylamine solution.
Copper(I) iodide was added as catalyst and the reaction was worked up as for
previously seen dehydrohalogenation reaction involving di-yne ligands in this

Thesis.

Figure 5.10 Synthesis of (90). (i) Cul, THF,'Pr2NH.

Complex (90) was achieved in a 91% yield and was characterised by !'H, 13C
and 3IP NMR spectroscopies. The 3IP NMR spectrum exhibited a single
resonance with 195Pt satellites, at 10.10 ppm and L/ptpcoupling constant of 2642
Hz. The complex was structurally characterised by single crystal X-ray

diffraction.

The molecular structure of (90) was determined by X-ray crystallography from
a single crystal obtained from an ethanolic solution and is shown in Figure 5.11.
Selected bond lengths and angles are provided in Table 5.3, with
crystallographic data provided in Appendix 1.

I 2 cu
c24y 1

Figure 5.11 Molecular structure of (90) depicted with a 50% ellipsoid probability.
Hydrogen atoms have been omitted for clarity.
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The bond lengths and bond angles around the metal centre are comparable to

similar platinum alkyne complexes characterised previously within the group

and this Thesis.
Bond Lengths (A) Bond Angles (°)

Pt-C, 2.039(7) Pt-C-Cg 173.39)

Pt-C, 1.959(11) P,-Pt-P, 177.92(10)

Pt-P, 2293(2) Ci-Pt-C; 173.9(4)

Pt-P, 2.284(2) Dihedral Angles (°)

C,-Cs 1.253(16) Co.14/C1.C7,P1,Py,Pt 45.19(17)
C1/C1.Cr.PLPLPt 84.34(17)

Table 5.3 Selected bond length and bond angle data for (90).

The geometry around the Pt centre is confirmed as pseudo square planar with

the C;-Pt-C; and P;-Pt-P, bond angles being close to 180°. The square plane of

the metal centre is related to the terminal arene ring (C,-Cg) by a dihedral angle
of 84.34(17)° and is related to the arene ring on the alkyne (Co-Ci4) by a
dihedral angle of 45.19(17)°.

Once the identity and purity of (90) was confirmed, the photophysical properties

of the complex were studied by solution UV-visible spectroscopy, in a 0.01 mM

dichloromethane solution. The UV-visible absorption and emission spectra of

-(90) are shown in Figure 5.12.

exciting the sample at 267 nm.

The emission spectrum was obtained after
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(90)

) Xiax = 267 nm, e = 27,900 M cm'
W
(/1) * Ernissionmax = 395 nm
U.
'y
§
230 280 330 380 430 480

Wavelength (nm)

Figure 5.12 Absorption and emission spectra of (90) in CH2C12 at RT.

The absorption spectrum of (90) exhibits three main bands centred at 316, 287
and 267 nm. The onset of absorption is observed at 356 nm (3.48 eV). This is
the second highest optical energy gap observed for all the Pt(I) complexes
reported in this Thesis. The high optical energy gap for (90) is to be expected as
this complex should contain the shortest length of the n- conjugated
chromophore compared to the other Pt(Il) complexes reported here. The duryl-
containing Pt(I) complex (95) has an optical energy gap of 3.70 eV, the highest
optical energy gap observed in this Thesis. The fact that complex (95) absorbs
at an even higher energy implies that the four electron donating methyl groups
on the central arene ring of the spacer group in (95) are causing the HOMO-
LUMO gap to increase. The opposite effect is observed for the tetrafluoride
complex (85) which has a relatively low optical gap of 3.19 eV due to the

electron withdrawing effect ofthe fluoride groups.
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5.8 Synthesis of Aza-cyclic ligands (99) and (101)

As part of the objectives outlined for this Chapter, it was intended to design new
ligands where measures were taken to minimise the steric interactions between
adjacent arene rings. Inspiration was taken from Chapter 3, where the protons
were “removed” from the central heterocyclic ring, by synthesising diazole
analogues. This section outlines the synthesis of two aza-cycle- containing
ligands, where protons are “removed” and “replaced” with nitrogen atoms. The
synthesis of a pyrimidine- (99) and tetrazine- (101) containing ligands is

outlined below.

The synthetic strategy towards (99) required 5-bromo-2-iodo-pyrimidine as a
starting material in the Suzuki coupling reaction with p-trimethylsilyl-phenyl
boronic acid. The synthesis of the dihalide was achieved using literature

preparations as outlined in Figure 5.13.

N H @) N OH
Kj/o.lm — U
# Br A

l(ii)
N | N Cl
= (iii) RS
o = Y
Br Z Br 7

Figure 5.13 Synthesis of 5-bromo-2-iodo-pyrimidine. (i) Br,, H,0,"
(i) POCl;, PhNMe;, A, (iii) conc. HI, CH,Cl,, 0 °C."

5-Bromo-2-iodo-pyrimidine was subsequently reacted with p-trimethylsilyl-
phenyl boronic acid in a Suzuki coupling reaction under standard conditions
(Figure 5.14).° The analytically pure product (98) was achieved after
purification by chromatography in an 82% yield. The product was characterised
by 'H and 3C NMR spectroscopy, with the proton NMR spectrum showing the
characteristic singlet resonance at 0.32 ppm corresponding to the 18 protons of
the trimethylsilyl groups. The molecular formula of (98) was confirmed as
C»HasN5Si; by EI mass spectrometry and elemental analysis.
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Me;Si
I (i)
|
N
| A ©9)
|
(i) SiMe3
4
N
N
[ (100)
/N
4

Me;Si

Figure 5.14 Synthesis of compound (100) (i) p-Me;Si(CsH,)B(OH),, Pd(PPh;),,
NaHCOj3,,), toluene, A (ii) ICl, CHCI,, (iii) Me;SiCCH, Pd(PPh;),Cl,, Cul, 'Pr,NH, CH,Cl,.

Compound (98) was then reacted with iodine monochloride in a chloroform
solution yielding the di-iodide compound (99) in a 70% yield. The cleavage of
the trimethylsilyl groups was confirmed by the absence of the singlet at 0.32
ppm. Further analysis by EI mass spectrometry and elemental analysis
confirmed the molecular formula of (99) to be Ci6H;oI2N>,

Compound (99) was used in the Sonogashira coupling reaction with
trimethylsilyl acetylene to give the protected 'di-yne ligand (100). The
conditions and work up of the reaction were similar to those outlined for
previously discussed di-yne ligands in this Chapter. (100) was characterised by
'H and "*C NMR spectroscopy, with the 'H NMR spectrum exhibiting two
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resonances for trimethylsilyl groups at 0.02 and 0.07 ppm, each with a 9 proton
integral.

The synthesis of the tetrazine- containing ligand (102) is detailed in Figure 5.15.

:: CN
Br

\G)
Br

(101)
“’”Tg

\\N’/

Br J i) SiMe;

\

Me3Si

Figure 5.15 Synthesis of (102). (i) Cu(NO),.3H,0, EtOH, H,NNH,.H;0," (i) Me;SiCCH,
Pd(PPh;),Cl,, Cul, Pr,NH, DMF.

Compound (101) was synthesised by a literature preparation,'* although the
reported yield of 45% could not be obtained. (101) was achieved in 5% yield
and was characterised by elemental analysis and EI mass spectrometry. NMR
spectroscopic analysis was not obtained for (101) as the product was insoluble

in all common organic solvents.

(101) was subsequently employed in the Sonogashira coupling reaction with
trimethylsilylacetylene. Standard reaction conditions were used as previously
described in this Thesis, with the exception of the solvent used,
dimethylformamide was needed to solubalise the starting materials and the
reaction was heated to 70 °C. After purification the pure product was obtained
in 50% yield, and was characterised by 'H and >C NMR spectroscopy. The
presence of the alkynyl groups were confirmed by the observation of the
characteristic '*C NMR spectroscopic resonances at 98.42 and 104.33 ppm.
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5.9 UV-visible studies of Aza-cyclic ligands (99) and (101)

Having successfully synthesised ligands (100) and (102), the photophysical
properties of these systems were investigated by UV-visible spectroscopy as
0.01 mM dichloromethane solutions. Figure 5.16 displays the UV-visible
absorption and emission spectra of (100) and (102) along with (10) for

comparison.

Yo

@ age

Alsoy e

250 300 350 400 450 500
Wavelength (nm)

Figure 5.16 Absorption and emission spectra of compounds (10), (100) and (102), in
CH2CI2solution at RT.

The absorption spectrum of (100) displays a maximum peak at 321 nm and an
onset of absorption at 377 nm (3.29 eV). The emission spectrum of (100)
displays a broad band with a maximum observed at 381 nm. Compound (102)
displays a maximum peak at 338 nm in the absorption spectrum and an onset of
absorption at 422 nm (2.94 e¢V). The emission spectrum of (102) displays a

broad band with a maximum peak at 409 nm.
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MesSi—=——=—R——=—"———SiMe;
Onset of
R = absorption Aenax & Stokes

m) (V) (nm) | (dm’molem™) | Shift (nm)

----- (<) i'{b} 370 335 | 314 45,600 28

..... N@iiBb |37 329 | 32 55,000 63

N=N
..... @‘&.ﬁ_@é& | 42 294 | 338 51,800 71

Table 5.4 Summary of photophysical data of complexes (10), (100) and (102).

Table 5.4 summarises the photophysical data obtained from solution UV-visible
spectroscopy of (10), (100) and (102). A trend is observed in the optical energy
gaps of the systems, with the magnitude of the optical energy decreasing in the
order of (10)>(100)>(102). This trend can be related to the number relative
planar nature of the systems. The pyrimidine- containing ligand (100) has the
possibility of one planar adjacent arene ring at the 2- position of the pyrimidine,
and the tetrazine has the possibility of two planar adjacent arene rings at the 2-
and 5- positions of the tetrazine ring. For this reason it can be concluded that
the “minimising of steric effects” of the nitrogens are the cause of the trend
observed for the optical energy gap. It can also be concluded the trend is not
due to the electronic influence of increasing the number of nitrogen atoms, as it
was observed in Chapter 3, with the diazole- containing systems, that the

nitrogen atoms have an adverse effect on the optical energy gap.

5.10 Synthesis and characterisation of complex (106)

This section of work describes the synthesis of a new tri- platinum complex
(106) with a tri-yne ligand. The motivation for this work was to investigate the
effect of incorporation of a third metal centre as well as studying the effect of
branching out the - conjugation in two positions of the central arene ring of the

spacer group.
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The synthesis ofthe tri-yne ligand was achieved using literature procedures and

is outlined in Figure 5.17.1516

lo Br* _  “Br
Ty ' r oo

(i)
(104)

H.
(105)
41|  2%]
AEts ()

(106)

Figure 5.17 Synthesis of (106). (i) SiCl4, EtOH,I5(ii) Pd(PPh3)2C12 Cul, Et2NH, CHzCh,1
(iii) KOH(aq) MeOH,16(iv) Pt(Ph)(PEt3)2Cl, Cul, Et2NH, CH2CI2

The synthesis of complex (106) was achieved by the dehydrohalogenation
reaction of (105) and three molar equivalents of  trans-
6zs(triethylphosphine)(phenyl)platinum(II) chloride. The reaction was carried
out in the presence of copper iodide catalyst in a dichloromethane and
diethylamine solvent mixture. The reaction was worked up as previously seen
for di-nuclear platinum complexes in this Thesis and was purified by

recrystallisation from ethanol. (106) was achieved in a 69% yield, and was
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characterised by multinuclear NMR spectroscopy, with the >'P NMR displaying
a single resonance at 11.09 ppm and 19pt satellites (\pp = 2367 Hz).
Characterisation was supported by elemental analysis, as well as structural

characterisation achieved by single crystal X-ray diffraction.

The molecular structure of (106) was determined by X-ray crystallography from
a single crystal obtained from an ethanolic solution and is shown in Figure 5.18.
Selected bond lengths and angles are provided in Table 5.5, with
crystallographic data provided in Appendix 1.

All three Pt centres are surrounded by four ligands in a square planar geometry.
The central arene ring (C;-C¢) on the spacer ligand is related to the adjacent
arene rings by three dihedral angles; 25.96(16)° (C7-C12), 23.06(15)° (C13-Cs)
and 42.79(16)° (C19-C24). The dihedral angle between adjacent spacer group
rings of the related complex (12) in Chapter 2 (terphenyl spacer) was found to
be 34.4(3)°. It could be predicted that the dihedral angles observed in (106)
would be greater than the analogous complex (12), because the arene rings are
arranged in a para arrangement in (12) and a meta arrangement in (106), giving

rise to greater steric interactions in the latter.
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Figure 5.18 Molecular structure of (106) depicted with a 50% ellipsoid probability.
Hydrogens have been omitted for clarity, except for those on the tri-yne ligand which are

Bond Lengths (A)

Ptl-C26
Pt2-C28
Pt3“C30
Ptl-Pl
Ptl-P2
Pt2"P3
Pt2-P4
Pt3"P5
Pt3“Pé6
Pti-Cioi
Pt2-C201
Pt3-C301
Q 5-C26
C27-C28

C29-C3Q

shown in blue.

1.994(18)

2.

2.

2.

2.

002(12)
002(16)
.288(13)
.264(12)
.287(13)
.289(14)
.290(12)
.280(13)
.084(13)
057(11)

044(12)

1.245(12)

1.211(9)

1.216(10)

Table 5.5 Selected bond angles and bond lengths of (106).
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Bond Angles (°)

Ptl-C26-C25
Pt2-C28-C27
Pt3-C30-C29
Pi-PtrP2
P3“Pt2"P4
P5-Pt3-P6
C26"Ptl-Cioi
C28“Pt2-C201

C3Q-Pt3-C301

177.21(18)
169.90(21)
175.92(15)
171.57(16)
173.55(20)
173.34(16)
178.36(19)
175.51(17)

177.94(17)

Dihedral Angles (°)

CW C17-12

C1-6/C 13.18

Cl-6/Ci9-24

25.96(16)
23.06(15)

42.79(16)
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5.11 UV-visible studies of complex (106)

Once the identity and purity of (106) was confirmed, the photophysical
properties of the complex were studied by solution UV-visible spectroscopy, as
0.01 mM dichloromethane solution. The UV-visible absorption and emission
spectra of (106) are shown in Figure 5.19. The emission spectrum was obtained
after exciting the sample at 392 nm. The electronic spectra of (12) are also

shown in Figure 5.19 for comparison.

R*H (12)
=350 nm,e=72,300 M1cm'1

Emissionmg, =403 nm

R *F (106) N
Xnn =392 nm,e =69,700 M I cm'

Ao oq¥ge” TEnm=n

Emissionmg* = 451 nm

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 5.19 UV-visible absorption and emission spectra of (106) and (12) in CH2C12 at RT.

The absorption spectrum of (106) exhibits one major broad band centred at 392
nm. The onset of absorption is observed at 470 nm (2.64 eV), this is 0.4 eV
lower than (12). The drop in the optical energy gap of (106) compared to (12) is
consistent with the increase in the size of the chromophore and suggests that
delocalisation is spread over the whole of the system between all three Pt(Il)
centres. The emission spectrum of (106) shows two main peaks at 450 and 477
nm, and is similar in peak shape to the emission spectrum of (12) with a shift to

higher wavelength.
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5.12 Conclusions

The aim of the work in this Chapter was to design a series of new di-yne ligands
in order to study the effects of steric interactions within the spacer group on the

photophysical properties of the di-yne ligands and corresponding complexes.

O=—0-00—0

Fluorine and methyl groups were used on the central arene ring of the spacer
groups in complexes (86) (X= CF) and (95) (X= CCH3), respectively, to impose
greater steric interactions between adjacent rings than in (12) (X= CH). The
effect of the substitution of these sterically demanding groups produced a
bathochromic shift in the solution UV-visible spectra. The observation of the
bathochromic shift is consistent with the reduction in the delocalisation of the
system as the twist angle increases. However, the electron donating or
withdrawing properties of the methyl and fluorine groups, respectively have a
secondary influence on the position of the absorption band which may reinforce
or negate the steric effect. The presence of the fluorine groups was proven to
decrease the optical gap, as complex (89) displayed an optical gap 0.07 eV
lower than the non-fluorinated analogue (3).

Planarisation of the spacer group was attempted in the hope to increase the
orbital overlap of the system to increase delocalisation, by the synthesis of the
new di-yne ligand (102). This new tetrazine- containing ligand displayed an
optical energy gap of 2.94 eV, which was 0.41 eV lower than the terphenyl-
containing ligand (10). Partial planarisation was achieved by the synthesis of
the new pyrimidine- containing ligand (100), which displayed an optical gap of
3.29 eV, 0.06 eV lower than (10). This shows the ability to influence the

electronic properties by introducing a more planar central chromophore.
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Increase in the size of the chromophore of (12) was investigated by synthesising
a tri-nuclear Pt(II) complex (106). The solution state UV-visible spectra of
these two complexes were compared, with (106) displaying a lower optical
energy gap of 0.4 eV. The solid state structure of (106) showed greater dihedral
angles between adjacent arene rings of the spacer group when compared to (12),
this will have had a energy increasing effect on the HOMO-LUMO energy gap
of the system.

To summarise all the optical energy gaps of all the compounds examined in this
Thesis Table 5.6 lists the compound reference number along with the associated

optical energy gap.

Compound Optical Gap (eV) Compound Optical Gap (eV)
) 4.14 (55) - 3.11
3 3.20 (57) 2.80
®) 3.76 (61) 2.77
©) 3.13 (65) 2.77
(11) 3.22 (69) 2.77
(12) 3.04 (73) 3.01
(22) 2.83 77 3.00
(26) 2.69 (86) 3.16
32) 2.66 89) 3.13
(36) 3.01 (90) 3.48
(40) 2.65 95) 3.70
43) 2.58 (100) 3.29
(48) 2.88 (102) 2.94
(52) 2.71 (106) 2.64

Table 5.6 Summary of optical energy gaps for compounds studied in this Thesis.
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Increase in the size of the chromophore of (12) was investigated by synthesising
a tri-nuclear Pt(II) complex (106). The solution state UV-visible spectra of
these two complexes were compared, with (106) displaying a lower optical
energy gap of 0.4 eV. The solid state structure of (106) showed greater dihedral
angles between adjacent arene rings of the spacer group when compared to (12),
this will have had a energy increasing effect on the HOMO-LUMO energy gap
of the system.
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6. Experimental Details

6.1 General methods and instrumentation

All air sensitive reactions were carried out under dinitrogen or argon atmospheres
using either standard Schlenk line or dry box techniques.! Dichloromethane and
tetrahydrofuran were dried and degassed under an argon atmosphere over activated
alumina columns using an Innovative Technology Solvent Purification System (SPS)
and degassed using argon prior to use in air sensitive reactions. All secondary and
tertiary amines were purified by distillation using calcium hydride as a drying agent

and stored under argon in Young’s ampoules over 4 A molecular sieves.

NMR spectra were recorded on Bruker AV300 or AVANCE 400 spectrometers at 298
K unless otherwise stated. 'H NMR spectra were referenced internally to residual
protio-solvent (CHCl; at 7.26 ppm) and *C NMR spectra referenced to deuterio-
solvent resonance (CDCl; at 77.0 ppm). '°’F NMR spectra were referenced to
CsHsCF; (-63.72 ppm), >'P NMR spectra to 85% H3PO4 (0.00 ppm) and "’Se NMR
spectra to selenophene (605.0 ppm). Assignments were supported by 13C PENDANT
NMR and homo- and hetero-nuclear, one- and two-dimensional experiments as

appropriate.

IR spectra were recorded as KBr discs on a Nicolet — Nexus FTIR spectrometer in the
range of 4000 — 400 cm” and averaged over 16 scans, and data quoted in

wavenumbers (cm™).

Mass spectra were recorded at the EPSRC National Mass Spectrometry Service at the
University of Wales, Swansea, using either Electron Impact (EI) or Chemical

Ionisation (CI) as the method of ionisation.

Electronic absorption spectra were recorded using a Perkin Elmer Lambda 650 UV-
vis Spectrometer. Samples were prepared in “Grade A” volumetric glassware and
analysed in 1.0 cm path length quartz cells at 200 nm/min band pass rate, and spectra
recorded as an average of three scans. Emission spectra were recorded using a Perkin

Elmer LS55 Luminescence Spectrometer. Samples were analysed in 1.0 cm path
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length quartz cells using a 10.0 nm excitation slit width and 240 nm/min band pass

rate.

Elemental analyses were carried out in house using an Exeter Analytical CE 440

elemental analyser.

Single crystals for X-ray analysis were mounted onto the goniometer head by means
of a glass fibre and perfluoro polyether oil. Data was collected using a Briiker Nonius
Kappa CCD diffractometer fitted with a CCD area detector and cryostream to cool the

sample to low temperature.

Unless stated otherwise chemicals were obtained commercially and used as received.
Precursor compounds were prepared by literature methods. Where it was necessary to
alter the work-up or purification procedure to obtain satisfactory results, or where
characterisation of the materials was incomplete in literature, full synthetic procedures
and characterisation data is reported here. The following compounds were
synthesised by literature methods; 1,4-diethynyl-benzene,? 4,4'-diethynyl-biphenyl,’
2-bromo-1-(4-bromo-phenyl)-ethanone, * 2,5-diethynyl-thiophene, *> 1,4-dibromo-
durene, ¢ 5-bromo-2-chloropyrimidine, ’ 5-bromo-2-iodopyrimidine, ® 1,3,5-tris-[(4-
bromo)phenyl]benzene,® 1,3,5-tris-[(4-trimethylsilylethynyl)phenyl]benzene, 1 trans-
bis(triethylphosphine)(phenyl)platinum(II) chloride, !' trans- bis (diethylphenyl-
phosphine)(phenyl)platinum(II) chloride,'! triphenylphosphine-gold(I) chloride."?

181



Chapter Six

6.2 Experimental details for Chapter Two

6.2.1 Synthesis of 1,4-di-(trans-(phenyl,bis-triethylphosphine)platinum)
ethynyl-benzene (3)"

@;?%@

Trans-bis(triethylphosphine)(phenyl)platinum(II)chloride (250 mg, 0.458 mmol), 1,4-
diethynylbenzene (28.8 mg, 0.229 mmol) and copper(I) iodide (~5 mg) were placed in
a Schlenk tube. Dichloromethane (15 mL) and diisopropylamine (15 mL) were added
and the reaction left to stir for 16 hr after which time completion of the reaction was
confirmed by TLC (silica, dichloromethane). The volatiles were removed under
reduced pressure to afford a solid. The crude product was then passed through a plug
of alumina with ethyl acetate as the eluent, the volatiles again removed under reduced
pressure, and the resulting solid recrystallised from ethanol to afford (3) as yellow
crystals (196 mg, 75%).

'H NMR (CDCl3, 400.13 MHz)
1.05-1.12 (m, CH3 36H), 1.72-1.79 (m, CH;, 24H), 6.80 (t, °J = 14.7 Hz, CH, 2H),
6.96 (t, >J = 14.7 Hz, CH, 4H), 7.14 (s, CH, 4H), 7.33 (m, CH, 4H)

BC{'H} NMR - PENDANT (CDCls, 100.61 MHz)

8.36 CH; (P(CH:CHs)3) , 126.02  CH (para, Pt-Ph)
15.45 CH; ((P(CH2CHa)3), tys, Upc+3Joc  127.58  CH (meta, Pt-Ph)
=34 Hz) 130.72  CH (CeHy)
111.13 Cy (C=C-Pt) 139.60  Cipso (CsHsPt)
11328 C4 (C=C-PY) Inner phenyl Cips, absent

121.48 CH (ortho, Pt-Ph)

SIpa'H} NMR (CDCls, 161.97 MHz)
9.89 (\Jpp= 2642 Hz)

IR (KBr disc, v cm™): 3046, 2968, 2936, 2855 (C-H), 2093 (C=C)
UVNis:  Amax = 349 nm, £ = 51,300 dm’>mol'cm’

Emission: Apa = 366 nm
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6.2.2 Synthesis of 4,4'-di-(trans-(phenyl,bis-triethylphosphine)platinum)
ethynyl-biphenyl (6)

OH—0-0—F0
AT
N g
Trans-bis(triethylphosphine)(phenyl)platinum(IT)chloride (272 mg, 0.50 mmol), 4,4'-
diethynylbiphenyl (50.5 mg, 0.25 mmol) and copper(I) iodide (~5 mg) were placed in
a Schlenk tube. Dichloromethane (10 mL) and diisopropylamine (10 mL) were added

and the reaction left to stir for 12 hr after which time completion of the reaction was

confirmed by TLC (silica, dichloromethane/hexane, 1:1 v/v). The volatiles were
removed under reduced pressure. The crude product was then passed through a plug
of alumina with ethyl acetate as the eluent, the volatiles were removed under reduced
pressure, and the resulting solid recrystallised from ethanol to afford (6) as cream
crystals (218 mg, 72%).

"H NMR (CDCl3, 400.13 MHz)
1.10 (m, CHj, 36H), 1.77 (m, CH>, 24H), 6.80 (m, CH, 2H), 6.96 (m, CH, 4H),
7.34 (d, 3J=8.0 Hz, 4H), 7.43 (d, °J = 8.0 Hz, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

8.03 CH; (P(CH,CHs)s) 12728 CH  (meta, Pt-Ph)
1512  CH, (P(CH;CHs)s, tys, Joct3Joc= 128.09 Cio  (C=C-Cipso)
34 Hz) 13723 Cjpso  (biphenyl)
110.13 G4 (C=C-Pt) 131.14 CH  (meta to alkyne)
11428 C, (C=C-P) 13921 CH  (ortho, Pt-Ph)
12120 CH (para, Pt-Ph) 15645 Cipso (Pt-Ph)

12620 CH  (ortho to alkyne)

S'p{'H} NMR (CDCl;, 161.97 MHz)
10.03 ("Jpp= 2640 Hz)

Elemental Analysis: Result % (calculated %): C = 50.7 (51.3), H = 6.34 (6.46)
IR (KBr disc, v cm™): 3046, 2968, 2936(C-H), 2090 (C=C)
UV/ivis:  Amax =349 nm, £ = 58,800 dm’mol™em™!

Emission: Apa = 387 nm
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6.2.3 Synthesis of 4,4''-di-(trans-(phenyl,bis-(diethyl) (phenyl) phosphine)
platinum) ethynyl-biphenyl (7)

- .

P

A—0-0—0
S

Trans-bis(diethylphenylphosphine)(phenyl)platinum(II)chloride (320 mg, 0.50 mmol),
4,4'-diethynylbiphenyl (50.5 mg, 0.25 mmol) and copper(I) iodide (~5 mg) were
placed in a Schlenk tube. Dichloromethane (10 mL) and diisopropylamine (10 mL)
were added and the reaction left to stir for 18 hr after which time completion of the
reaction was confirmed by TLC (silica, dichloromethane/hexane, 2:1 v/v). The
volatiles were removed under reduced pressure. The crude product was then passed
through a small plug of alumina in ethyl acetate, and the eluted solvent was

evaporated to dryness. The resulting solid was recrystallised from ethanol to afford (7)
as yellow crystals (230 mg, 65%).

TH NMR (CDCl, 400.13 MHz)
0.97-1.05 (m, CHs, 18H), 1.97-2.08 (m, CH,_ 8H), 2.10-2.21 (m, CHp, 8H), 6.69-
6.77 (m, CH, 6H), 6.92 (d, >J = 6.3 Hz, CH, 4H), 7.24 (d, °J = 8.6 Hz, CH, 4H),
7.35-7.36 (m, CH, 12H), 7.41 (d, >J = 8.6 Hz, CH, 4H), 7.53-7.60 (m, CH, 8H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

7.72 CH: (P(CH,CHs)s) 12931 CH (ortho to alkyne)

1560  CH; ((P(CH:CHa)s), tps, “Jpc+'Jpc 13124 CH  (meta, Pt-Ph)
=34 Hz) 13162 Cipo  (C=C-Cips0)

111.12 C;  (C=C-PY) 131.86 Ciyo (biphenyl)

113.88 (4 (C=C-Pt) 132.08 CH  (meta to alkyne)

121.19 CH (para, Pt-Ph) 13727 Cipso (P(PH))

126.13 CH (P(Ph) 139.11 CH (ortho, Pt-Ph)

12696 CH (P(Ph) 154.57 Cipso (Pt-Ph)

128.88 CH (P(Ph)
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3p{'H} NMR (CDCl;, 161.97 MHz)
10.27 (Ve = 2721 Hz)
Elemental Analysis: Result % (calculated %): C = 57.2 (58.0), H=15.63 (5.58)
IR (KBr disc, v em™): 3046, 2968, 2936, 2875 (C-H), 2096 (C=C)
UVHVis: Amax = 351 nm, & = 58,800 dm’>mol’cm™

Emission: Ama =388 nm

6.2.4 Synthesis of 4,4"-bis-(trimethylsilyl)-terphenyl (8)"*

FOO-O4

4--Emethylsilyl phenylboronic acid (600 mg, 3.09 mmol), 1,4-diiodobenzene (339 mg,
1.03 mmol), tetrakis(triphenylphosphine)palladium(0) (173 mg, 1.50 mmol) were

4]Smethylsily1

placed into a round bottomed flask. Toluene (30 mL) and sodium carbonate (2.0 M
aqueous solution, 20 mL) were added and the solution refluxed under an inert
atmosphere. The reaction was monitored by TLC (silica, dichloromethane) and after
48 hr was complete. The volatiles were removed under reduced pressure and the
crude product was redissolved in chloroform, this was washed with saturated sodium
hydrogen carbonate (2 x 50 mL) then water (2 x 50 mL). The organic phase was
dried (MgSO,) and the volatiles removed under reduced pressure to yield an off white
solid. This solid was then recrystallised from methanol affording (8) as a white
powder (262 mg, 68%).

'H NMR (CDCl;, 300.22 MHz)
0.32 (s, CH;_ 18H), 7.53-7.59 (m, CH, 8H), 7.60-7.65 (m, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 75.49 MHz, & ppm)

2.10 CH; (SiCHs) 138.30 Cipso (central CeHy)
125.40 CH (central CsHy) 139.10 Cipso (para to SiMes)
126.50 CH (meta to SiMes) 140.04 Cipso  (CSiMes)

132.90 CH (ortho to SiMe3)
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6.2.5 Synthesis of 4,4''-diiodo-p-terphenyl (9)15’16

aOa s

Iodine monochloride (1.18 mL, 1.00 M solution in dichloromethane) was added
dropwise to a stirring solution of 4,4"-bis(trimethylsilyl)-p-terphenyl (4) (200 mg,
0.53 mmol) in chloroform (20 mL). On addition of the iodine monochloride the
solution turned a bright orange colour and a white precipitate was formed. TLC
(silica, dichloromethane/hexane, 1:1 v/v) of the mixture after 1 hr revealed the
completion of reaction. Saturated sodium thiosulphate (10 mL) was added to quench
excess iodine. The organic layer was separated, washed with water (2 x 20 mL) and
then dried (MgS0s). The solvent was removed under reduced pressure yielding an off
white solid which was recrystallised from chloroform affording (9) as a white solid
(180 mg, 62%).

TH NMR (CDCl3, 400.13 MHz)
7.37 (d, 2J=8.0 Hz, CH, 4H), 7.63 (s, CH, 4H), 7.79 (d, >*J=8.0 Hz, CH, 4H)

BC{*H} NMR (CDCl;, 75.49 MHz)
127.31 CH (central C¢Hy) 137.89  CH (ortho to iodide)
128.78 CH (meta to iodide) 140.00 Cipso (central CgHa)
Two ipso carbons are absent from the spectrum due to the poor solubility of the

product in all common organic solvents.

6.2.6 Synthesis of 4,4"-bistrimethylsilylethynyl-p-terphenyl (10)"’

F = OO+
D

4,4"-ﬁiiodo-p-terphenyl (5) (150 mg, 0.27 mmol), copper iodide (5§ mg, 0.03 mmol)
and bis(triphenylphosphine)palladium(II)chloride (38 mg, 0.05 mmol) were placed in
a Schlenk tube. Tetrahydrofuran (50 mL), diisopropylamine (10 mL) and
trimethylsilylacetylene (0.12 mL, 0.82 mmol) were added respectively and the
reaction was left to stir, under protection from light, for 16 hr. TLC (silica,

dichloromethane/hexane, 4:1 v/v) revealed completion of reaction and the volatiles
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were removed under reduced pressure. The resulting solid was dissolved in
hexane/ethyl acetate (1:1 v/v) and passed through an alumina plug, after which the
solvent was removed yielding a brown solid. Recrystallisation of the crude product
from ethanol afforded (10) as an off white solid (110 mg, 96%).

"H NMR (CDCls, 400.13 MHz)
0.21 (s, CHs, 18H), 7.20 (s, CH, 4H), 7.48 (d, >/=8.4 Hz, CH, 4H), 7.52 (d, >/=8.4
Hz, CH, 4H)

Bc{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

-1.01 CH; (SiCH3y) 12642 CH (central C¢Hy)
9408 C, (C=C-Si) 13146 CH  (ortho to alkyne)
10394 C; (C=C-C) 138.56  Cipso (central CgHy)
12123 Cpso  (C=C-C) 13945 Cpo (parato alkyne)

125,71 CH  (metato alkyne)

IR (KBr disc, v cm™): 3122, 2959, 2889 (C-H), 2156 (C=C), 1250 (Si-C)

6.2.7 Synthesis of 4,4''-di-ethynyl-terphenyl (11)

— -

Potassium hydroxide (0.24 mL, 2.00 M aqueous solution) was added to a stirring
solution of 4,4"-bis-trimethylsilylethynyl-terphenyl (10) (90 mg, 0.21 mmol) in
dichloromethane/methanol (40 mL, 1:1 mixture). The solution was left to stir, in the
absence light, for 18 hr and the reaction progress was monitored by TLC (silica,
dichloromethane/hexane, 4:1 v/v). The volatiles were removed under reduced
pressure; the solid was redissolved in dichloromethane and washed with water (2 x 50
mL). The organic phase was dried (MgSQO;) and the volatiles were removed to afford
(11) as a pale yellow solid (42 mg, 72%)).

'H NMR (CDCl;, 300.22 MHz)
3.14 (s, C=CH, 2H), 7.60 (m, CH, 8H), 7.68 (m, CH, 4H)
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BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

8384 CH (C=CH) 12786 CH  (central C¢Has)
96.93 Cq (C=CPh) 13299 CH (metato alkyne)
12153 G4 (C=CPh) 139.92  Cipso  (central C¢Ha)
12723 CH  (ortho to alkyne) 141.19  Cipso  (para to alkyne)

IR (KBr disc, v em™): 3023, 2989 (C-H), 2100 (C=C), 1921 (C=C-H)

6.2.8 Synthesis of 4,4''-bis-(trans-(phenyl,bis-triethylphosphine)platinum)
ethynyl-terphenyl (12)

L

Q/j-@

Trans-bis(triethylphosphine)(phenyl)platinum(I)chloride (124 mg, 0.23 mmol), 4,4"-
di-ethynylterphenyl (11) (30 mg, 0.11 mmol), and copper(I) iodide (5 mg) were
placed in a Schlenk tube. Dichloromethane (20 mlL) and diisopropylamine (10 mL)
were added and the reaction was left to stir for 6 hr, after which time TLC (silica,
dichloromethane/hexane, 2:1 v/v) confirmed completion of the reaction. The volatiles
were removed under reduced pressure and the solid was dissolved in ethyl acetate.
The solution was passed through a plug of alumina and the solvent was evaporated to
dryness. The resulting solid was recrystallised from ethanol/chloroform (9:1 v/v)
yielding (12) as yellow crystals (93 mg, 67%).

'H NMR (CDCl;, 400.13 MHz)
1.07-1.15 (m, CHs 36H), 1.74-1.82 (m, CH,, 24H), 6.79-6.83 (m, CH, 2H), 6.95-
6.99 (m, CH, 4H), 7.33-7.39 (m, CH, 8H), 7.50 (d, J = 8.6 Hz, 4H), 7.64 (d, °J =
8.6 Hz, CH, 4H)
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BC{'H} NMR - PENDANT (CDCl, 75.5 MHz)

8.38 CH; (P(CH,CH:)s) 126.66 CH  (central C¢H,)
15.47 CH; ((P(CH,CHj)s), ths, 127.86 CH  (meta to alkyne)
1 Joc+3Jpc = 34 Hz) 132.99 CH (central C¢Hs)
11037 C, (C=C-PY) 138.98 Cipso (central CgHy)
11228 C;  (C=C-Pt) 141.19 Cipso  (parato alkyne)
121.54 CH (para, Pt-Ph) 139.55 CH  (ortho, Pt-Ph)

122.13 CH (ortho to alkyne)

31p{'H} NMR (CDCl3, 161.97 MHz)
10.04 ({Jpp = 2640 Hz)

Elemental Analysis: Result % (calculated %): C = 53.5 (53.9), H = 6.44 (6.39)
IR (KBr disc, v em™): 2954, 2927(C-H), 2090 (C=C)
UVVis: Anax = 350 nm, & = 72,300 dm’*mol'cm™

Emission: Apax =422 nm

6.2.9 Synthesis of 4,4'"'-bis-(trimethylsilyl)-quaterphenyl (13) '®

HO-O-O0-O4

ﬁi;;imethylsilyl phenylboronic acid (800 mg, 4.12 mmol), 4,4’-diiodo-biphenyl (556
mg, 1.37 mmol), tetrakis(triphenylphosphine)palladium(0) (238 mg, 4.12 mmol) were
placed in a round bottomed flask. Toluene (60 mL) and sodium carbonate (2.0 M
aqueous solution, 40 mL) were added and the solution was refluxed under an inert
atmosphere. The reaction was monitored by TLC (alumina, 40:60 petroleum ether)
and was complete after 52 hr. The reaction mixture was concentrated to low volume
(~10 mL) and the resulting solid was filtered and dried under reduced pressure. The
crude product was then recrystallised from chloroform affording (13) as a white
powder (364 mg, 59%).

"H NMR (CDCl;, 400.13 MHz)
0.32 (s, CH;, 18H), 7.64 (m, CH, 8H), 7.72 (m, CH, 8H)
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BC{'H} NMR - PENDANT (CDCl;, 75.49 MHz)

073 CH; (SiCHj) 139.77 Cipso  (CeHa)
12671 CH (CsHy) 140.02 Cipso  (CeHa)
12774 CH (CsHy) 140.50 Cipso  (CsHa)
12790 CH (CsHy) 14140 Cipso (CeHa)

13424 CH (CsHy)

Elemental Analysis: Result % (calculated %): C = 78.9 (79.9), H = 7.48 (7.60)

6.2.10 Synthesis 4,4'''-diiodo-p-quaterphenyl (14)

aOaUaWa s

Iodine monochloride (1.47 mL, 1.00 M solution in dichloromethane) was added,
dropwise to a stirring solution of 4,4"-bis-(trimethylsilyl)-quaterphenyl (300 mg, 0.67
mmol) in chloroform (60 mL). After several minutes a white precipitate was formed.
TLCs of the reaction mixture proved to be inconclusive as the product was insoluble
in all common organic solvents. The reaction was left to stir for 18 hr after which
time excess iodine was quenched with saturated sodium thiosulphate solution (10 mL).
The volatiles were removed under reduced pressure and the crude product was
washed with chloroform (50 mL) affording (14) as a white powder (180 mg, 48%).
The product was very insoluble in all common organic solvents; therefore NMR

spectroscopic characterisation was not possible.

El-mass spectrum: (Cy4H;¢l2) m/z 558.2; calc. 558.2
Elemental Analysis: Result % (calculated %): C =51.0 (51.6), H=2.66 (2.89)

6.2.11 Synthesis of 4,4'''-bis-(trimethylsilylethynyl)-quaterphenyl (15)

+—O-0-0-0—+

4,4'"%&iodo-p-quaterphenyl (14) (150 mg, 0.27 mmol), copper iodide (5 mg, 0.03
mmol) and bis(triphenylphosphine)palladium(II)chloride (38 mg, 0.05 mmol) were
placed in a Schlenk tube. Dimethylformamide (150 mL), diisopropylamine (50 mL)
and trimethylsilylacetylene (0.22 mL, 1.50 mmol) were added, respectively, and the
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reaction was left to stir, under protection from light, for 28 hr. TLC (silica,
dichloromethane/hexane, 4:1 v/v) revealed completion of reaction and the volatiles
were removed under reduced pressure. The crude product was dissolved in
hexane/ethyl acetate (1:3 v/v) and passed through a short alumina plug after which the
solvent was removed yielding a brown solid. Recrystallisation of the crude product
from ethanol afforded (15) as an off white solid (55 mg, 40%).

'H NMR (CDCls, 400.13 MHz)
0.27 (s, CHs, 18H), 7.58 (m, CH_ 8H), 7.71 (m, CH_ 8H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

000  CH; SiMes 13246 CH (CsHy)
9504 C, CCSiMe; 13320 CH (CsHa)
10495 C, CCSiMe; 13936 Ciso  (CeHy)
122.16 Cips (C=C-C) 139.81 Cio (CeHy)
12671 CH (CsH) 14055 Ciso  (CeHly)

12744 CH  (CeHy)

IR (KBr disc, v cm™): 3046, 2968, 2936, 2875 (C-H), 2086 (C=C)

6.2.12 Attempted synthesis of 4,4'''-di-(ethynyl)-quaterphenyl (16)

e Ve Ve Ve

4,4"':%@s-trimethylsilylethynyl-quaterphenyl (15) (20 mg, 0.56 mmol) was dissolved
in dichloromethane/methanol (50 mL, 2:1 mixture) and potassium hydroxide (0.20
mL, 2.00 M aqueous solution) was added. The solution was left to stir in the absence
of light for 18 hr and the reaction progress was monitored by TLC (silica,
dichloromethane/hexane, 5:1 v/v). The solvent was removed under reduced pressure,
and the solid was suspended in dichloromethane (100 mL) and washed with water (2
X 50 mL). The organic phase was dried (MgSO4) and the volatiles were removed
affording (16) as a pale brown solid (10 mg, 42%). The product was found to be

insoluble in all common organic solvents.
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6.2.13 Synthesis of 4,4'"'-di-(trans-(phenyl,bis-triethylphosphine)
platinum)ethynyl-tetraphenyl (17)

Q @
A

4,4""-\bis-trimethylsilylethynyl-quaterphenyl (15) (30 mg, 0.09 mmol) and sodium
methoxide (30 mg) were placed in a Young’s ampoule and dissolved in
dichloromethane/methanol (2:1 v/v, 50 mL). The reaction was left to stir in the
absence of light for 30 minutes. Trans-bis(triethylphosphine)(phenyl)platinum(II)
chloride (90 mg, 0.18 mmol) and diisopropylamine (10 mL) was added to the stirring
solution. The reaction was left to stir for a further 26 hr after which time TLC (silica,
dichloromethane) revealed consumption of ligand and platinum starting materials.
The volatiles were removed under reduced pressure and the solid was dissolved in
ethyl acetate. The solution was passed through a plug of alumina and the solvent was
evaporated to dryness. The resulting solid was recrystallised from ethanol/chloroform
(6:1 v/v) affording (17) as a yellow solid (48 mg, 43%).

TH NMR (CDCls, 400.13 MHz)
1.04-1.15 (m, CHs, 36H), 1.74-1.82 (m, CH,, 24H), 6.79-6.83 (m, CH, 2H), 6.95-
6.99 (m, CH, 8H), 7.33-7.39 (m, CH, 12H), 7.46-7.59 (m, CH, 8H)

31p{'H} NMR (CDCl3, 161.97 MHz)
10.00 (Jpp = 2644 Hz)
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6.3 Experimental details for Chapter Three

6.3.1 Synthesis of 1,4-di-(4-bromo-phenyl)-butane-1,4-dione (18)

Freshly dehydrated zinc chloride (2.72 g, 20.0 mmol) was placed in a Young’s
ampoule, benzene (10 mL), diethylamine (1.57 mL, 15.0 mmol) and ters-butanol (1.4
mL, 15 mmol) were successively added. The mixture was stirred for 3 hr then 4'-
bromo-2-bromoacetophenone (1.99 g, 10.0 mmol) and 4-bromoacetophenone (4.17 g,
15.0 mmol) were successively added. The mixture was stirred for 7 days and
monitored by TLC (silica, hexane/dichloromethane). The reaction was quenched with
5% sulphuric acid (20 mL). The organic layer was separated and washed with 5%
sodium chloride and dried (MgSO4). The volatiles were removed under reduced
pressure and the product was crystallised from methanol affording (18) as a white
solid (3.29 g, 85%).

'H NMR (CDCls, 300.22 Hz)
3.33 (s, CHy, 2H), 7.56 (d, >J = 8.6 Hz, CH, 2H), 7.83 (d, °J = 8.6 Hz, CH, 2H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz)
328 CH, 135.8  Cipso  (para to bromine)
130.1 CH  (ortho to bromine) 1979 Cip C=0
1324 CH  (meta to bromine)

Elemental Analysis: Result % (calculated %): C = 48.3 (48.5), H=3.04 (3.05)

6.3.2 Synthesis of 2,5-di-(4-bromo-phenyl)-furan (19)19

1,4-\bjs-(4-bromo-phenyl)-butane-1,4-dione (800 mg, 2.02 mmol) and phosphor\)\us
pentoxide (4.00 g, 10.1 mmol) were dissolved in xylene (30 mL) and the solution was
refluxed for 2 hr. TLC of the reaction mixture (silica, hexane/dichloromethane, 2:1

v/v) revealed completion of the reaction. After cooling, cold water was added
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dropwise (30 mL) and the reaction mixture was heated to 80 °C for 30 minutes. The
volatiles were then removed under reduced pressure, dichloromethane (40 mL) was
added, and the organic phase was separated and washed with water (2 x 50 mL). The
dichloromethane was dried (MgSO;) and evaporated to low volume and methanol was

added to precipitate (19) as a white solid (610 mg, 80%).

'H NMR (CDCls, 400.13 MHz)
6.74 (s, CH 2H), 7.52 (d, >J = 8.6 Hz, CH_ 4H), 7.59 (d, °J = 8.6 Hz, CH 4H)

BC{H} NMR - PENDANT (CDCl;, 100.62 MHz)

10825 CH (furan) 129.79 Cipso (furan)
121.65 Cipso (CBr) 13226 CH  (meta to furan)
125.58 CH (ortho to furan) 153.02 Cipso (para to bromine)

Elemental Analysis: Result % (calculated %): C = 49.9 (50.8), H=2.70 (2.67)

El/Mass Spectrum: (C,6H,0Br,0) m/z 378.0, calc. 378.0

6.3.3 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-furan (20)

/ \

2,53d\i-(4-bromo-phenyl)-furan (500 mg, 1.32 mmol), copper (I) iodide (7.5 mg, 0.04
mmol), bis(triphenylphosphine)palladium(II)chloride (55.6 mg, 0.08 mmol) were
placed in a Schlenk tube. Dichloromethane (20 mL), diisopropylamine (10 mL) and
trimethylsilylacetylene (0.58 mL, 3.96 mmol) were added successively and the

S~

/
\

Se
[

reaction was left to stir, under the protection of light, for 26 hr. The volatiles were
removed under reduced pressure and the resultant solid was passed through a short
alumina plug using ethyl acetate/hexane (1:1 v/v) as the eluent. The solvent was then
removed and the solid was further purified by chromatography (silica,
hexane/dichloromethane, 4:1 v/v) affording (20) as an off white solid (340 mg, 63%).

'H NMR (CDCls, 400.13 MHz)
0.27 (s, CHs, 18H), 6.77 (s, CH 2H), 7.49 (d, >J = 8.4 Hz, CH 4H), 7.67 (d, *J =
8.4 Hz, CH 4H)

194



Chapter Six

BC{*H} NMR - PENDANT (CDCls, 100.62 MHz)

0.34 CH; (SiCHj) 123.77 CH  (metato TMS)
95.66 Cq (SiC=C) 130.67 Cipso (parato TMS)
10540 C (C=CPh) 132.75 CH (ortho to TMS)
10883 CH (furan) 153.50 Cipso (furan)

12230 Ciso (CSiCHz)
Elemental Analysis: Result % (calculated %): C = 74.6 (75.7), H = 6.63 (6.83)

IR (KBr disc, v cm™): 2959, 2899 (C-H), 2158 (C=C), 1251 (Si-C)

6.3.4 Synthesis of 2,5-di-(4-ethynyl-phenyl)-furan (21)

OO

Potassium hydroxide (2.00 M aqueous solution, 0.24 mL) was added to a stirring
solution of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-furan (100 mg, 0.24 mmol) in
dichloromethane/methanol (1:1 v/v, 20 mL). The reaction was left to stir for 4 hr
after which time TLC revealed the completion of the reaction (alumina,
hexane/dichloromethane, 4:1 v/v). The volatiles were removed under reduced
pressure and the solid was redissolved in dichloromethane and washed with water (2 x
50 mL). The organic phase was separated and dried (MgSOs). The volatiles were
removed under reduced pressure affording (21) as an off white solid (55 mg, 86%).

'H NMR (CDCl3, 300.22 MHz)
3.15 (s, CH, 2H), 6.79 (s, CH,2H), 7.53 (d, >J = 8.4 Hz, CH, 4H), 7.70 (d, °*J = 8.4
Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.62 MHz, 3 ppm)

78.46 CH (HC=C) 123.88 CH  (ortho to furan)
83.97 Cipso  (C=CPh) 131.00 Cipso (para to alkyne)
10893 CH (furan) 13292 CH (meta to furan)
12130  Cipso  (para to furan) 153.44 Cipso (furan)

IR (KBr disc, v cm'l): 2949, 2823 (C-H), 2158 (C=C)
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6.3.5 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-furan (22)

YO0
OQJLV QJH\_@

Trans-bis(triethylphosphine)(phenyl)platinum(II)chloride (250 mg, 0.35 mmol) and
2,5-di-(4-ethynyl-phenyl)-furan (47 mg, 0.18 mmol) were placed in a Schlenk tube.
Dichloromethane (15 mL) and diisopropylamine (15 mL) were added and the reaction
was left to stir for 18 hr after which time completion of the reaction was confirmed by
TLC (silica, dichloromethane). The volatiles were removed under reduced pressure.
The crude product was then passed through a small plug of alumina in ethyl acetate,
and the eluted solvent was evaporated to dryness. The resulting solid was
recrystallised from ethanol to afford (22) as yellow crystals (140 mg, 61%).

TH NMR (CDCls, 400.13 MHz)
1.08-1.14 (m, CHs, 36H), 1.71-1.81 (m, CHs, 24H), 6.77 (s, CH 2H), 6.80 (t, >J =
14.5 Hz, CH, 2H), 6.97 (t, °J = 14.5 Hz, CH, 4H), 7.34 (m, CH, 2H), 7.53 (d, ’J =
8.4 Hz, CH 4H), 7.70 (d, °J = 8.4 Hz, CH 4H)

BC{'H} NMR - PENDANT (CDCls, 100.62 MHz)

8.04 CH; (P(CH,CHs)) 12729 CH  (ortho to furan)
1511  CH; ((P(CHCH3)s), tps, 128.69 Cipso (C=C-Cipso)
Ypc+3Jpc =33 Hz) 131.35 Cipso (parato alkyne)
10748 CH (furan) 133.19 CH  (CsHsPt)
11022  Cpo (PtC=C) 139.18 CH  (CeHsPt)
11448 Ciso (C=CPh) 15321 Cipo (furan)
12122 CH  (Ce¢HsPt) 156.34 Ciso  (CéHsPt)

3p{'H} NMR (CDCl3, 161.97 MHz)
10.03 (*Jpp = 2641 Hz)
IR (KBr disc, v cm™): 2973, 2968, 2855 (ethyl), 2092 (C=C)

Elemental Analysis: Result % (Calculated %): C = 52.3 (52.4), H = 6.61 (6.28)

UVNVis: Amax = 375 nm, € = 75,300 dm>mol'cm™!
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Emission: Aqax = 398 nm

6.3.6 Synthesis of 2,5-di-(4-bromo-phenyl)-thiophene (23)

1,4-bis-(4-bromo-phenyl)-butane-1,4-dione (500 mg, 1.26 mmol) and Lawesson’s
reagent (764 mg, 1.89 mmol) was dissolved in xylene (30 mL) and refluxed under an
inert atmosphere for 18 hr. TLC of the mixture revealed completion of the reaction
(silica, hexane: dichloromethane, 2:1 v/v). After cooling, cold water was added
dropwise (30 mL) and the reaction mixture was heated to 80 °C for 30 min. The
volatiles were removed under reduced pressure, dichloromethane (40 mL) was added,
and the organic phase was separated and washed with water (2 x 50 mL). The
dichloromethane solution was dried (MgSO,) and evaporated to low volume,
followed by the addition of methanol to precipitate (23) as a white solid (409 mg,
83%).

"H NMR (CDCls, 400.13 MHz)
7.27 (s, CH 2H), 7.47 (d, >J= 9.0 Hz, CH, 4H), 7.52 (d, >J=9.0 Hz, CH 4H)

3C{1H} NMR - PENDANT (CDCl;, 100.62 MHz)
121.86 Cipo  (para to bromine) 13241 CH  (ortho to thiophene)
12485 CH  (thiophene) 13342 Cipso (CBr)
12744 CH  (meta to thiophene) 143.08 Cipso (thiophene)

EI/Mass Spectrum: (C,¢H;oBr,S) m/z 394.0, calc. 394.0

6.3.7 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-thiophene (24)

/
—\SiSi\/——

D |

2,5-di-(4-bromo-phenyl)-thiophene (300 mg, 0.76 mmol), copper (I) iodide (7.5 mg,
0.04 mmol), bis(triphenylphosphine)palladium(IT)chloride (55.6 mg, 0.08 mmol) were
placed in a Schlenk tube. Dichloromethane (20 mL), diisopropylamine (10 mL) and
trimethylsilylacetylene (0.33 mL, 2.28 mmol) were added successively and the
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reaction was left to stir, in the absence of light, for 18 hr. The volatiles were removed
under reduced pressure and the resultant solid was passed through an alumina plug
using ethyl acetate/hexane (1:1 v/v). The volatiles were removed and the crude
product was further purified by chromatography (silica, hexane/dichloromethane 1:1
v/v) affording (24) as an off white solid (270 mg, 83%).

'H NMR (CDCls, 400.13 MHZ)
0.26 (s, CHs, 18H), 7.31 (s, CH.2H), 7.47 (d, °J = 8.4 Hz, CH_ 4H), 7.55 (d, *J =
8.4 Hz, CH 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.62 MHz)

0.32 CH; (SiCH3) 12545 CH  (ortho to thiophene)
95.70 Cq (SiC=C) 132.88 CH  (meta to thiophene)

105.09 C (C=CPh) 13440 Cipso (para to thiophene)

12245  Cipso  (para to alkyne) 143.73 Cipso  (thiophene)

12493 CH (thiophene)
Elemental Analysis: Result % (Calculated %): C = 71.4 (70.4), H=6.61 (7.19)

IR (KBr disc, v em™): 3075, 3028, 2956, 2898 (C-H), 2155 (C=C), 1250 (Si-C)

6.3.8 Synthesis of 2,5-d-(4-ethynyl-phenyl)-thiophene (25)

/ \
HH

Potassium hydroxide (2.00 M aqueous solution, 0.47 mL) was added to a stirring
solution of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-thiophene (200 mg, 0.47 mmol)
in dichloromethane/methanol (2:1 v/v, 20 mL). The reaction was left to stir for 16 hr
after which time TLC revealed the completion of the reaction (silica,
hexane/dichloromethane, 4:1 v/v). The volatiles were removed under reduced
pressure and the solid was redissolved in dichloromethane and washed with water (2 x
50 mL). The organic phase was separated and dried (MgSO,). The solvent was
removed affording (25) as a yellow solid (130 mg, 98%).
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'H NMR (CDCl3, 300.22 MHz)
3.09 (s, CH, 2H), 7.20 (s, CH.2H), 7.44 (d, >J = 8.7 Hz, CH 4H), 7.52 (d, /= 8.7
Hz, CH 4H)

BC{'H} NMR - PENDANT (CDCls, 75.49 MHz)

78.60 CH HC=0) 125.74 CH (ortho to thiophene)
85.82 Cq (C=CPh) 133.10 CH  (meta to thiophene)

121.59  Cipo  (para to alkyne) 134.81 Cipso (para to thiophene)

12520 CH  (thiophene) 134.75 Cipso  (thiophene)

IR (KBr disc, v cm™): 2949, (C-H), 2158 (C=C), 1939 (C=C-H)

6.3.9 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-thiophene (26)

V00
V= s =/
O/:}’Q/ ﬁ(‘{_@

Trans-bis(triethylphosphine)(phenyl)platinum(II) chloride (272 mg, 0.50 mmol), 2,5-
di-(4-ethynyl-phenyl)-thiophene (59 mg, 0.25 mmol) and copper(I) iodide (~5 mg)
were transferred to a Schlenk tube. Dichloromethane (15 mL) and diisopropylamine
(15 mL) were added and the reaction was left to stir for 18 hr after which time
completion of the reaction was confirmed by TLC (silica, dichloromethane). The
volatiles were removed under reduced pressure and the crude product was then passed
through a plug of alumina in hexane/ethyl acetate (1:1 v/v), and the eluted solvent was
evaporated to dryness. The crude product was recrystallised from ethanol/chloroform
(6:1 v/v) to afford (26) as yellow crystals (210 mg, 66%).

"H NMR (CDCl3, 400.13 MHz)
1.07-1.14 (m, CH;, 36H), 1.73-1.81 (m, CHa, 24H), 6.81 (t, °’J = 14.5 Hz, CH, 2H),
6.97 (t, °J = 14.5 Hz, CH, 4H), 7.21 (s, CH, 2H), 7.29 (d, °J = 8.4 Hz, CH, 4H),
7.34 (m, CH, 2H), 7.47 (d, >J = 8.4 Hz, CH, 4H)
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BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz)

8.07 CH; (P(CH,CHs)s) 128.69 Cipso (C=C-Cipso)
1522  CH, ((P(CH,CHs)s), tys, 131.35 Cipso  (parato alkyne)

L Jpc+’Jpc =34 Hz) 13221 Ciso (thiophene)
12448 CH  (thiophene) 13329 CH (C¢HsPt)
11022 C; (PtC=C) 139.18 CH  (ortho C¢HsPt)
11448 C,; (C=CPh) 156.34 Cipso  (Pt-Ph)

12122 CH  (para C¢HsPt)
12729 CH  (ortho to thiophene)

31p{lH} NMR (CDCl3, 161.97 MHz)
10.00 ({Jpp= 2638 Hz)

Elemental Analysis: Result % (calculated %): C = 51.8 (5§1.7), H=6.21 (6.30)
UV/Vis: Amax = 388 nm, & = 77,300 dm’mol'cm!

Emission: Aypax = 438 nm

6.3.10 Synthesis of 2,5-dibromoselenophene (27)

[\

Br Br
e

Selenophene (2.00 g, 15.26 mmol) was dissolved in hydrobromic acid (20 mL) and
diethyl ether (20 mL) at -10 °C. A solution of bromine (4.88 g, 30.52 mmol) in
hydrobromic acid (30 mL) was added dropwise over a period of 1 hr whilst
maintaining the temperature at -10 °C. The solution was left to stir for a further 1hr at
room temperature. TLC (silica, hexane) revealed the completion of the reaction and a
saturated solution of sodium thiosulphate (15 mL) was added to quench the excess
bromine. The organic layer was separated, washed with water (2 x 30 mL) and dried
(MgSO4). The solvent was removed under reduced pressure and the crude product
was passed through a silica plug in hexane. The crude dark yellow oil was further
purified by vacuum distillation (42 °C, 0.02 mmHg) to afford (27) as a pale yellow oil
(2.83 g, 64%).

'H NMR (CDCls, 300.22 MHz)
7.00 (s, CH, 2H)
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BC{'H} NMR (CDCls, 75.5 MHz)
11557 CH 132.98 Cipso

"Se NMR (CDCl;, 76.31 MHz)
730.5

6.3.11 Synthesis of 2,5-bis-(4-trimethylsilyl-phenyl)-selenophene (28)

[\
>7i3{<
i

4;g‘imethylsily1 phenylboronic acid (1.75 g, 9.00 mmol), 2,5-dibromoselenophene
(864 mg, 3.00 mmol), tetrakis(triphenylphosphine)palladium(0) (693 mg, 6.00 mmol)
were placed in a round bottomed flask. Toluene (50 mL) and an aqueous solution of
sodium carbonate (30 mL, 2.00 M) were added and the solution refluxed under an
inert atmosphere. The reaction was monitored by TLC (silica,
hexane/dichloromethane, 4:1 v/v) and after 76 hr was complete. The organic phase
was decanted and the volatiles were removed under reduced pressure yielding a pale
brown solid. The crude product was purified by chromatography (silica,
hexane/dichloromethane, 5:1 v/v) yielding a yellow solid. Recrystallisation from
ethanol/chloroform (9:1 v/v) afforded (28) as a bright yellow solid (831 mg, 65%).

'H NMR (CDCls, 400.13 MHz)
0.29 (s, CHs, 18H), 7.48 (s, CH, 2H), 7.52 (d, °J = 8.3 Hz, 4H), 7.56 (d, °J = 8.3
Hz, 4H)

Bc{'H} NMR (CDCl;, 100.62 MHz)

-1.19 CH; (SiCHs3) 136.62 Cipso (CsHas para to SiCHj3)
12525 CH  (CgHsortho to selenophene) 13998 Cipso (CeHs para to selenophene
12626 CH  (Selenophene) 149.92  Cipso (Selenophene)

133.89 CH  (Cg¢Hy meta to selenophene)

"7Se NMR (CDCl3, 76.31 MHz)
572.6 CJsen = 8.5 Hz)

Elemental Analysis: Result % (calculated %): C = 61.6 (61.8), H = 6.62 (6.60)
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6.3.12 Synthesis of 2,5-di-(4-iodo-phenyl)selenophene (29)

Fon'aol

Iodine monochloride (1.00 M solution in dichloromethane, 2.34 mL) was added
dropwise to the stirring solution of 2,5-bis-(4-trimethylsilyl-phenyl)-selenophene (500
mg, 1.17 mmol) in chloroform (20 mL), and after 5 min a yellow precipitate was
formed. After 15 hr of stirring TLC (silica, hexane/dichloromethane, 9:1 v/v)
revealed completion of reaction and a saturated solution of sodium thiosulphate (~5
mL) was added. The solid was filtered off and washed with ethanol (2 x 20 mL). The
crude product was recrystallised from chloroform affording (29) as a bright yellow
solid (520 mg, 83%).

'H NMR (CDCl;, 400.13 MHz)
7.29 (d, >J = 8.4 Hz, CH, 4H), 7.43 (s, CH, 2H), 7.70 (d, >J = 8.4 Hz, CH, 4H)

Bc{'H} NMR (CDCl, 100.62 MHz)
92.20 Cipso  (CD) 135.58 Cipso  (Selenophene)
126.76 CH  (Selenophene) 138.01 CH  (C¢Hy meta to selenophene
127.67 CH  (CgHs ortho to selenophene)

"'Se NMR (CDCl3, 76.31 MHz)
574.41 (Jseu = 8.4 Hz)

Elemental Analysis: Result % (calculated %): C = 33.3 (35.9), H=1.78 (1.88)

6.3.13 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)selenophene (30)

/ \
OO
~ /

) \
2,5-c‘Ii((4-iodo-phenyl)selenophene (450 mg, 0.84 mmol), copper (I) iodide (16 mg, -

0.08 mmol), and bis(triphenylphosphine)palladium(Il)chloride (118 mg, 0.17 mmol)
were placed in a Schlenk tube. Dichloromethane (30 mL), diisopropylamine (15 mL)
and trimethylsilylacetylene (0.30 mL, 2.08 mmol) were added successively and the
reaction was left to stir, in the absence of light, for 4 hr. TLC (silica, hexane)
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revealed the completion of the reaction and the volatiles were removed under reduced
pressure. The resultant solid was passed through a silica plug in hexane, and the
solvent removed to afford (30) as bright yellow material (270 mg, 68%).

"H NMR (CDCl3, 400.13 MHz)
0.26 (s, CH, 18H), 7.45 (d, >J = 8.6 Hz, CH, 4H), 7.47 (s, CH, 2H), 7.49 (d, *J =
8.6 Hz, CH, 4H)

3C PENDANT NMR (CDCl;, 100.62 MHz)

-0.04 CH; (SiCH3) 12691 CH  (Selenophene)
95.65 Cq (8iC=C) 13254 CH  (CgHs; ortho to selenophens
104.84 C, (C=CPh) 136.08 Cipso (Selenophene)

122.32  Cijpso  (CsHs para to selenophene) 149.56 Cipso (CgHs para to SiCH3)

125.65 CH  (CsHs meta to selenophene)

"Se NMR (CDCls, 76.31 MHz)
572.98 (*Jseu = 6.2 Hz)

Elemental Analysis: Result % (calculated %): C = 65.5 (65.7), H=5.93 (5.95)

IR (KBr disc, v cm™): 2954, 2898 (C-H), 2154 (C=C), 1249 (Si-C)

6.3.14 Synthesis of 2,5-di-(4-ethynyl-phenyl)selenophene (31)

/ \
OO0

Potassium hydroxide (2.00 M aqueous solution, 0.24 mL) was added to the stirring
solution of 2,5-bis-(4-trimethylsilylethynyl-phenyl)selenophene (150 mg, 0.32 mmol)
in methanol: dichloromethane (1:1 v/v, 20 mL). The reaction was left to stir in the
absence of light for 3 hr. TLC (silica, hexane: dichloromethane, 4:1 v/v) revealed the
completion of the reaction and the volatiles were removed under reduced pressure,
and the solid was redissolved in dichloromethane and washed with water (2 x 50 mL).
The organic phase was separated and dried (MgSQO,4). The volatiles were removed
affording (31) as an off white solid (109 mg, 99%).

"H NMR (CDCl3, 400.13 MHz)
3.16 (s, CH, 2H), 7.48-7.53 (m, CH, 10H)
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3C PENDANT NMR (CDCl3, 100.62 MHz)
78.48 Cq HC=C) 127.04 CH (Selenophene)
83.42 Cq (C=CPh) 13272 CH  (CgH, ortho to selenophent
121.29  Cipso  (CeHa para to selenophene) 13642 Cipso  (Selenophene)
125.79 CH  (C¢Hs meta to selenophene) 149.53  Cipso  (CsHs para to alkyne)

77Se NMR (CDCls, 76.31 MHz)
574.77 (*Jsen = 5.9 Hz)

IR (KBr disc, v cm™): 3045, 2949 (C-H), 2145 (C=C), 1944 (C=C-H)

6.3.15 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)- selenophene (32)

) . 8
@ O Q
- OK \“J’WQ

r/) E’\
2,5-\a[i-(4-ethynyl-phenyl)selenophene 65 mg, 020 mmol), trans-bis

(triethylphosphine)(phenyl)platinum(I)chloride (215 mg, 0.40 mmol), and copper
iodide (5 mg) were placed in a Schlenk tube, dichloromethane (15 mL) and di-
isopropylamine (10 mL) were added and the solution was left to stir, under protection
from light, for 3 hr. TLC (silica, hexane: dichloromethane, 1:1 v/v) revealed
completion of the reaction and the volatiles were removed under reduced pressure.
The crude product was dissolved in hexane: ethyl acetate (2:1 v/v) and passed through
a plug of silica, the solution was then evaporated to dryness and recrystallised from
ethanol affording (32) as yellow crystals (218 mg, 82%).

'H NMR (CDCl;, 400.13 MHz)

1.07 (m, CHs, 36H), 1.73 (m, CH,, 24H), 6.81 (t, >J= 7.6 Hz, CH, 2H), 6.97 (t, >J
=17.6 Hz, CH, 4H), 7.27 (d, >J = 8.6 Hz, CH, 4H), 7.34 (m, CH, 2H), 7.37 (s, CH,
2H), 7.41 (d, °J = 8.6 Hz)
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13C PENDANT NMR (CDCl;, 100.62 MHz)

8.03
15.12

110.34
114.78
121.24
126.64
127.55

CH;
CH;

(P(CH,CHs),)
((P(CH;CHs3)3), tos,
L oc+3Jpc =34 Hz)
(PtC=C)

(C=CPh)

(para C¢H;sPt)
(selenophene)

(ortho to selenophene)

31p{'H} NMR (CDCl3, 161.98 MHz)
10.01 (*Jpp = 2639 Hz)

"’Se NMR (CDCl;, 76.31 MHz)
563.22 (*Jsen = 6.0 Hz)

128.49
130.35
132.22
133.66
140.19
156.34

Cipso
Cipso
Cipso

Cipso

(C=C-Cipso)

(para to alkyne)
(selenophene)
(CeHsPt)

(ortho C¢HsPt)
(CeHsPY)

Elemental Analysis: Result % (calculated %): C = 49.7 (50.0), H=5.99 (5.92)

UVNis: Ayax = 397 nm, € = 69,700 dm>*molcm™

Emission: Apax =451 nm

6.3.16 Synthesis of 2,5-dibromofuran (33)

Br /O\Br

Bromine (4.70 g, 29.4 mmol) was added dropwise to the stirring solution of furan

(1.00 g, 14.7 mmol) in chloroform (30 mL). The reaction was monitored by TLC

(silica, hexane: dichloromethane, 4:1 v/v) and after 3 hr was complete. A saturated
solution of sodium thiosulphate (20 mL) was added followed by water (30 mL) and
dichloromethane (50 mL). The organic layer was separated and dried (MgSO,), and

the volatiles were removed under reduced pressure. The crude product was passed

through a silica column in pentane affording (33) as a yellow oil (1.99 g, 60%).

'H NMR (CDCls, 400.13 MHz)
6.30 (s, CH,)
B¢c{'H} NMR (CDCl, 100.61 MHz)

114.21

CH

121.88  Cipso
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6.3.17 Synthesis of 2,5-bis(trimethylsilyethynyl)furan (34)

/ \

\S' == =
//I |

)

Z,Eii\bromofuran (903 mg, 4.00 mmol) was placed in a Young’s ampoule and
dissofved in dichloromethane (10 mL). In a separate Schlenk tube copper iodide
(76.0 mg, 0.4 mmol), and bis(triphenylphosphine)palladium(II)chloride (560 mg, 0.80
mmol) were dissolved in dichloromethane (30 mL) and diisopropylamine (15 mL).
The 2,5-dibromofuran solution was then added to the catalyst mixture followed by the
addition of trimethylsilylacetylene (1.46 mL, 10.0 mmol). The reaction was left to
stir for 3 hr after which time TLC (silica, hexane/dichloromethane, 4:1 v/v) revealed
the reaction was complete. The volatiles were removed under reduced pressure and
the resulting solid was passed through a plug of silica in hexane: ethyl acetate (4:1 v/v)
as the eluent. The volatiles were removed under reduced pressure and the crude
product was purified by sublimation (25 °C, 0.05 mmHg) affording (34) as an off
white solid (692 mg, 67%).

"H NMR (CDCls, 400.13 MHz)
0.24 (s, CH;, 18H), 6.53 (s, CH, 2H)

Bc{'H} NMR (CDCl;, 100.61 MHz)
0.40 CH; (SiCHs) 11628 CH (furan)
93.68 C, (SiC=C) 137.39 Cps  (furan)
10045 C, (C=Cfuran)

6.3.18 Synthesis of 2,5-diethynyl furan (35)

/ \
H40§H

Potassium hydroxide (2.0 M aqueous solution, 0.87 mL) was added to the stirring
solution of 2,5-bis(trimethylsilyethynyl)furan (150 mg, 0.60 mmol) in methanol/
dichloromethane (1:1 v/v, 20 mL). The reaction was left to stir, in the absence of
light, for 1 hr. TLC (silica, hexane: dichloromethane, 9:1 v/v) revealed the

completion of the reaction and the volatiles were removed under reduced pressure.
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The crude product was extracted into diethyl ether (30 mL) from water (30 mL), the
organic layer was separated and dried (MgSO,4). The solvent was removed under
reduced pressure in a water bath at 15 °C affording (35) as a colourless oil (61 mg,

92%) which decomposed after several hours.

'H NMR (CDCls, 400.13 MHz)
3.39 (s, CH, 2H), 6.61(s, CH, 2H)

Bc{'H} NMR (CDCl;, 100.61 MHz)
7329 CH (HC=C) 11680 CH (furan)
8230 C, (C=Cfuran) 12929 Cps  (furan)

6.3.19 Synthesis of 2,5-di(trans-bis(triethylphosphine)(phenyl)platinum)ethynyl

furan (36) \\( j
O /Q\

b

A

2,5§d\i§thynyl furan (16 mg, 0.14 mmol) was placed in a Young’s ampoule and \\
dissolved in dichloromethane (10 mL). In a separate Schlenk tube copper iodide (5 |
mg), and trans-bis(triethylphosphine)(phenyl)platinum(IT)chloride (150 mg, 0.28
mmol) were dissolved in tetrahydrofuran (30 mL) and diisopropylamine (15 mL).
The 2,5-diethynyl furan solution was then added to the Schlenk tube and the reaction
was left to stir for 6 hr. TLC (silica, hexane: dichloromethane, 1:1 v/v) revealed the
completion of the reaction and the volatiles were then removed under reduced
pressure. The crude product was passed through a silica plug in hexane: ethyl acetate
(2:1 v/v) and the solvent was removed under reduced pressure. The brown solid was
recrystallised from ethanol affording (36) as colourless crystals (145 mg, 93%).

'H NMR (CDCls, 400.13 MHz)
1.04-1.12 (m, CHs, 36H), 1.70-1.78 (m, CHa, 24H), 6.04 (s, CH, 2H), 6.79 (t, *J =
7.3 Hz, CH, 2H), 6.95 (t, J = 7.3 Hz, CH, 4H), 7.31 (d, *J = 7.3 Hz, CH, 2H)
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B¢C{'H} NMR (CDCl;, 100.61 MHz)

7.96 CH; (P(CH,CHa)) 12121 CH  (ortho PtCsHs)

1501  CH; ((P(CH;CH3)s), tys, 12727 CH (para PtC¢Hs)
L Joc+’Jpc =34 Hz) Absent Cyg (furan)

10047 C, (C=Cfuran) 139.10 CH (meta PtC¢Hs)

11028 CH (furan) 156.10 Cps (PtCsHs)

11792 C, (PtC=C)

31p{IH} NMR (CDCl3, 121.5 MHz)
10.04 ("Jpp = 2361 Hz)

Elemental Analysis: Result % (calculated %): C = 46.3 (46.7), H=6.08 (6.42)
UVHis: Amax = 358 nm, £ = 32,100 dm’mol'cm™

Emission: A, = 398 nm

6.3.20 Synthesis of 2,5-di(frans-bis(triethylphosphine)(phenyl)platinum)ethynyl
thiophene (40)

/0\7
%7 O/ \b\/ /\

2,5-diethynyl thiophene (16 mg, 0.14 mmol) was placed in a Young’s ampoule and
dissolved in dichloromethane (10 mL). In a separate Schlenk tube copper iodide (5
mg), and trans-bis(triethylphosphine)(phenyl)platinum(II)chloride (150 mg, 0.28
mmol) were dissolved in tetrahydrofuran (30 mL) and diisopropylamine (15 mL).
2,5-diethynyl thiophene solution was then added to the Schlenk tube and the reaction J \\
was left to stir for 6 hr. TLC (silica, hexane: dichloromethane, 1:1 v/v) revealed the ‘
completion of the reaction and the volatiles were then removed under reduced
pressure. The crude product was passed through a silica plug in hexane: ethyl acetate
(2:1, v/v) and the solvent was removed under reduced pressure. The brown solid was

recrystallised from ethanol affording (40) as colourless crystals (130 mg, 81%).
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TH NMR (CDCl;, 400.13 MHz)
1.04 — 1.12 (m, CHs, 36H), 1.69 — 1.77 (m, CHa, 24H), 6.61 (s, CH, 2H), 6.79 (m,
CH, 2H), 6.95 (t, ’J=7.4 Hz, CH, 4H), 7.31 (d, >J = 7.4 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz)

7.97 CH; (P(CH,CHa)s) 12638 CH (thiophene)
1509  CH, ((P(CH2CH3)s), tps, 12720 CH (para PtCsHs)
1 Joc+’Joc =34 Hz) 126.80 Cypso (thiophene)
102.75 C, (C=Cthiophene) 139.12 CH (meta PtC¢Hs)
11798 C, (PtC=C) 15623 Cpys (PtCsHs)

121.15 CH  (ortho PtCsHs)
S'p{'H} NMR (CDCl, 161.98 MHz)
10.09 (o = 2365 Hz)

IR (KBr disc, vem™)
3043, 2963, 2930, 2875 (C-H), 2085 (C=C)

UVVis: Amax = 377 nm, & = 45,800 dm’mol'cm™

Emission: Amax = 399 nm

6.3.21 Synthesis of 2,5-bis(trimethylsilyethynyl)selenophene (41)

e =
SN = |
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L AN
2,5-H\ibromoselenophene (1150 mg, 4 mmol), copper (I) iodide (76 mg, 0.40 mmol),

and bis(triphenylphosphine)palladium(II)chloride (560 mg, 0.80 mmol) were placed
in a Schlenk tube. Dichloromethane (20 mL), diisopropylamine (10 mL) and
trimethylsilylacetylene (1.46 mL, 10 mmol) were added successively and the reaction
was left to stir, in the absence of light, for 2 hr. TLC (silica, hexane) revealed the
completion of the reaction and the volatiles were removed under reduced pressure.
The resultant solid was passed through an alumina plug in hexane/ethyl acetate (2:1
v/v). The solvent was then removed and the crude product was purified by
chromatography (silica, hexane) and recrystallisation from ethanol to afford (41) as
pale gold material (970 mg, 76%).
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H NMR (CDCl, 300.22 MHz)
0.24 (s, CH;, 18H), 7.22 (s, CH, 2H)

Bc{'H} NMR (CDCl3, 75.5 MHz)
-0.23 CH; (SiCH;) 129.29 Cipso (selenophene)
99.10 C, (SiC=C) 13473 CH (selenophene)
101.75 G, (C=Cselenophene)

"Se NMR (CDCl;, 76.31 MHz)
758.9 CJse = 7.00 Hz)

Elemental Analysis: Result % (calculated %): C = 52.0 (52.0), H = 6.15 (6.23)

6.3.22 Synthesis of 2,5-diethynyl selenophene (42)

/
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Potassium hydroxide (2.0 M aqueous solution, 1.10 mL) was added to a stirring

solution of 2,5-bis(trimethylsilyethynyl)selenophene (323 mg, 1.00 mmol) in
dichloromethane/methanol (2:1 v/v, 20 mL). The reaction was left to stir for 2 hr after

which time TLC revealed the completion of the reaction (silica, hexane).

reaction mixture was reduced to a low volume under reduced pressure, in a water bath

at 15°C, and the remaining viscous o0il was redissolved in dichloromethane and

washed with water (2 x 50 mL). The organic phase was separated and dried (MgSOj).

The volatiles were removed affording (42) as a dark yellow oil (110 mg, 62%).

TH NMR (CDCl3, 400.13 MHz)
3.53 (s, CH, 2H), 7.30 (s, CH, 2H)

Bc{'H} NMR (CDCls, 100.62 MHz)

78.49 o (C=Cselenophene) 128.55 Cipso (selenophene)
83.87 CH (HC=0) 135,10 CH (selenophene)
"Se NMR (CDCls, 76.36 MHz)

761.16 (CJsen = 8.25 Hz)
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6.3.22 Synthesis of 2,5-di(trans-bis(triethylphosphine)(phenyl)platinum)ethynyl
selenophene (43)

Trans-bis(triethylphosphine)(phenyl)platinum(II) chloride (250 mg, 0.46 mmol), 2,5-
diethynyl selenophene (41 mg, 0.23 mmol) and copper(I) iodide (~5 mg) were placed
in a Schlenk tube. Dichloromethane (30 mL) and diisopropylamine (20 mL) were
added and the reaction was left to stir for 18 hr after which time completion of the
reaction was confirmed by TLC (silica, hexane/dichloromethane, 1:1 v/v). The
volatiles were removed under reduced pressure. The crude product was passed
through a plug of silica in hexane/ethyl acetate (4:1 v/v), and the eluted solvent was
removed under reduced pressure and the resulting solid was recrystallised from
ethanol/chloroform (6:1 v/v) to afford (43) as yellow crystals (193 mg, 70%).

"H NMR (CDCl3, 400.13 MHz)
1.04 — 1.12 (m, CHs, 36H), 1.69 — 1.77 (m, CH,, 24H), 6.75 (s, CH, 2H), 6.79 (t,
3J=1.4Hz, CH, 2H), 6.95 (t, >J= 7.4 Hz, CH, 4H), 7.31 (d, °J = 7.4 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz)

8.03 CH; (P(CH.CHa)) 12727 CH (Selenophene)
1517  CH, ((P(CH,CHj)s), tos, 12854 CH (para PtCsHs)
LJpc+3Jpec =33 Hz) 131.52  Cpso (Selenophene)
105.58 (4 (C=CSelenophene) 139.16 CH (meta PtC¢Hs)
121.04 C, (PtC=C) 156.28 Cps (PtCsHs)

12122 CH  (ortho PtC¢Hs)

31p{'H} NMR (CDCl3, 161.98 MHz)
10.13 ({pp = 2365 Hz)

"'Se NMR (CDCls, 76.31 MHz)
709.0 CJse = 7.5 Hz)

IR (KBr disc, vem™)
3042, 2962, 2929, 2875 (C-H), 2076 (C=C)
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Elemental Analysis: Result % (calculated %): C = 44.2 (44.3), H = 5.99 (6.08)
UVVis: Amax = 425 nm, £ = 40,500 dm>mol'cm™

Emission: Aqax =452 nm

6.3.23 Synthesis of 1,2-di(4-bromobenzoyl)hydrazine (44)

0o 0
Br‘-©_< >_®_Br
HN—NH
2

4-bromobenzoyl chloride (2.20g, 10.0 mmol) was heated under reflux in a stirred\
solution of hydrazine hydrate (0.24 mL, 5.00 mmol) for 1 hr. After cooling, cold

water was added to precipitate by products. The filtrate was then evaporated to low
volume to give a white crude product which was recrystallised from toluene to afford

(44) as a white product (1.20 g, 60%).

"H NMR (CDCls, 300.22 Hz)
1.25 (s, NH. 2H), 7.62 (d, >J = 8.5 Hz, CH, 2H), 7.96 (d, *J = 8.5 Hz, CH, 2H)

Elemental Analysis: Result % (calculated %): C = 42.5 (42.2), H=2.51 (2.53),
N=17.18 (7.04)

6.3.24 Synthesis of 2,5-di(4-bromophenyl)-1,3,4-0xadiazole (45)

N—N
/ \
- Br Br

1,2': i(4-bromobenzoyl)hydrazine (1.00 g, 2.50 mmol) was dissolved in phosphorus
oxychloride (50 mL) and refluxed for 18 hr. The volatiles were removed under
reduced pressure. The crude product was washed with chloroform (100 mL) and
water (100 mL) to quench any remaining phosphorus oxychloride. The resulting solid
was filtered and recrystallised from ethanol/chloroform (1:1 v/v) to afford (45) as
colourless crystals (0.90 g, 94%).

'H NMR (CDCls, 300.22 Hz)
7.68 (d, >J= 8.5 Hz, CH, 4H), 8.01 (d, >J = 8.5 Hz, CH, 4H)
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3C{!H} NMR - PENDANT (CDCl, 75.5 MHz)
122.6 Cipso (CBr) 1325 CH  (meta to oxadiazole)
126.6 Cipso (para to bromine) 1640 Cipso (oxadiazole)
128.3 CH  (ortho to oxadiazole)

Elemental Analysis: Result % (calculated %): C = 44.2 (44.3), H=2.13 (2.12),
N=17.51(7.37)

6.3.25 Synthesis of 2,5-bis(4-trimethylsilylethynylphenyl)-1,3,4-oxadiazole (46)

N-—N

I\

o = = s/
o e i I~
-zp ]

2,51di(4-bromophenyl)-l,3,4-oxadiazole (0.76 g, 2.00 mmol), copper iodide (10 mg,
0.06 mol), and bis(triphenylphosphine)palladium(II)chloride (80 mg, 0.12 mmol)
were placed in a Schlenk tube. Tetrahydrofuran (20 mL), diisopropylethylamine
(0.60 mL), and trimethylsilylacetylene (0.42 mL) were added successively and the
reaction left to stir, under protection from light, for 24 hr. TLC (silica,
hexane/dichloromethane, 1:1 v/v) revealed that the reaction was complete and the
volatiles were removed under reduced pressure. The resultant solid was dissolved in
dichloromethane/ethyl acetate (1:1 v/v) and was passed through a plug of alumina.
The volatiles were removed under reduced pressure and the crude product was
recrystallised from ethanol/chloroform (1:1 v/v) affording (46) as white crystals (0.77
g, 93%).

IH NMR (CDCls, 300.22 Hz)
0.28 (s, CHs, 18H), 7.62 (d, >J = 8.4 Hz, CH, 4H), 8.07 (d, °J = 8.4 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz)

0.21 CH; (SiCHs) 128.01 CH (ortho to oxadiazole)
97.83 Cqy (C=CSi) 130.09 Cipso (parato alkyne)
104.39 (4 (PhC=C) 133.02 CH  (meta to oxadiazole)
126.41 Cipo (parato oxadiazole) 167.95 Cipso (oxadiazole)

IR (KBr disc, v cm™)

2960, 2900 (C-H), 2158 (C=C), 1685, 1653 (C=N), 1250 (Si-C)
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6.3.26 Synthesis of 2,5-di(4-ethynylphenyl)-1,3,4-0xadiazole (47)

== ==
H H

Potassium hydroxide (2.00 M aqueous solution, 0.75 mL) was added to a stirried
solution of 2,5-di(4-trimethylsilylethynylphenyl)-1,3,4-oxadiazole (0.31 g, 0."75
mmol) in methanol/dichloromethane (20 mL, 1:1 v/v). The reaction was left to stir
for 2 hr. TLC (silica, dichloromethane) revealed the completion of the reaction and
the volatiles were removed under reduced pressure. The resulting solid was extracted
into dichloromethane (70 mL) and washed with water (70 mL). The organic phase
was then dried (MgSO4) and evaporated to dryness affording (47) as a white solid
(0.21 g, 98%).

'H NMR (CDCL, 300.22 MHz)
3.26 (s, CH, 2H), 7.64 (d, >J = 8.4 Hz, CH 4H), 8.09 (d, *J = 8.4 Hz, CH 4H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz)

80.19 CH (HC=0) 126.74 CH  (ortho to oxadiazole)
82.61 Cq (C=CPh) 132.74 CH  (meta to oxadiazole)
123.65 Ciso (parato alkyne) 164.12 Cipso (oxadiazole)

125.67 Cipso  (para to oxadiazole)

IR (KBrdisc, v cm‘l)
3058 (C-H), 2105 (C=C), 1934 (C=C-H)

Elemental Analysis: Result % (calculated %): C = 79.5 (80.0), H=3.70 (3.73),
N=10.5(10.4)

UVNVis: Amax = 308 nm, € = 68,000 dm>molcm™!
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6.3.27 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-1,3,4-oxadiazole (48)

N-—N

OO
- PN\

NG S

Ui g

D

2,5>dj\(4-ethynylphenyl)-1,3,4-oxadiazole (68 mg, 025 mmol), trans-
bis(triethylphosphine)(phenyl)platinum(II) chloride (273 mg, 0.5 mmol), and copper
iodide (5 mg) were placed in a Schlenk tube and dissolved in dichloromethane (15
mL) and diisopropylamine (10 mL). The reaction was left to stir, under protection
from the light, for 6 hr. TLC (silica, dichloromethane) revealed that the reaction was
complete and the volatiles were removed under reduced pressure. The crude product
was passed through a plug of alumina with ethyl acetate, and the eluted solvent was

evaporated to dryness. The crude product was recrystallised from ethanol affording
(48) as a yellow compound (198 mg, 75%).

'H NMR (CDCl3, 300.22 MHz)
1.06-1.16 (m, CHs, 36H), 1.72-1.82 (m, CH,, 24H), 6.82 (t, >J = 7.2 Hz, CH  2H),
6.98 (t, >J=7.2 Hz, CH, 4H), 7.33 (d, >J = 7.2 Hz, CH, 4H), 7.40 (d, >°J = 8.4 Hz,
CH 4H), 7.96 (d, >J = 8.4 Hz, CH 4H)

BC{H} NMR - PENDANT (CDCl, 75.5 MHz)

8.03 CH; (P(CH,CHj;)3) 127.37 CH  (ortho to oxadiazole)
1505  CH, ((P(CH,CHa)s), tys, 13130 CH  (meta to oxadiazole)

L oc+3Jpc =34 Hz) 132.89 Cps (parato oxadiazole)
11457 C, (PtC=C) 139.02 CH (ortho CsHsPt)
119.65 C, (C=CPh) 164.56 Cps, (oxadiazole)

12136 CH  (para C¢HsPt)
12647 Cipso (parato alkyne on CgHy)

3p{'H} NMR (CDCl;, 121.5 MHz)
10.20 (‘Jpp =2629 Hz)
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IR (KBr disc, vem™)
2963, 2931, 2875 (C-H), 2092 (C=C)

Elemental Analysis: Result % (calculated %): C = 50.1 (50.5), H=5.94 (6.12),
N=1.99(2.18)

UV/Vis: Amax = 366 nm, € = 95,000 dm>mol‘cm™

Emission: Apax = 407,423 nm

6.3.28 Synthesis of 2,5-di(4-bromophenyl)-1,3,4-thiadiazole (49)

N—N
O
S
Br Br
D

1,2-di(4-bromobenzoyl)hydrazine (1.00 g, 2.50 mmol) and phosphor\)\us
pentasulphide (0.67 g, 1.50 mmol) were dissolved in xylene (20 mL) and refluxed for
14 hr. TLC (silica, dichloromethane) revealed the completion of the reaction. After
cooling, cold water (15 mL) was added dropwise, and the solution was heated to 80°C
for 2 hr. The solution was cooled to 0 °C and sodium hydrogen carbonate was added
until the pH of the solution was ~7-8. The neutralised solution was stirred for 12 hr.
The volatiles were removed and the resulting brown solid was washed with water (2 x
50 mL) and dried in air. The crude product was washed in ethanol to leave a beige
powder that was recrystallised from xylene to afford (49) as an off white crystalline
material (0.61 g, 62%).

'H NMR (CDCl3, 300.22 MHz)
7.65 (d, >J= 8.4 Hz, CH, 4H) 7.88 (d, >/ = 8.4 Hz, CH, 4H)

Elemental Analysis: Result % (calculated %): C =42.0 (42.5), H=2.01 (2.04),
N=17.05(7.07)
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6.3.29 Synthesis of 2,5-bis(4-trimethylsilylethynylphenyl)-1,3,4-thiadiazole (50)

/\Si = ' == /\
- /
2,53d_i(4-bromophenyl)-1,3,4—thiadiazole (550 mg, 1.39 mmol), copper iodide (8 mg,
0.04 mmol) and bis(triphenylphosphine)palladium(II)chloride (58.5 mg, 6 mol%)
were placed in a Schlenk tube. Tetrahydrofuran (20 mL), di-isopropylethylamine (0.5
mL) and trimethylsilylacetylene (0.295 mL) were added successively and the reaction
was left to stir, under protection from light, for 18 hr. TLC (silica,
hexane/dichloromethane, 1:1 v/v) revealed that the reaction was complete and the
volatiles were removed under reduced pressure. The resultant solid was dissolved in
dichloromethane/ethyl acetate (1:1 v/v) and was passed through a plug of alumina.
The volatiles were removed under reduced pressure and recrystallised from
ethanol/chloroform (2:1 v/v) affording (50) as an off white solid (460 mg, 76 %).

'H NMR (CDCl3, 300.22 MHz)
0.27 (s, CHs, 18H), 7.59 (d, >J= 8.5 Hz, CH 4H), 7.94 (d, >J= 8.5 Hz, CH 4H)

B3¢ NMR (CDCls, 75.5 MHz)
0.21 CH; (SiCH3) 128.01 CH (ortho to thiadiazole)
97.80 Cq (C=CS8i) 130.09 Cipso (para to alkyne)
10439 C (PhC=C) 133.02 CH  (meta to thiadiazole)
12641 Cipso  (para to oxadiazole) 167.95 Cipso (thiadiazole)

IR (KBr disc, v cm'l)

2959, 2898 (C-H), 2157 (C=C), 1253 (Si-C)

Elemental Analysis: Result % (calculated %): C = 66.3 (66.9), H=5.94 (6.08),
N =6.48 (6.50)

UVVis: Amax = 334 nm, & = 62,000 dm>mol'cm™
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6.3.30 Synthesis of 2,5-di(4-ethynylphenyl)-1,3,4-thiadiazole (51)

= =
H H

Potassium hydroxide (2.00 M aqueous solution, 0.75 mL) was added to a stirring
solution of 2,5-bis(4-trimethylsilylethynylphenyl)-1,3,4-thiadiazole (0.32 g, 0.75
mmol) dichloromethane/methanol (1:1 v/v). The reaction was left to stir, under
protection from light, for 2 hr. TLC (alumina, dichloromethane) revealed that the
reaction was complete. The product was extracted using dichloromethane (50 mL)
and water (50 mL). The organic phase was separated and dried (MgSO,). The crude
product was dissolved in dichloromethane and passed through a plug of silica, and the
eluted solvent was evaporated to dryness affording (51) as an off white solid (0.21 g,
96%).

'H NMR (CDCls, 300.22 MHz)
3.24 (s, CH, 2H), 7.63 (d, °J = 8.5 Hz, CH_ 4H), 7.97 (d, >J= 8.5 Hz, CH_ 4H)
Bc{'H} NMR (CDCls, 75.5 MHz)
7985 CH (HC=C) 130.09 Ciso (para to alkyne)
8275 C; (C=CPh) 13287 CH  (meta to thiadiazole)
125.05 Cipso  (para to thiadiazole) 167.56 Cipso (thiadiazole)

127.77  Cipso  (ortho to thiadiazole)

IR (KBr disc, vem™)
3046 (C-H), 2110 (C=C), 1933 (C=C-H)

Elemental Analysis: Result % (calculated %): C = 75.0 (75.5), H=3.50 (3.52),
N =09.81(9.78)

UVHVis: Amax = 326 nm, € = 68,000 dm>mol cm™
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6.3.31 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-1,3,4-thiadiazole (52)

S0 P-0
@PQ/ QF‘HQQ

2,5;31(4-ethynylphenyl)-1,3,4-thiadiazole (72 mg, 025 mmol), trans-
bis(triethylphosphine)(phenyl)platinum(II)chloride (272 mg, 0.50 mmol), and copper
iodide (5 mg) were placed in a Schlenk tube. Dichloromethane (15 mL) and
diisopropylamine (10 mL) were added and the solution was left to stir, under
protection from light, for 3 hr. TLC (silica, dichloromethane) revealed the completion
of the reaction, and the volatiles were removed under reduced pressure. The solid was
dissolved in ethyl acetate and passed through a short plug of silica, and the volatiles
were then evaporated. The crude product was recrystallised from ethanol to afford
(52) as yellow crystals (190 mg, 73%).

TH NMR (CDCl3, 300.22 MHz)
1.06-1.16 (m, CHs, 36H), 1.72-1.81 (m, CH,, 24H), 6.82 (t, >J = 7.4 Hz, CH_ 2H),
6.98 (t, °J = 7.4 Hz, CH, 4H), 7.33 (d, °J = 7.4 Hz, CH, 4H), 7.37 (d, >J = 8.5 Hz,
CH 4H), 7.85 (d, >J=8.5 Hz, CH_ 4H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz)

8.03 CH; (P(CH,CHsj)3) 12747 CH  (ortho to thiadiazole)
15.05 CH, ((P(CH:CHs)3), tos, 131.37 CH  (meta to thiadiazole)

L Jpc+3Jpec =34 Hz) 132.33 Ciyso (para to alkyne)
11043 (4 (C=0) 139.04 CH  (ortho to C¢HsPt)
121.35 CH (para C¢HsPt) 167.75 Cipso (thiadiazole)

126.18  Cipso  (para to thiadiazole)

31p{'H} NMR (CDCl3, 121.5 MHz)
10.12 ("Jpp =2630 Hz)

IR (KBr disc, vem™)
2962, 2931, 2874 (C-H), 2092 (C=C)

UVHis: Amax = 384 nm, & = 94,000 dm>mol'cm
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Emission: Apa = 458 nm

6.3.32 Synthesis of 1,4-bis-(4-(trimethylsilylethynyl)phenyl)-butane-1,4-dione (53)

. 1000 —=<

.

1,4'1¢'-}Ii-(4-bromo-phenyl)-butane-1,4-dione (600 mg, 1.52 mmol), copper (I) iodide
(15 mg, 0.04 mmol), and bis(triphenylphosphine)palladium(II)chloride (111 mg, 0.08
mmol) were placed in a Schlenk tube. Tetrahydrofuran (20 mL), diisopropylamine
(10 mL) and trimethylsilylacetylene (0.33 mL, 2.28 mmol) were added successively
and the reaction was left to stir, in the absence of light, for 2 hr. The volatiles were
removed under reduced pressure and the resultant solid was passed through a short
alumina plug using ethyl acetate as the eluent. The volatiles were removed under
reduced pressure and the resultant solid was dissolved in dichloromethane (20 mL).
Hexane (150 mL) was added to precipitate the crude product. The solid was filtered
and recrystallised from ethanol affording (53) as a silvery white solid (560 mg, 86%).

"H NMR (CDCl3, 300.22 MHz)
0.27 (s, CHs, 18H), 3.43 (s, CH,, 4H), 7.55 (d, *J = 8.5 Hz, CH, 4H), 7.96 (d, *J =
8.5 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.62 MHz)

0.17 CH; (SiCHs) 128.41 Cipso (parato carbonyl)
32.93 CH, 13246 CH  (meta to carbonyl)
98.47 Cq (SiC=C) 136.34 Cipso (parato alkyne)
10440 Cq (C=CPh) 198.16 (4 (C=0)

12828 CH  (metato carbonyl)

Elemental Analysis: Result % (calculated %): C = 72.0 (72.5), H=7.40 (7.02)
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6.3.33 Synthesis of 1,4-bis-(4-(ethynyl)phenyl)-butane-1,4-dione (54)

= OO

Potassium hydroxide (2.0 M aqueous solution, 0.77 mL) was added to a stirring
solution of 1,4-bis-(4-trimethylsilylethynyl)-butane-1,4-dione (300 mg, 0.70 mmol) in
dichloromethane/methanol (2:1 v/v, 20 mL). The reaction was left to stir for 2 hr
after which time TLC revealed the completion of the reaction (silica,
hexane/dichloromethane, 2:1 v/v). The volatiles were removed under reduced
pressure and the solid was redissolved in dichloromethane and washed with water (2 x
50 mL). The organic phase was separated and dried (MgSO,). The solvent was
removed, and the solid was crystallised from ethanol affording (54) as a yellow solid
(155 mg, 78%).

'H NMR (CDCl3, 300.22 MHz)
3.25 (s, CH, 2H), 3.44 (s, CHs, 4H), 7.59 (d, >J= 8.5 Hz, CH, 4H) 7.99 (d,*J =
8.5 Hz, CH, 4H)

BC{*H} NMR - PENDANT (CDCl;, 100.62 MHz)

33.60 CH, 128.01 Cipso (para to carbonyl)
80.36 CH (HC=0) 132.34 CH  (ortho to carbonyl)
82.78 Cq (C=CPh) 136.39 Cipso (parato alkyne)
127.02 CH  (meta to carbonyl) 197.72 C4 (C=0)

6.3.34 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)- butane-1,4-dione (55)

Trans-bis(triethylphosphine)(phenyl)platinum(II)chloride (250 mg, 0.46 mmol), 1,4-
di-(4-ethynyl)-butane-1,4-dione (66 mg, 0.23 mmol) and copper(I) iodide (5 mg) were
placed in a Schlenk tube. Dichloromethane (15 mL) and diisopropylamine (10 mL)
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were added and the reaction was left to stir, under protection from light, for 18 hr.
TLC (silica, dichloromethane) revealed the completion of the reaction and the
volatiles were removed under reduced pressure. The crude product was then passed
through a small plug of alumina in hexane/ethyl acetate (2:1 v/v), and the eluted
solvent was evaporated to dryness. The resulting solid was recrystallised from
ethanol/chloroform (5:1 v/v) to yield (55) as yellow crystals (220 mg, 74%).

"H NMR (CDCl3, 400.13 MHz)
1.06-1.14 (m, CHs, 36H), 1.71-1.79 (m, CHa, 24H), 3.40 (s, CHa, 4H), 6.81 (1, °J
= 14.5 Hz, CH, 2H), 6.97 (m, CH, 4H), 7.33 (t, >J= 8.5 Hz, CH, 8H), 7.90 (d, >/ =
8.5 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz)

8.01 CH; (P(CH,CHs)s) 130.77 CH (C¢Ha)
1501  CH; ((P(CH;CH3)3), tps, 132.68 Cipso  (CeHs)

L Joc+3Jpc =34 Hz) 13470 Ciso (CeHa)
3254 CH, (COCH,) 139.04 CH (CgHs)
110.71 C, (C=CPh) 155.88 Cipso  (Pt(CsHs))
12138 CH (C¢Hy) 198.16 C, (CO)

12738 CH (CeHs)
12801 CH (CeHs)

3p{'H} NMR (CDCl3, 161.97 MHz)
10.08 ("Jpp = 2628 Hz)

Elemental Analysis: Result % (calculated %): C =51.4 (51.7), H=6.29 (6.35)
IR (KBr disc, v cm™): 3046, 2963, 2930, 2910, 2874 (C-H), 2089 (C=C), 1681 (C=0)
UVVis: Amax = 349 nm, £ = 63,100 dm’>mol'cm™

Emission: Apa = 409 nm
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6.3.35 Synthesis of 2,5-bis-(4-triphenylphosphine gold(I)ethynyl-phenyl)-1,3,4-
oxadiazole (56)

N—N

o S°

2,5g<)i§(4-ethynylphenyl)-l,3,4-oxadiazole (41 mg, 0.15 mmol) was dissolved in \
methanol (30 mL), sodium methoxide (50 mg, 0.1 mmol) and triphenylphosphine- \
gold(I) chloride (200 mg, 0.41 mmol) was added to the solution and the reaction was

left to stir for 18 hr. The precipitate was filtered and washed with methanol (10 mL),

water (10 mL) then methanol (10 mL). The crude product was recrystallised from
ethanol/chloroform (6:1 v/v) to afford (56) as a yellow crystals (135 mg, 67%).

"H NMR (CDCls, 400.13 MHz)

7.44-7.59 (m, CH, 30H), 7.63 (d, *J = 8.4 Hz, CH, 4H), 8.02 (d, J = 8.4 Hz, CH,

4H)
3C PENDANT NMR (CDCls, 100.62 MHz)
103.40 Cq (AuC=C) 130.01 Cipso (CeHs para to oxadiazole)
121.80 C;  (C=CPh) 131.56 CH (4, ’Joc = 2.09 Hz, PhP)

126.55 CH  (Cg¢H; ortho to oxadiazole) 132.84 CH (oxadiazole)

12626 CH  (C¢H4 meta to oxadiazole) 13432 Cipso (d, 3JPC = 14.1 Hz, PhP)
129.15 CH (d, *Joc=11.1 Hz, PhP) 134.62 Cipso (CsHs para to alkyne)
129.46 Cipso (PHP) 149.52 Cipso (oxadiazole)

SIp{'H} NMR (CDCl, 161.98 MHz)
4231

UVAis: Amax = 341 nm, € = 81,000 dm>mol'cm™!

Emission: Ayax = 369 nm

223



Chapter Six

6.3.36 Synthesis of 2,5-bis-(4-triphenylphosphine gold(I)ethynyl-
phenyl)selenophene (57)

& /se\ O _
.

72

) .
2,§‘ibj§-(4-trimethy1silylethynyl-phenyl)selenophene (48 mg, 0.10 mmol) was \
dissolﬂfed in methanol (30 mL), and sodium methoxide (50 mg, 1.0 mmol) was added \
to the stirring solution. The reaction was left to stir for 1 hr. Triphenylphosphine-
gold(I) chloride (100 mg, 0.20 mmol) was added to the solution and the reaction was
left to stir for 18 hr. The precipitate was filtered and washed with methanol (10 mL),
water (10 mL) then methanol (10 mL). The crude product was then recrystallised
from ethanol to afford (57) as a yellow crystals (107 mg, 86%).

"H NMR (CDCl3, 400.13 MHz)
741 (s, CH, 2H), 7.43-7.59 (m, CH, 38H)

3C PENDANT NMR (CDCl3, 100.62 MHz)
104.13 C, (AuC=C) 130.01 Cipso (CsHs para to selenophene)
124.04 Cq (C=CPh) 131.56 CH (4, ’Joc=2.09 Hz, PhP)
125.50 CH  (C¢Hj4 ortho to selenophene) 132.84 CH  (selenophene)
12626 CH  (Cg¢Hs metato selenophene)  134.32 Cipso  (d, 3Joc = 14.1 Hz, PhP)
12915 CH (d, “Joc=11.1 Hz, PhP) 134.62 Cipso (CeHy para to alkyne)
129.46 Cipso (PHP) | 149.52 Cipso (selenophene)

31p{'H} NMR (CDCl3, 161.98 MHz)
42.46

77Se NMR (CDCl3, 76.31 MHz)
568.03 (*Jser = 5.8 Hz)

Elemental Analysis: Result % (calculated %): C = 52.8 (§3.9), H=3.14 (3.23)

UV/Vis: Amax = 376 nm, & = 71,700 dm>mol '¢m™!
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6.4 Experimental details for Chapter Four

6.4.1 Synthesis of 2,5-di-(4-bromo-phenyl)-pyrrole (58)

/ \

1,4:Hi-(4-bromo-phenyl)-butane-1,4-dione (500 mg, 1.27 mmol) and ammonium \
acetate (532 mg, 6.35 mmol) were dissolved in ethanol (20 mL) and sealed in a \
Young’s Ampoule. The reaction was heated to 80 °C and left to stir for 3 hr after
which time TLC (silica, dichloromethane) revealed completion of the reaction. The
solvent was evaporated to low volume (~5 mL) precipitating out white needles. The
product was filtered, washed with cold ethanol and dried under reduced pressure

affording (58) as a white solid (450 mg, 94%).

"H NMR (CDCls, 400.13 Hz, & ppm)
6.57 (d, “Au= 2.5 Hz, CH, 2H), 7.38 (d, >J = 8.6 Hz, CH, 4H), 7.51 (d, >J = 8.6
Hz, CH, 4H), 8.48 (s, NH, 1H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, 5 ppm)

10898 CH (pyrrole) 131.53 Cipso (CBr)
12048 Cipso  (pyrrole) 13243 CH  (meta to pyrrole)
125,64 CH (ortho to pyrrole) 132.8 Cipso (parato bromine)

Elemental Analysis: Result % (calculated %): C =51.1 (51.0), H=2.97 (2.94),
N=3.77(3.71)

EI/Mass Spectrum: (C;¢H;;Br,N) m/z 377.0, calc. 377.0

6.4.2 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-pyrrole (59)

/ \
\s.s/\
> (

RN \
2,5:Hi-(4-bromo-phenyl)-pyrrole (500 mg, 1.33 mmol), copper (I) iodide (25 mg, 0.13
mmol), and bis(triphenylphosphine)palladium(IT)chloride (186 mg, 0.27 mmol) were
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placed in a Schlenk tube. Dichloromethane (20 mL), diisopropylamine (10 mL) and
trimethylsilylacetylene (0.58 mL, 3.99 mmol) were added successively and the
reaction was stirred, in the absence of light, for 22 hr. The volatiles were removed
under reduced pressure and the resultant solid was passed through a short alumina
plug using hexane/ethyl acetate (4:1 v/v) as the eluent. The solvent was then removed
and the solid redissolved in hexane (20 mL) and passed through a silica column. The
eluted solvent was removed under reduced pressure affording (59) as a yellow solid -
(460 mg, 86%).

"H NMR (CDCls, 400.13 Hz, & ppm)
0.26 (s, CHs, 18H), 6.62 (d, “Jyu = 2.0 Hz, CH, 2H), 7.45 (d, °J = 8.4 Hz, CH, 4H),
7.49 (d, °J = 8.4 Hz, CH, 4H), 8.58 (s, NH, 1H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz, § ppm)

-0.02 CH; (SiCH;) 123.29 CH (ortho to pyrrole)
94.91 Cq Sic=C) 132.00 Cipso (para to pyrrole)
105.03 (4 (C=CPh) 13262 CH  (meta to pyrrole)
109.12 CH (pyrrole) 133.00 Cipso (para to alkyne)

120.89  Cipso  (pyrrole)

Elemental Analysis: Result % (calculated %): C = 73.8 (75.9), H=7.13 (7.10),
N=3.05(3.40)

6.3.3 Synthesis of 2,5-di-(4-ethynyl-phenyl)-1H-pyrrole (60)

/ \
OO

Potassium hydroxide (1.24 mL, 2.00 M aqueous solution) was added to a stirring
solution of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-pyrrole (300 mg, 0.73 mmol) in
methanol/dichloromethane (1:1 v/v, 20 mL). The reaction was left to stir, in the
absence of light, for 2 hr. TLC (silica, ethyl acetate) revealed completion of the
reaction and the volatiles were removed under reduced pressure. The solid was
redissolved in dichloromethane (20 mL) and washed with water (2 x 20 mL). The
organic phase was separated, dried (MgSO4) and evaporated to dryness affording (60)
as a brown solid (160 mg, 98%).
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'H NMR (CDCls, 400.13 Hz, § ppm)
3.13 (s, CH, 2H), 6.63 (d, “Awu = 2.5 Hz, CH, 2H), 7.47 (d, °J = 8.2 Hz, CH, 4H),
7.52 (d, °J = 8.2 Hz, CH, 4H), 8.58 (s, NH, 1H)

BC{*H} NMR - PENDANT (CDCl;, 75.5 MHz, 5 ppm)

77.78 Cipso (HC=C) 123.43 CH (ortho to pyrrole)
83.58 Cipso  (C=CPh) 13235 Ciso  (para to pyrrole)
10921 CH (pyrrole) 132.77 CH  (meta to pyrrole)
119.89  Cipso  (pyrrole) 13293 Cipso  (parato alkyne)

IR (KBr disc, vem™)
3066 (C-H), 2112 (C=C), 1941 (C=C-H)

Elemental Analysis: Result % (calculated %): C = 88.0 (89.9), H = 4.82 (4.90),
N=5.10(5.29)

6.4.4 Synthesis of 2,5-bis-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-1H-pyrrole (61)

N o e
;‘a\: = ! = ?\Q
g N

Trans- bis(triethylphosphine)(phenyl)platinum(Il) chloride (356 mg, 0.50 mmol), 2,5-
di-(4-ethynyl-phenyl)-pyrrole (67 mg, 0.25 mmol), and copper iodide (5 mg) were
transferred to a Schlenk tube, tetrahydrofuran (15 mL) and diisopropylamine (15 mL)
were added and the solution was left to stir, under protection from light. The progress
of the reaction was monitored by TLC (silica, dichloromethane). After 2 hr the
reaction was complete and the volatiles were removed under reduced pressure. The
solid was dissolved in hexane/ethyl acetate (2:1 v/v) and passed through a short
alumina plug. The solvent was then removed and the crude product was purified

further by chromatography (silica, dichloromethane/hexane, 9:1 v/v) affording (61) as
yellow crystals (248 mg, 77%).
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'H NMR (CDCl3, 300.22 MHz, 6 ppm)
1.07-1.15 (m, CHs, 36H), 1.74-1.81 (m, CHa, 24H), 6.52 (d, “/xu = 2.5 Hz, CH
2H), 6.81 (t, °J = 14.9 Hz, CH, 2H), 6.97 (t, °J = 14.9 Hz, CH, 4H), 7.31 (4, *J =
8.6 Hz, CH, 4H), 7.36 (d, >J = 8.6 Hz, CH 4H), 8.46 (s, NH_ 1H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz, 5 ppm)

8.04 CH; (PCH,CHs) 12729 CH (CsHa)
1511  CH, ((P(CH2CHj)s), tys, 12869 CH (CsHy)
Lpc+’Jpc =34 Hz) 13135 Cipso  (para to alkyne)
107.48 CH (pyrrole) 133.19 Cipso  (P(PH))
11022 C, (PtC=C) 139.18 CH (ortho, Pt-Ph)
11448 C, (C=CPh) 156.34 Cipso  (Pt-Ph)

12122 CH  (para C¢HsPt)

3p'H} NMR (CDCl;, 121.5 MHz, 8 ppm)
9.99 (‘Jpp=2641 Hz)

IR (KBr disc, v em™): 2962, 2931, 2873 (C-H), 2090 (C=C)

Elemental Analysis: Result % (calculated %): C = 52.4 (52.5), H=6.39 (6.37),
N=0.94 (1.10)

UV/Vis: Amax = 381 nm, £ = 65,500 dm>mol‘cm™

Emission: Ay =421, 445 nm

6.4.5 Synthesis of 2,5-di-(4-bromo-phenyl)-1-methyl-pyrrole (62)

Methylamine (8.00 M solution in ethanol, 0.24 mL) was added to a stirring solution of
1,4-di-(4-bromo-phenyl)-butane-1,4-dione (250 mg, 0.63 mmol) in ethanol (50 mL).
The mixture was refluxed for 14 hr after which time the solution had turned bright
yellow and a white precipitate had formed. The solid was filtered off and washed
with ethanol affording (62) as a white solid (220 mg, 86%).
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TH NMR (CDCls, 400.13 Hz, 5 ppm)
3.57 (s, CHs, 3H), 6.31 (s, CH, 2H), 7.32 (d, >J = 8.5 Hz, CH, 4H), 7.55 (d, °J =
8.5 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz, § ppm)

34.67 CH; (NCHj) 132,06 CH  (meta to pyrrole)
109.62 CH (pyrrole) 132.59 Cipso  (para to pyrrole)
121.44 Cipo (pyrrole) 136.51 Cipso (para to bromine)

130.53 CH (ortho to pyrrole)

EI/Mass Spectrum: (C,7H;3Br;,N) m/z 391.0, calc. 391.1

6.4.6 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-methyl-pyrrole (63)
~

/
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2,5}t{i-(4-bromo-phenyl)-l-methyl-pyrrole (150 mg, 0.39 mmol), copper (I) iodide (10
mg, 0.04 mmol), and bis(triphenylphosphine)palladium(II)chloride (42 mg, 0.08
mmol) were placed in a Schlenk tube. Dichloromethane (20 mL), diisopropylamine
(10 mL) and trimethylsilylacetylene (0.17 mL, 1.15 mmol) were added successively
and the reaction was left to stir for 18 hr. The volatiles were removed under reduced
pressure and the resultant solid was passed through a short alumina plug using ethyl
acetate/hexane (1:1 v/v) as the eluent. The solvent was then removed and crude
product was further purified by chromatography (silica, hexane/dichloromethane, 4:1
v/v) affording (63) as an off white solid (130 mg, 78%).

'H NMR (CDCl3, 300.22 Hz, § ppm)
0.26 (s, CHs, 18H), 3.59 (s, CHs, 3H), 6.34 (s, CH, 2H), 7.39 (d, °J = 8.5 Hz, CH,
4H), 7.51 (d, °J=8.5 Hz, CH, 4H)

Bc{'H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

0.33 CH; (SiCHj) 12141 Cipso (pyrrole)

35.07 CH; (NCH3) 128.15 CH (ortho to pyrrole)
95.36 Cq (SiC=C) 132.11 CH  (meta to pyrrole)
10532 (g (C=CPh) 133.27 Cipso (para to pyrrole)
109.61 CH (pyrrole) 137.08 Cipso (para to alkyne)
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6.4.14 Synthesis of 2,5-di-(4-ethynyl-phenyl)-1-phenyl-pyrrole (72)
[\
Sa et
~ @ |

Potassium hydroxide (2.00 M solution, 0.45 mL) was added to the stirring solution of
2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-phenyl-pyrrole (200 mg, 0.41 mmol) in
dichloromethane/methanol (1:1 v/v, 10 mL), and the reaction was left to stir, under
protection from light, for 4 hr. The solvent was removed under reduced pressure and
the product extracted into dichloromethane and washed with water (2 x 50 mL). The
organic phase was separated and dried (MgSQO,), and evaporated to dryness under

reduced pressure affording (72) as an off white solid (98 mg, 70%).

"H NMR (CDCl3, 400.13 Hz, § ppm)
3.10 (s, CH, 2H), 6.50 (s, CH, 2H), 6.93-7.01 (m, CH, 6H), 7.24-7.27 (m, CH, TH)
BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz, § ppm)

84.62 CH (C=CH) 12876 CH (Ce¢Hs)
104.00 Cio (PhC=C) 129.00 CH (CeHy)
11034 CH (pyrrole) 131.55 CH (C¢Ha)
120.71  Cipso  (pyrrole) 133.10 Cipso (CsHa)
127.57 CH (C¢Hs) 135.58 Cipso (CéHs)

128.18 CH (C¢Hs)

IR (KBr disc, vem™): 3055 (C-H), 2112 (C=C), 1943 (C=C-H)

6.4.15 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-1-phenyl-1H-pyrrole (73)
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6.4.7 Synthesis of 2,5-di-(4-ethynyl-phenyl)-1-methyl-pyrrole (64)

[\
OO

Potassium hydroxide (2.0 M aqueous solution, 0.26 mL) was added to a stirring
solution of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-methyl-pyrrole (90 mg, 0.21

mmol) in dichloromethane/methanol (1:1 mixture, 30 mL) and the reaction stirred for

5 hr. TLC (silica, hexane/dichloromethane, 4:1 v/v) confirmed the completion of the

reaction and the volatiles were removed under reduced pressure. The resultant solid

was dissolved in dichloromethane (30 mL) and washed with water (2 x 30 mL). The

organic phase was separated and dried (MgSQO,). The volatiles were removed under

reduced pressure affording (64) as an off white solid (52 mg, 91%).

"H NMR (CDCl, 300.22 Hz, § ppm)

3.13 (s, CH, 2H), 3.62 (s, CHs, 3H), 6.36 (s, CH, 2H), 7.43 (d, °J = 8.5 Hz, CH,

4H), 7.55 (d, °J = 8.5 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, 5 ppm)

3463  CH;
7820  Cipso
8352  Cipso
109.67 CH

12041 Cipso

(NCH3)
(HC=C)
(C=CPh)
(pyrrole)
(pyrrole)

128.41
132.27
133.60
136.93

CH
CH
Cipso
Cipso

IR (KBr disc, vem™): 3061 (C-H), 2106 (C=C), 1943 (C=C-H)

(ortho to pyrrole)
(meta to pyrrole)
(para to pyrrole)
(para to alkyne)
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6.4.7 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-1-methyl-pyrrole (65)

/\?J O - Q \L,(/\

v | yad)

NG ~N

Trans- bis(triethylphosphine)(phenyl)platinum(II) chloride (234 mg, 0.43 mmol), 2,5-

di-(4-ethynyl-phenyl)-1-methyl-pyrrole (60 mg, 0.22 mmol), and copper iodide (5 mg)

were placed in a Schlenk tube, dichloromethane (15 mL) and di-isopropylamine (10

mL) were added and the solution stirred in the absence of light. The progress of the

reaction was monitored by TLC (silica, hexane/dichloromethane, 1:1 v/v). After 18

hr the reaction was complete and the volatiles were removed under reduced pressure.

The residue was passed through a silica plug (hexane: ethyl acetate, 2:1 v/v), the

solvent was removed and the crude product was recrystallised from ethanol affording
(65) as yellow crystals (230 mg, 83%).

"H NMR (CDCl3, 300.22 Hz, § ppm)

1.07-1.15 (m, CHs, 36H), 1.74 (m, CHa, 24H), 3.60 (s, CHs, 3H), 6.28 (s, CH, 2H),
6.81 (t,J = 7.4 Hz, CH, 2H), 6.97 (t, °J = 7.4 Hz, CH, 4H), 7.30-7.35 (m, CH, 12H)

BC{H} NMR - PENDANT (CDCls, 75.5 MHz, § ppm)

802 CH; (PCH,CH;) 127.83 Cpso  (pyrrole)
1511 CH, (PCH,CHj) 128.16 CH (CeHy)
3187 CH; (NCH:) 129.67 Cipo  (CeHa)
11000 C, (PtC=C) 130.81 CH (CeHs)
11440 C, (C=CPh) 137.13 Cipo  (CeHy)
12120 CH (CeHs) 139.81 CH (CeHs)
12728 CH (CsHy) 15632 Cipso  (CeHs)

31p'H} NMR (CDCl;, 121.5 MHz, 8 ppm)
10.08 ("Jpp = 2639 Hz)

IR (KBr disc, vem™): 2975, 2951, 2872 (C-H), 2089 (C=C)
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Elemental Analysis: Result % (calculated %): C = 53.4 (52.8), H = 6.39 (6.45),
N=0.91(1.08)

UV/Vis: Amax = 381 nm, € = 65,500 dm*mol'cm

Emission: Apa = 420 nm

6.4.8 Synthesis of 2,5-di-(4-bromo-phenyl)-1-n-butyl-pyrrole (66)

OO

g

n-Butylamine (5 mL) was added to the stirring solution of 1,4-di-(4-bromo-phenyl)-
butane-1,4-dione (250 mg, 0.63 mmol) in ethanol (50 mL). The reaction was refluxed
for 14 hr after which time the solution had turned bright yellow. TLC (silica,
dichloromethane) revealed completion of the reaction, and the solvent was evaporated
to low volume precipitating the crude product. The solid was filtered and washed
with ethanol affording (66) as a white solid (235 mg, 86%).

'"H NMR (CDCl3, 400.13 Hz, § ppm)
0.58 (t, >J = 14.7 Hz, CHs, 3H), 0.80 — 0.89 (m, CH,, 2H), 1.12 — 1.20 (m, CH,,
2H), 4.01 (t, *J = 14.7 Hz, CH,, 2H), 6.24 (s, CH, 2H), 7.31 (d, >J = 8.4 Hz, CH,
4H), 7.55 (d, *J= 8.4 Hz, CH, 4H)

BC{*H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

13.36 CH; (CHj; pyrrole) 121.08 Cipso (pyrrole)

19.31 CH, (o-CH; pyrrole) 130.36 CH  (ortho to pyrrole)
32.73 CH, (B-CH;pyrrole) 131.66 CH  (meta to pyrrole)
45.10 CH, (y-CH;pyrrole) 13291 Cipso (para to bromine)
10998 CH (pyrrole) 135.72 Cjpso (CBr)

El/Mass Spectrum: (Cy0H;9Br,N) m/z 433.2, calc. 433.2
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6.4.9 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-n-butyl-pyrrole (67)

l

/ \
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2,53'{1{{-(4-br0m0-phenyl)-l-n-butyl-pyrrole (200 mg, 0.46 mmol), copper (I) iodide
(15 mg, 0.05 mmol), and bis(triphenylphosphine)palladium(II)chloride (45 mg, 0.10
mmol) were placed in to a Schlenk tube. Dichloromethane (20 mlL),
diisopropylamine (10 mL) and trimethylsilylacetylene (0.20 mL, 1.38 mmol) were
added successively and the reaction was left to stir, under the protection from light,
for 18 hr. The volatiles were removed under reduced pressure and the resultant solid
was passed through a short alumina plug using ethyl acetate/hexane (1:1 v/v) as the
eluent. The solvent was then removed and solid was further purified by
chromatography (silica, hexane/dichloromethane, 3:1 v/v) affording (67) as an off
white solid (168 mg, 78%).

"H NMR (CDCl, 400.13 Hz, § ppm)
0.27 (s, CHs, 18H), 0.54 (t, °J = 14.7 Hz, CHs, 3H), 0.75 — 0.85 (m, CH,, 2H),
1.08 — 1.16 (m, CHa, 2H), 4.05 (t, °J = 14.5 Hz, CH,, 2H), 6.27 (s, CH, 2H), 7.38
(d, *J =82 Hz, CH, 4H), 7.51 (d, °J = 8.2 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz, 8 ppm)

0.33 CH; (SiCHj) 110.68 CH (pyrrole)

13.70 CH; (CH; pyrrole) 121.78 Cipso  (pyrrole)

19.63 CH, (0-CH; pyrrole) 128.73 CH  (ortho to pyrrole)
32.98 CH, (B-CH;pyrrole) 13248 CH  (meta to pyrrole)
45.69 CH, (y-CH,pyrrole) 13442 Cipso (para to pyrrole)

95.21 Cq (SiCc=C) 137.05 Cipso (para to alkyne)

10536 C4 (C=CPh)
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6.4.10 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-n-butyl-pyrrole (68)

/
4 ] §H
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Potassium hydroxide (2.0 M solution, 0.11 mL) was added to a stirring solution of

2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-n-butyl-pyrrole (100 mg, 0.21 mmol) in

dichloromethane/methanol (1:1 v/v, 10 mL), and the reaction stirred, with protection

from light, for 4 hr. The volatiles were removed under reduced pressure and the solid

extracted from water into dichloromethane (2 x 50 mL). The organic phase was dried

with (MgSOj) and evaporated to dryness under reduced pressure affording (68) as an
off white solid (61 mg, 90%).

'H NMR (CDCls, 400.13 Hz, § ppm)
0.54 (t, °J = 14.7 Hz, CHs, 3H), 0.74 — 0.84 (m, CH,, 2H), 1.08 — 1.16 (m, CH,,
2H), 3.14 (s, CH, 2H), 4.05 (t, °J = 14.5 Hz, CH,, 2H), 6.37 (s, CH, 2H), 7.37 (d,
3J=8.2 Hz, CH, 4H), 7.51 (d, >J= 8.2 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz, 5 ppm)

13.16
19.33
32.63
45.16
85.44
109.21
111.68

CH;
CH;
CH;
CH;
Cq
Cq
CH

(CHj3 pyrrole) 12228 Cipso
(a-CH; pyrrole) 12344 CH
(B-CH; pyrrole) 131.33 CH
(y-CH; pyrrole) 134.63 Cipso
(HC=C) 135.65 Cipso
(C=CPh)

(pyrrole)

IR (KBr disc, v em™): 3058 (C-H), 2110 (C=C), 1944 (C=C-H)

(pyrrole)
(ortho to pyrrole)

(meta to pyrrole)

(para to pyrrole)
(para to alkyne)
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6.4.11 Synthesis of 2,5-bis-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl)-1-butyl-1H-pyrrole (69)

N '/ O » Q \\,,(/\
;L = == plf
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Trans- bis(triethylphosphine)(phenyl)platinum(II) chloride (200 mg, 0.40 mmol), 2,5-
di-(4-ethynyl-phenyl)-1-butyl-pyrrole (65 mg, 0.20 mmol), and copper iodide (5 mg)
were placed in a Schlenk tube, dichloromethane (25 mL) and diisopropylamine (10
mL) were added and the solution was left to stir under protection from light. The
progress of the reaction was monitored by TLC (silica, hexane: dichloromethane, 2:1
v/v). After 16 hr the reaction was complete and the volatiles were removed under
reduced pressure. The residue was passed through a silica plug (hexane: ethyl acetate,
2:1 v/v), the solvent was removed and the crude product was recrystallised from
ethanol affording (69) as yellow crystals (230 mg, 83%).

"H NMR (CDCl3, 300.22 Hz, § ppm)

0.54 (t, J = 14.7 Hz, CHs, 3H), 0.75 — 0.85 (m, CH,, 2H), 1.07 — 1.16 (m, CH &
CH;, 38H), 1.74 — 1.81 (m, CH, 24H), 6.28 (s, CH, 2H), 6.80 (t, >J= 7.1 Hz, CH,
2H), 6.96 (t, °J = 7.4 Hz, CH, 4H), 7.30-7.35 (m, CH, 12H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, 8 ppm)

8.05 CH; (PCH,CH,) 12728 CH (CsHy)
13.22 CH; (CH; pyrrole) 128.23 Cipso  (pyrrole)
1511  CH; ((P(CH2CHs)s), tps, 128.77 CH (CsHy)

L pc+3Jpc =33 Hz) 129.22 Cipso (CsHa)
20.53 CH, (a-CH, pyrrole) 129.71 CH (CgHs)
32.61 CH; (B-CH,pyrrole) 138.13 Cipso (CsHa)
4336 CH, (y-CH;pyrrole) 139.81 CH (CsHs)
11167 C; (PtC=C) 156.32 Cipso (CsHs)

11550 C, (C=CPh)
12121 CH (C¢Hs)
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3'p{'H} NMR (CDCl;, 121.5 MHz, § ppm)
10.09 ("o = 2639 Hz)

IR (KBr disc, vem™): 2966, 2957, 2877 (C-H), 2091 (C=C)

Elemental Analysis: Result % (calculated %): C = 52.4 (53.8), H = 6.49 (6.70),
N=0.93 (1.05)

UV/Vis: Apax = 382 nm, € = 68,900 dm>mol'cm

Emission: Apax =421 nm

6.4.12 Synthesis of 2,5-di-(4-bromo-phenyl)-1-phenyl-pyrrole (70)

1,4-\\di-(4-bromo-phenyl)-butane-1,4-dione (792 mg, 2.00 mmol) and aniline (930 mg,
10 mmol) were placed into a Young’s Ampoule, acetic acid (30 mL) was added and
the solution was left to stir at 110 °C for 3 hr after which time a white precipitate was
formed. The solid was filtered and washed with acetic acid (2 x 20 mL), then ethanol
(2 x 20 mL) and dried under reduced pressure to afford (70) as a white solid (720 mg,
80%).

'H NMR (CDCls, 400.13 Hz, & ppm)
6.47 (s, CH, 2H), 6.90 (d, °J = 8.4 Hz, CH, 4H), 7.00 — 7.02 (m, CH, 2H), 7.28 —
7.30 (m, CH, 7TH)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

110.70 CH (pyrrole) 13042 CH (ortho to pyrrole)
120.86 Cipso (pyrrole) 13146 CH  (meta to pyrrole)
128.08 CH (CH, CsHs 1-pyr) 13230 Cipso (CBr)

129.13 CH (CH, CsHs 1-pyr) 13531 Cipso (parato bromine)
12947 CH (CH, C¢Hs 1-pyr) 138.77 Cipso (C¢Hs 1-pyr)

El/Mass Spectrum: (Cx;H;5sBr,N) m/z 453.0, calc. 453.0

Elemental Analysis: Result % (calculated %): C = 57.5 (58.3), H = 3.37 (3.34),
N=3.11 (3.09)
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6.4.13 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-phenyl-pyrrole (71)

[\
_,}is{\/
>

2,5- 'K(4-bromo-phenyl)-l-phenyl-pyrrole (600 mg, 1.32 mmol), copper (I) iodide
(38.0 mg, 0.20 mmol), and bis(triphenylphosphine)palladium(Il)chloride (279 mg,
0.40 mmol) were placed in a Schlenk tube. Dichloromethane (30 mL), diethylamine
(10 mL) and trimethylsilylacetylene (0.58 mL, 3.97 mmol) were added successively
and the reaction was stirred, in the absence of light, for 46 hr after which TLC
revealed completion of reaction (silica, hexane/dichloromethane, 9:1 v/v). The
volatiles were removed under reduced pressure and the crude product was passed
through an alumina plug in hexane/ethyl acetate (1:1 v/v). The solvent was then
removed and solid was further purified by washing with cold hexane (2 x 20 mL) and
recrystallisation from ethanol to afford (71) as an off white solid (505 mg, 78%).

IH NMR (CDCls, 400.13 Hz, § ppm)
0.22 (s, CHs, 18H), 6.50 (s, CH, 2H), 6.93-7.01 (m, CH, 6H), 7.24-7.27 (m, CH,
7H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz, § ppm)

-0.05 CH; (SiCHj) 128.18 CH (CeHs)

94.62 Cipso  (C=CSi) 12876 CH (CeHs)

105.05 Cipo (PhC=C) 129.00 CH (CeéHy)

110.65 CH (pyrrole) 131.55 CH (CsHy)

120.71  Cipso  (pyrrole) 133.10 Cipso (CsHa)

127.57 CH (CsHs) 135.58 Cipso (CéHs)
IR (KBr disc, v cm'l)

3049, 2958, 2889 (C-H), 2153 (C=C), 1251 (Si-C)
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Trans- bis(triethylphosphine)(phenyl)platinum(II) chloride (117 mg, 0.22 mmol), 2,5-
di-(4-ethynyl-phenyl)-1-phenyl-pyrrole (37.8 mg, 0.11 mmol) and copper iodide (5
mg) were placed in a Schlenk tube, dichloromethane (25 mL) and triethylamine (25
mL) were added and the solution was left to stir under protection from light. The
progress of the reaction was monitored by TLC (silica, hexane/dichloromethane, 1:1
v/v). After 12 hr the reaction was complete and the volatiles were removed under
reduced pressure. The residue was passed through a silica plug (hexane: ethyl acetate,
1:1 v/v), the volatiles were removed under reduced pressure and the crude product
was recrystallised from ethanol affording (73) as yellow crystals (94 mg, 63%).

"H NMR (CDCl;, 400.13 Hz, § ppm)
1.07-1.14 (m, CHs, 36H), 1.74-1.81 (m, CHa, 24H), 6.48 (s, CH, 2H), 6.80 (t, >/ =
7.4 Hz, CH, 2H), 6.98 (t, >J = 7.4 Hz, CH, 4H), 7.30-7.35 (m, CH, 12H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz, § ppm)

809  CH; (PCH,CHs) 127.57 CH (CeHs)
1515 CH, ((P(CH,CHi)s), tps, 128.18 CH (CeHs)

pc+3Jpc =34 Hz) 128.69 CH (CsHa)
108.88 CH (pyrrole) 12876 CH (CsHs)
11025 C, (PtC=C) 13135 Cipo  (CeHy)
11558 C, (C=CPh) 133.19 Cipo  (CsHa)
121.62 CH  (para CeHsPt) 139.18 CH (CeHs)
12228 Cipso  (pyrrole) 15634 Ciso  (CsHs)

12729 CH (CsHy)
SIp{'H} NMR (CDCl3, 121.5 MHz, & ppm)
10.04 ("Jpp = 2633 Hz)
IR (KBr disc, vem™): 2967, 2955, 2869 (C-H), 2096 (C=C)

Elemental Analysis: Result % (calculated %): C = 55.5 (54.8), H=6.37 (6.31),
N=0.94 (1.03)

UV/Vis: Anax = 342 nm, & = 41,200 dm>mol'cm™

Emission: Apax =411 nm
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6.4.16 Synthesis of 2,5-di-(4-bromo-phenyl)-1-methoxyphenyl-pyrrole (74)

£ ~°
1,4-\bi;-(4-bromo-phenyl)—butane-1,4-dione (792 mg, 2.00 mmol) and para-anistidine
(246 mg, 4.00 mmol) was placed into a Young’s Ampoule, acetic acid (100 mL) was
added and the solution was left to stir at 110 °C for 18 hr after which time a white
precipitate was formed. The solid was filtered off and washed with acetic acid (2 x 20
mL), ethanol (2 x 20 mL) and dried under reduced pressure affording (74) as an off

white solid (669 mg, 69%).

IH NMR (CDCls, 400.13 Hz, § ppm)
3.81 (s, CHs, 3H), 6.45 (s, CH, 2H), 6.79 (d, >J = 8.6 Hz, 4H), 6.92 (m, CH, 8H),
7.30 (d, °J = 8.6 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz, 5 ppm)

75.86 CH; OMe 79.78 CH (pyrrole)
78.74 CH C¢H,OMe 79.79 CH (CsH4Br)
78.96 CH CsHsOMe 79.85 CH (CsH4Br)

EI/Mass Spectrum: (Cy;H;7Bro,NO) m/z 483.0, calc. 483.0

Elemental Analysis: Result % (calculated %): C = 56.8 (57.2), H=3.58 (3.55),
N=2.78 (2.90)
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6.4.17 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-1-methoxyphenyl-

pyrrole (75)
'as
A=A
I
S~ 7~
o

2,53di-(4-bromo-phenyl)-1-methoxyphenyl-pyrrole (210 mg, 0.44 mmol), copper (I)
iodide (23.0 mg, 0.15 mmol), and bis(triphenylphosphine)palladium(II) chloride (150
mg, 0.30 mmol) were placed in a Schlenk tube. Dichloromethane (30 mL),
diethylamine (10 mL) and trimethylsilylacetylene (0.30 mL, 2.00 mmol) were
successively added and the reaction was left to stir for 18 hr. The volatiles were
removed under reduced pressure and the crude product was passed through an
alumina plug in hexane/ethyl acetate (1:1 v/v). The solvent was then removed and the
solid was further purified by column chromatography (silica, hexane/dichloromethane,
3:1 v/v) and recrystallisation from ethanol to afford (75) as an off white solid (172 mg,
79 %).

'H NMR (CDCl3, 400.13 Hz, § ppm)
0.22 (s, CH,, 18H), 3.80 (s, CHs, 3H), 6.49 (s, CH, 2H), 6.76 (d, °J = 8.9 Hz, CH,
2H), 6.91 (d, >J=8.9 Hz, CH, 2H), 6.98 (d, >J = 8.3 Hz, CH, 4H), 7.27 (d, >J=8.3
Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

004 CH; (SiCHs) 129.68 CH (CeHy)
5535 CH; (OCHs) 13144 Cps (CeHly)
9459 C, (C=CSi) 131.57 CH (CeHy)
10511 C, (PhC=C) 13320 Cpe (CeHy)
11036 CH (pyrrole) 13570 Cpso CsHiOMe
11415 CH CsH:OMe 158.75 Cps (COCHj)

120.60 Cps (pyrrole)
128.15 CH CsHiOMe

IR (KBr disc, v cm™): 3049, 2945, 2889 (C-H), 2155 (C=C), 1251 (Si-C)
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6.4.18 Synthesis of 2,5-di-(4-(trans-(phenyl,bis-triethylphosphine)platinum
ethynyl))phenyl- -(4-methoxy-phenyl)-1H-pyrrole (77)

/\ \\/\
@\ e .

2,5°bis-(4-trimethylsilylethynyl-phenyl)-1-methoxyphenyl-pyrrole (93 mg, 0.18 mmol)
and sodium methoxide (30 mg) were placed into a Young’s Ampoule and dissolved in
dichloromethane/methanol (1:1 v/v, 90 mL). The solution was stirred, in the absence
of light, for 30 min. Trans-bis(triethylphosphine)(phenyl)platinum(II) chloride (180
mg, 0.36 mmol), copper iodide (5 mg) and diisopropylamine (10 mL) were added to
the stirring solution. The reaction was left to stir for 18 hr after which time TLC
revealed consumption of ligand and platinum starting materials. The solvent was
removed under reduced pressure and the solid was dissolved in ethyl acetate. The
solution was passed through a plug of alumina and the solvent was evaporated to
dryness. The resulting solid was recrystallised from ethanol/chloroform (5:1 v/v)
yielding (77) as a yellow solid (132 mg, 53%).

'H NMR (CDCls, 400.13 Hz, § ppm)
1.04-1.12 (m, CHs, 36H), 1.71-1.78 (m, CHa, 24H), 3.82 (s, CHs, 3H), 6.41 (s, CH,
2H), 6.78 (d, >J = 9.0 Hz, CH, 4H), 6.93-7.00 (m, CH, 8H), 7.11 (d, >J = 8.4 Hz,
CH, 4H), 7.31 (d, >J=7.4 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, & ppm)

8.11 CH; (PCH,CH,) 12629 CH (CsHa)
1513  CH; ((P(CH,CH3)3), tys, 12857 CH (CsHs)

L oc+3Jpc =34 Hz) 129.18 CH (CsHs)
5455 CH; (OCHj) 130.66 CH (CsHy)
107.58 CH (pyrrole) 13096 CH (CsHs)
11015 C; (PtC=C) 131.35 Cipso  (CsHa)
11558 C,  (C=CPh) 13229 Ciso (CsHy)
122.12 CH (para C¢HsPt) 139.48 CH (CgHs)
123.38  Cipso  (pyrrole) 156.36 Cipso (CsHs)
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3p{'H} NMR (CDCl3, 121.5 MHz, § ppm)
10.10 (\Jpp = 2644 Hz)

IR (KBr disc, v em™): 2975, 2951, 2872 (C-H), 2093 (C=C)

Elemental Analysis: Result % (calculated %): C = 55.7 (54.5), H = 6.27 (6.32),
N =0.92 (1.01)

UV/Vis: Amax = 345 nm, € = 46,100 dm’>mol'cm™

Emission: Apax =411 nm

6.4.19 Synthesis of 2,5-di-(4-bromo-phenyl)-1-phenol-pyrrole (78)

\};) > \*..v
l,4-\d(':(4-bromo-phenyl)-butane-1,4-dione (792 mg, 2.00 mmol) and 4-aminophenol |
(436 mg, 4.00 mmol) were placed into a Young’s ampoule, acetic acid (100 mL) was
added and the solution was left to stir at 110 °C for 36 hr after which time a white
precipitate was formed. The solid was filtered off and washed with acetic acid (2 x 20
mL), ethanol (2 x 20 mL) and dried under reduced pressure affording (78) as an off

white solid (600 mg, 64%).

'H NMR (CDCL, 400.13 Hz, § ppm)
4.81 (s, OH, 1H), 6.35 (s, CH, 2H), 6.92 (d, J = 7.6 Hz, CH, 4H), 7.30 (d, >J = 7.6
Hz, CH, 4H), 7.42-7.57 (m, CH, 4H)

EI/Mass Spectrum: (C,H;5sBr,NO) m/z 469.0, calc. 469.0
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6.4.20 Synthesis of 2,5-di-(4-bromo-phenyl)-1-pyren-1-yl-1H-pyrrole (79)

[\
Br | Q‘

S, ‘ ‘

Y,
1,4Sd‘<(4-bromo-phenyl)-butane-1,4-dione (396 mg, 1.00 mmol) and 1-aminopyrene
(434 mg, 2.00 mmol) were placed into a Young’s ampoule, acetic acid (100 mL) was
added and the solution was left to stir at 110 °C for 46 hr after which time a
precipitate was formed. The solid was filtered off and washed with acetic acid (2 x 20
mL), ethanol (2 x 20 mL) and dried in air affording (79) as a darkAsolid (306 mg,
53%). P! ™

VLUt

T

'H NMR (CDCls, 400.13 Hz, 5 ppm)
6.45 (s, CH, 2H), 6.39 (d, >J = 7.8 Hz, CH, 4H), 7.29 (d, 3J = 7.8 Hz, CH, 4H),
7.46-7.88 (m, CH, 9H)

6.4.21 Synthesis of 4-[2,5-di-(4-bromo-phenyl)-pyrrol-1-yl]-benzonitrile (80)

Ve [} s

o w
l,4}di5(4-bromo-phenyl)-butane—1,4-dione (396 mg, 1.00 mmol) and 4-
amino§ enzonitrile (354 mg, 3.00 mmol) were placed into a Young’s ampoule, acetic
acid (100 mL) was added and the solution was refluxed for 74 hr. The solvent was
reduced to low volume (~10 mL) to precipitate the crude product. The solid was
filtered off and washed with ethanol (2 x 20 mL) and dried under reduced pressure
affording (80) as a white solid (239 mg, 50%).

'H NMR (CDCl, 400.13 Hz, § ppm)
6.55 (s, CH, 2H), 7.01 (d, *J = 7.6 Hz, CH, 4H), 7.30 (d, *J = 7.6 Hz, CH, 4H),
7.45-7.67 (m, CH, 4H)
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EI/Mass Spectrum: (Cy3H;4Br;N>) m/z 478.1, calc. 478.1

6.4.22 Synthesis of 4-[2,5-di-(4-bromo-phenyl)-pyrrol-1-yl]-phenylamine (81)

o NH,

i)
1,4-(bis-(4-bromo-phenyl)-butane-1,4-dione (396 mg, 1.00 mmol) and benzene-1,4-

diamine (108 mg, 1.00 mmol) were placed into a Young’s ampoule, acetic acid (150
mL) was added and the solution was refluxed for 74 hr. The solvent was reduced to
low volume (~10 mL) to precipitate the crude product. The solid was filtered off and
washed with ethanol (2 x 20 mL) and dried under reduced pressure affording (81)
(271 mg, 58%).

'H NMR (CDCl, 400.13 Hz, § ppm)
4.05 (s, NH>, 1H), 6.39 (s, CH, 2H), 6.85 (d, J = 7.6 Hz, CH, 4H), 7.30 (d, *J =
7.6 Hz, CH, 4H), 7.44-7.55 (m, CH, 4H)
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6.5 Experimental details for Chapter Five

6.5.1 Synthesis of 1,2,4,5-tetrafluoro-3,6-(bis-p-trimethylsilylphenyl)benzene
(82)

FOLTHO4

;Erimethylsilyl phenylboronic acid (1.00 g, 5.15 mmol), 1,4-diiodotetrafluorobenzene \
(690 mg, 1.72 mmol), and tetrakis(triphenylphosphine)palladium(0) (397 mg, 3.44
mmol) were placed into a round bottomed flask. Toluene (30 mL) and sodium
carbonate (20 mL, 2.0 M aqueous solution) were added and the solution was refluxed
under an inert atmosphere. The reaction was monitored by TLC (silica,
hexane/dichloromethane, 9:1 v/v) and after 96 hr was complete. The organic phase
was decanted, dried (MgSO,) and the solvent removed under reduced pressure
yielding a brown solid. The crude product was purified by chromatography (silica,
hexane/dichloromethane, 9:1 v/v) yielding a white solid which was further purified by
recrystgl\isation from ethanol to afford (82) as shiny white flakes (630 mg, 82%). \

'H NMR (CDCls, 400.13 MHz)
0.32 (s, CH;, 18H), 7.50 (d, >J = 8.3 Hz, 4H), 7.67 (d, >J = 8.3 Hz, 4H)

BC{'H} NMR - PENDANT (CDCl3, 100.61 MHz)
-1.19 CH; (SiCHs) 13354 CH (ortho to TMS)
12785 Cixo  (parato TMS) 141.98 Cipo (CSiCHa)
119.60 Cio  (CF,m, %Jec +3J5c) 144.17 Cipso  (CF, dm, 'Jic = 246 Hz)
12931 CH (meta to TMS)

F NMR (CDCl;, 376.5 MHz)
-144.25 (CF)
Elemental Analysis: Result % (calculated %): C = 64.9 (64.5), H=15.77 (5.87)
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6.5.2 Synthesis of 1,2,4,5-tetrafluoro-3,6-(di-p-iodophenyl)benzene (83)
F F
~ )
F F

Iodine monochloride (1.0 M solution in dichloromethane, 2.20 mL) was added to a
stirring solution of 1,2,4,5-tetrafluoro-3,6-(bis-p-trimethylsilylphenyl)benzene (446
mg, 1.00 mmol) in chloroform (20 mL). After 5 mins a white precipitate was formed.
After 30 mins of stirring TLC (silica, hexane/dichloromethane, 9:1 v/v) revealed
completion of the reaction and a saturated solution of sodium thiosulphate (~5 mL)
was added. The solid was filtered off and washed with cold chloroform (2 x 10 mL)
affording (83) as a white solid (440 mg, 80 %).

'"H NMR (CDCl3, 400.13 MHz)
7.24 (d, >J = 8.2 Hz, 4H), 7.85 (d, >J = 8.2 Hz, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

95.60 Cipso  (CD) 13792 CH (ortho to iodide)
126.80 Cipso  (para to iodine) 143.95 Cipso (CF, dm, ke =247 Hz)
131.77 CH  (meta to iodine) Ipso carbon on central ring absent
F NMR (CDCl;, 376.5 MHz)
-143.70 (CF)

El-mass spectrum: (C,sHgF4l,) m/z 553.9; calc. 553.9

Elemental Analysis: Result % (calculated %): C = 38.3 (39.0), H = 1.49 (1.46)

6.5.3 Synthesis of 1,2,4,5-tetrafluoro-3,6-(bis-p-trimethylsilylethynylphenyl)-
benzene (84)

1,2,4,5:iéuaﬂuoro-3,6-(di-p-iodophenyl)benzene (300 mg, 0.54 mmol), copper (I)
iodide (10.0 mg, 0.05 mmol), and bis(triphenylphosphine) palladium(I)chloride (70.0
mg, 0.10 mmol) were placed to a Schlenk tube. Dichloromethane (30 mL),
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diisopropylamine (15 mL) and trimethylsilylacetylene (0.16 mL, 1.62 mmol) were
added successively and the reaction was left to stir, in the absence of light, for 4 hr.
TLC (silica, hexane) revealed the completion of the reaction and the volatiles were
removed under reduced pressure. The resulting solid was passed through a silica plug
in hexane/dichloromethane (1:1 v/v) as the eluant. The volatiles were then removed
to afford (84) as yellow solid (270 mg, 68%).

'H NMR (CDCl;, 400.13 MHZ)
0.28 (s, CHs, 18H), 7.26 (d, >J = 8.4 Hz, 4H), 7.59 (d, >/ = 8.4 Hz, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

-0.10 CH; (SiCHs) 130.02 CH  (C¢Hjs meta to alkyne)
96.05 C, (SiC=C) 132.10 CH  (CgHs ortho to alkyne)
10430 C, (C=CPh) 142.82 Cipso  (CF, dm, "Jic =246 Hz)

124.17 Cipso (CeHj para to alkyne) 145.25 Cipso (CéFa)
127.37 Cipso (CeHs)

F NMR (CDCl;, 376.5 MHz)
-145.12 (CF)

Elemental Analysis: Result % (calculated %): C = 67.2 (68.0), H=5.33 (5.30)

6.5.4 Synthesis 1,2,4,5-tetrafluoro-3,6-(di-p-ethynylphenyl)benzene (85)

Potassium hydroxide (2.0 M aqueous solution, 1.20 mL) was added to a stirring
solution of 1,2,4,5-tetrafluoro-3,6-(bis-p-trimethylsilylethynylphenyl)benzene (200
mg, 0.40 mmol) in dichloromethane/methanol (1:1 v/v, 50 mL). After 1 hr TLC
(silica, hexane: dichloromethane, 4:1 v/v) revealed the completion of the reaction.
The volatiles were removed under reduced pressure and the solid was redissolved in
dichloromethane (50 mL) and washed with water (2 x 50 mL). The organic layer was
separated and dried (MgSO4). The volatiles were then removed to afford (85) as a
white solid (120 mg, 85%).
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'"H NMR (CDCl3, 400.13 MHz)
3.17 (s, CH, 18H), 7.49 (d, >J= 8.2 Hz, CH, 4H), 7.63 (d, >J= 8.2 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

78.66 CH (HC=C) 130.14 CH  (CgHs meta to alkyne)
8296 C, (C=CPh) 13233 CH  (CgH, ortho to alkyne)
12320 Cipo  (CeHsparatoalkyne) 14276 Cipso (CF, dm, 'Jic =247 Hz)
12777 Cipo  (CeHy) 14525 Ciso (CsFy)

F NMR (CDCl;, 376.5 MHz)

-145.02 (CF)

6.5.5 Synthesis of 4,4''-bis-(trans-(phenyl,bis-triethylphosphine)platinum)
ethynyl-2',3',5',6'-tetrafluoro-terphenyl (86)

Trans- bis(triethylphosphine)(phenyl)platinam(II) chloride (200 mg, 0.64 mmol),
1,2,4,5-tetrafluoro-3,6-(di-p-ethynylphenyl)benzene (64 mg, 0.184 mmol), and copper
iodide (5 mg) were dissolved in dichloromethane (30 mL) and diisopropylamine (20
mL). The reaction was left to stir under an argon atmosphere and was monitored by
TLC (silica, hexane/dichloromethane 2:1 v/v). After 14 hr the solvent was removed
under reduced pressure. The crude product was then passed through a silica plug
(hexane/dichloromethane 1:1 v/v) and the volatiles were removed to give an off white
solid. The solid was recrystallised from ethanol/chloroform (9:1 v/v) to afford (86) as
colourless crystals (245 mg, 90%).

"H NMR (CDCls, 400.13 MHz)
1.07-1.15 (m, CHs, 36H), 1.74-81 (m, CH,, 24H), 6.81 (t, >J=7.2 Hz, CH, 2H),
6.97 (t, >J= 7.4 Hz, CH, 4H), 7.33-67 (m, CH, 12H)
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BC{'H} NMR - PENDANT (CDCl, 75.5 MHz, 5 ppm)

8.03 CH; ((P(CH2CHs)3) 129.75 CH (CsHy)
1513  CHy ((P(CH.CHa)3), tys, 13037 Ciso (CsHy)
L oc+3Jpc =34 Hz) 130.89 CH (CsHa)
10995 C, (PtC=C) 139.14 CH (CeHs)
11662 C, (C=CPh) 142.86 Ciso (CF, dm, Jic =247 Hz)
12129 CH  (para C¢HsPt) 14516 Cipso  (CsFa)
12336  Cipso  (CeHa) 156.18 Cio (CsHs)

127.33 CH  (ortho to C¢Fy)

F NMR (CDCl;, 376.5 MHz)
-145.09 (CF)

3p{'H} NMR (CDCl3, 121.5 MHz,  ppm)
10.03 (‘o = 2636 Hz)

IR (KBr disc, vem™)
3044, 2964, 2908, 2876 (C-H), 2093 (C=C)

Elemental Analysis: Result % (calculated %): C = 50.5 (51.0), H=5.67 (5.76)
UVNVis: Amax = 340 nm, £ = 69,400 dm’mol'cm™

Emission: Apax = 422 nm

6.5.6 Synthesis of 1,2,4,5-tetrafluoro-3,6-bis-trimethylsilylethynyl-benzene (87)

1,2,4,5-Tetrafluoro-3,6-diiodo-benzene (740 mg, 1.85 mmol), copper (I) iodide (17.6
mg, 0.09 mmol), and bis(triphenylphosphine)palladium(IT)chloride (126 mg, 0.18
mmol) was placed in a Schlenk tube. Dichloromethane (30 mL), diisopropylamine
(20 mL) and trimethylsilylacetylene (0.81 mL, 5.55 mmol) were added successively
and the reaction was left to stir, in the absence of light, for 12 hr. TLC (silica, hexane)
revealed the completion of the reaction and the volatiles were removed under reduced
pressure, in a cold water bath. The resultant solid was passed through an alumina plug

in hexane/ethyl acetate (4:1 v/v). The volatiles were then removed and the crude
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product was purified by sublimation (25 °C, 0.01 mmHg) affording (87) as colourless
crystals (432 mg, 68%).

TH NMR (CDCl;, 400.13 MHz)
0.19 (s, CHs)

Bc{'H} NMR - PENDANT (CDCl;, 75.5 MHz, § ppm)

004 CH; (SiCHs) 13022 Cipso (CeFa)
9505 C,  (SiC=C) 14333 Ciso (CF)
10030 C;  (C=C(CeFa))

F NMR (CDCls, 376.5 MHz)

-136.67 (CF)

Elemental Analysis: Result % (calculated %): C = 55.5 (56.1), H=5.67 (5.30)

6.5.7 Synthesis of 1,2,4,5-tetrafluoro-3,6-di-ethynyl-benzene (88)

Potassium hydroxide (2.0 M aqueous solution, 1.46 mL) was added to a stirring

solution of 1,2,4,5-tetrafluoro-3,6-bis-trimethylsilylethynyl-benzene (250 mg, 0.73

mmol) in dichloromethane/methanol (1:1 v/v, 50 mL). After 1 hr TLC (silica, hexane:
dichloromethane, 6:1 v/v) revealed the completion of the reaction. The volatiles were

removed under reduced pressure and the solid was redissolved in diethyl ether (30 mL)
and washed with water (2 x 30 mL). The organic layer was separated and dried

(MgSOy). The solvent was then removed and the crude product was sublimed (25°C,

0.01 mmHg) to afford (88) as a white solid (101 mg, 70%).

'H NMR (CDCls, 400.13 MHz)
3.04 (s, CHy)

BC{'H} NMR - PENDANT (CDCl, 75.5 MHz, & ppm)

8165 CH (HC=C) 123.67 Cipso  (CsFa)
9630 C, (C=C(CeFs)) 145.35 Cipso  (CF)
F NMR (CDCl, 376.5 MHz)
-137.57 (CF)
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6.5.8 Synthesis of 1,4-bis-((trans-(phenyl,bis-triethylphosphine)platinum) ethynyl)
2,3,5,6-tetrafluoro-benzene (89)

1,2,4,5-Tetrafluoro-3,6-di-ethynyl-benzene (27.7 mg, 0.14 mmol) was placed in a
Young’s ampoule and dissolved in dichloromethane (10 mL). In a separate Schlenk
tube trans-bis(triethylphosphine)(phenyl)platinum(II)chloride (150 mg, 0.28 mmol)
and copper iodide (5 mg) were dissolved in dichloromethane (30 mL) and
diisopropylamine (15 mL). The diyne solution was then added to the Schlenk tube
and the reaction was left to stir for 6 hr. TLC (silica, hexane: dichloromethane, 1:1
v/v) revealed the completion of the reaction and the volatiles were then removed
under reduced pressure. The crude product was passed through a silica plug in
hexane: ethyl acetate (3:1 v/v) and the solvent was removed under reduced pressure.
The crude product was recrystallised from ethanol affording (89) as colourless
crystals (135 mg, 79%).

"H NMR (CDCl3, 400.13 MHz)
1.04-1.12 (m, CHs, 36H), 1.73-1.81 (m, CHa, 24H), 6.81 (t, >J = 7.2 Hz, CH, 2H),
6.97 (t, *J=7.4 Hz, CH, 4H), 7.30 (d, >J = 7.4 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCls, 75.5 MHz, § ppm)

7.99 CH; ((P(CH,CHs)s) 12736 CH  (ortho CsHsPt)

1490  CH, ((P(CH,CHa)s), tys, 130.84 Cipso (CsFa)
Hoc+3Jpc =34 Hz) 138.95 CH  (meta C¢HsPt)

9436  Cipso (PtC=C) 14620 Cipso (CF)

10520 Cigo (C=C(CeFs)) 155.76 Cipso (CéHsPt)

12135 CH  (para C¢HsPt)

F NMR (CDCl3, 376.5 MHz)
-144.00 (CF)

31p(H} NMR (CDCl3, 121.5 MHz, § ppm)
10.28 (\Jpp = 2613 Hz)
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Elemental Analysis: Result % (calculated %): C = 45.5 (45.4), H=15.79 (5.82)
UVNVis: Amax = 354 nm, € = 87,000 dm’mol'cm™

Emission: Apax =371 nm

6.5.9 Synthesis of trans- bis(triethylphosphine)(phenyl)platinum(Il) ethynyl
benzene (90)

Trans- bis(triethylphosphine)(phenyl)platinum(II) chloride (150 mg, 0.28 mmol) and
copper iodide (5 mg) were dissolved in tetrahydrofuran (20 mL) and
diisopropylamine (10 mL). Ethynyl benzene (0.36 mL, 0.33 mmol) was added to the
stirring solution and the reaction was left to stir for 1 hr in the absence of light. TLC
(silica, hexane/dichloromethane, 2:1 v/v) confirmed the completion of the reaction
and the volatiles were removed under reduced pressure. The solid was passed through
a silica plug (hexane/ethyl acetate, 4:1 v/v). The solvent was removed under reduced
pressure and the crude product was recrystallised from ethanol to afford (90) as
yellow crystals (155 mg, 91%).

'H NMR (CDCls, 400.13 MHz)
1.06-1.13 (m, CHs, 18H), 1.73-1.80 (m, CHa, 12H), 6.80 (t, °J = 7.2 Hz, CH, 1H)
6.96 (t, °J = 7.4 Hz, CH, 2H), 7.09 (t, >J = 7.2 Hz, CH, 1H), 7.20 (t, °J = 7.2 Hz,
CH, 2H), 7.29-7.34 (m, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

8.02 CH; ((P(CH,CHa)) 12728 CH  (PY(CsHs)
1511  CH; ((P(CH;CH3)s), tps, 127.85 CH (C=C(C¢Hs)

LJpct3Jpc =35 Hz) 12940 Cio (C=C(CeHs)
11010 C, (C=C(CeHs) 130.88 CH (C=C(C¢Hs)
113.07 C, (C=C(CeHs) 13920 CH (Pt(C¢Hs)
12123 CH (C=C(CgHs) 15640 Cio (Pt(CeHs)
12453 CH  (Pt(CeHs)
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3'p{'H} NMR (CDCl3, 121.5 MHz, § ppm)
10.10 (\Jpp = 2642 Hz)

Elemental Analysis: Result % (calculated %): C =51.9 (51.2), H=5.99 (6.61)
UVHis: Anax = 267 nm, € = 27,900 dm®mol'em™

Emission: Apax = 395 nm

6.5.10 Synthesis of 1,2,4,5-tetramethyl-3,6-(bis-p-trimethylsilylphenyl)benzene
2)

FOHO4

e ¥ v

4itrimethylsilyl phenylboronic acid (1.00 g, 5.15 mmol), 1,4-dibromodurene (501 mg, \__
1.72 mmol), and tetrakis(triphenylphosphine)palladium(0) (397 mg, 3.44 mmol) were
placed into a round bottomed flask. Toluene (30 mL) and sodium carbonate (20 mL,
2.00 M aqueous solution) were added and the solution was refluxed under an inert
atmosphere. The reaction was monitored by TLC (silica, hexane/dichloromethane,
9:1 v/v) and after 72 hr was complete. The reaction mixture was evaporated to low
volume and then made up in dichloromethane, this was washed with a saturated
aqueous solution of sodium hydrogen carbonate (2 x 50 mL) then with water (2 x 50
mL). The organic phase was dried (MgSO4) and evaporated to low volume and with
addition of methanol (20 mL) a grey solid precipitated out of solution. The solid was
then further purified by chromatography (silica, hexane/dichloromethane, 4:1 v/v)
affording (92) as a pale yellow solid (620 mg, 84%).

'H NMR (CDCl;, 400.13 MHz)
0.32 (s, CHs, 18H), 1.96 (s, CH 12H), 7.18 (d, °J = 8.1 Hz, 4H), 7.58 (d, °J = 8.1
Hz, 4H)

BCc{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

097 CH; (SiCH;) 13324 CH (orthoto TMS)
18.16 CH; (Ce-CHs) 13798 Cipso (central ring)
12882 CH (metato TMS) 141.18 Cipo (parato TMS)
131.83  Cipo (CCHa) 143.15 Cipo (CSiCH3)
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6.5.11 Synthesis of 1,2,4,S-tetramethyl-3,6-(di-p-iodophenyl)benzene (93)

~ )

1,2,4,g:f;tramethyl-3,6-(bis-p-trimethylsilylphenyl)benzene (500 mg, 1.16 mmol) was
dissolved in dry methanol (60 mL) and silver trifluoromethanesulfonate (1250 mg,
4.88 mmol) was added to the stirring solution, at 0 °C, under an inert atmosphere.
After 20 minutes of stirring iodine (1.18 g, 4.64 mmol) was added, and the reaction
was left to stir for a further 30 minutes at 0 °C, followed by 10 hr at room temperature.
The reaction was monitored by TLC (silica, hexane/dichloromethane, 4:1 v/v). The
volatiles were then removed under reduced pressure, the solid was dissolved in ethyl
acetate (60 mL) and then washed with 2.0 M aqueous sodium thiosulphate (2 x 60
mL). The organic phase was separated and dried (MgSOs4). The solvent was then
removed under reduced pressure affording (93) as an off white solid (600 mg, 96%).

'H NMR (CDCls, 400.13 MHz)
1.93 (s, CHs, 12H), 6.92 (d, °J = 8.3 Hz, CH, 4H), 7.77 (d, °J = 8.3 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 100.61 MHz)

1808  CHs 13752 CH  ortho to iodide
92.00 Ciso CI 14028 Cipso Cs(CHs)s
13151 CH  metatoiodide 142.13 Cis CeHy

131.79 Cipo CCHj

El-mass spectrum: (CHjolo) m/z 538.0; calc. 538.0

6.5.12 Synthesis of 1,2,4,5-tetramethyl-3,6-(bis-p-trimethylsilylethynyl)benzene
%94)

P

1,2,4,55tetramethyl-3,6-(di-p-iodophenyl)benzene (500 mg, 0.94 mmol), copper (I)
iodide (17.8 mg, 0.09 mmol), and bis(triphenylphosphine)palladium(II) chloride (132
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mg, 0.18 mmol) were placed in a Schlenk tube. Dichloromethane (30 mL),
diisopropylamine (15 mL) and trimethylsilylacetylene (0.41 mL, 2.82 mmol) were
added successively and the reaction was left to stir, in the absence of light, for 18 hr.
TLC (silica, hexane) revealed the completion of the reaction and the volatiles were
removed under reduced pressure. The resultant solid was passed through an alumina
plug in hexane to remove impurities, and then the desired product was eluted in
hexane/dichloromethane (4:1 v/v). The volatiles were then removed to afford (94) as
a pale yellow solid (360 mg, 80%).

"H NMR (CDCl;, 400.13 MHz)
0.27 (s, CHs, 18H), 1.91 (s, CHs, 12H), 7.11 (d, °J = 8.4 Hz, CH, 4H), 7.55 (d, °J
= 8.4 Hz, CH, 4H)

BC{*H} NMR - PENDANT (CDCl;, 100.61 MHz)

0.00 CH; (SiCHj3) 12943 CH  (Cg¢Hs meta to alkyne)
1795 CH; Co(CHs)4 131.68 Cipso
94.10 C, (Sic=0) 132.03 CH (C¢Hs ortho to alkyne)
105.17 Cq (C=CPh) 140.73 Cipso

12117 Cipo  (CsHiparatoalkyne)  143.17 Cipso

6.5.13 Synthesis of 4,4''-bis-(trans-(phenyl,bis-triethylphosphine)platinum)
ethynyl-2',3',5',6'-tetramethyl-terphenyl (95)

P

1,2,4,5-tetramethyl-3,6-(bis-p-trimethylsilylethynyl)benzene (86 mg, 0.18 mmol) and
sodium methoxide (30 mg) were placed into a Young’s Ampoule and dissolved in
dichloromethane/methanol (1:1 v/v, 90 mL). The solution was left to stir in the
absence light for 1 hr. Trans-bis(triethylphosphine)(phenyl)platinum(II) chloride (180
mg, 0.36 mmol), copper iodide (5 mg) and diisopropylamine (10 mL) were added to
the stirring solution. The reaction was left to stir for 18 hr after which time TLC
(silica, dichloromethane) revealed consumption of ligand and platinum starting

materials. The volatiles were removed under reduced pressure and the solid was

256



Chapter Six

dissolved in ethyl acetate. The solution was passed through a plug of alumina and the
solvent was evaporated to dryness. The resulting solid was recrystallised from
ethanol/chloroform (5:1 v/v) affording (95) as a white solid (116 mg, 48%).

TH NMR (CDCl;, 400.13 MHz)
1.07-1.15 (m, CH; 36H), 1.76-1.83 (m, CH,, 24H), 1.94 (s, CHs, 12H), 6.79-6.83
(m, CH, 2H), 6.95-6.99 (m, CH, 4H), 7.33-7.39 (m, CH, 8H), 7.43 (d, >J = 8.5 Hz,
4H), 7.59 (d, >J = 8.5 Hz, CH, 4H)

BC{'H} NMR - PENDANT (CDCl;, 75.5 MHz)

8.39 CH; (P(CH,CH;)3) 12343 CH (ortho to alkyne)
15.47 CH; ((P(CH2CHa)3), tpss 126.66 CH  (central C¢Hy)

1 Jpc+3Jpc = 34 Hz) 127.86 CH  (meta to alkyne)
18.34 CH; C¢(CH3)s 13299 CH  (central C¢Hy)
11037 Cq (C=C-Pt) 13898 Cipso (central CsHa)
11228 C, (C=C-Pt) 139.55 CH (ortho, Pt-Ph)
12144 CH (para, Pt-Ph) 141.19 Cipso (parato alkyne)

31p{'H} NMR (CDCl;, 161.97 MHz)
10.02 ("Jprp=2638 Hz)

Elemental Analysis: Result % (calculated %): C = 53.2 (55.1), H=6.90 (6.72)
IR (KBr disc, vem™): 3045, 2954, 2927(C-H), 2090 (C=C)
UVNVis: Amax = 267 nm, € = 93,000 dm>mol'cm™

Emission: Ayax = 345 nm

6.5.14 Synthesis of 2,5-bis-(4-trimethylsilyl-phenyl)-pyrimidine (98)

PO+

ﬂi:rrimethylsilyl phenylboronic acid (1.07 g, 5.51 mmol), 5-bromo-2-iodopyrimidine
(500 mg, 1.84 mmol), and tetrakis(triphenylphosphine)palladium(0) (318 mg, 2.76
mmol) were charged into a round bottomed flask. Toluene (50 mL) and sodium
carbonate (40 mL, 2.00 M aqueous solution) were added and the solution was

refluxed under an inert atmosphere. The reaction was monitored by TLC (silica,
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hexane: dichloromethane, 2:1) and after 2 hr was complete. The reaction mixture was
evaporated to dryness, dissolved in dichloromethane (50 mL) and washed with water
(2 x 50 mL). The organic phase was separated and dried (MgSOs). The volatiles were
removed under reduced pressure and the crude solid was purified using
chromatography (silica, hexane: dichloromethane, 2:1 v/v) affording (98) as a white
solid (484 mg, 82%).

'H NMR (CDCls, 300.22 MHz, § ppm)
0.32 (s, CHs, 18H), 7.60-7.71 (m, CH, 6H), 8.45 (d, >J = 8.1 Hz, CH 2H), 9.03 (s,
CH, 2H)

Elemental Analysis: Result % (calculated %): C = 69.7 (70.1), H=7.25 (7.49),
N=17.22(7.44)

EI/Mass Spectrum: (Cx;H2sN2Siy) m/z 476.2, calc. 476.6

6.5.15 Synthesis of 2,5-di-(4-iodo-phenyl)-pyrimidine (99)

Iodine monochloride (2.20 mL, 1.00 M solution in dichloromethane) was added
dropwise to a stirring solution of 3,6-bis-(4-trimethylsilyl-phenyl)-pyrimidine (320
mg, 1.00 mmol) in chloroform (20 mL). On addition of the iodine monochloride the
solution turned a bright orange colour with a white precipitate forming after 5 min.
TLC (silica, dichloromethane/hexane, 3:1 v/v) of the mixture after 1 hr revealed the
completion of reaction. Saturated sodium thiosulphate solution (10 mL) was added to
quench any excess iodine. The organic layer was separated, washed with water (2 x
20mL) and then dried (MgSOs). The solvent was removed under reduced pressure
yielding an off white solid which was recrystallised from chloroform (200 mL)
affording (99) as a white solid (340 mg, 70%).

'H NMR (CDCL, 300.22 MHz, § ppm)
7.36 (d, °J = 8.5 Hz, CH, 2H), 7.84-7.89 (m, CH 4H), 8.22 (d, 5J=8.5Hz, CH
2H), 8.97 (s, CH, 2H)

Elemental Analysis: Result % (calculated %): C = 39.5 (39.7), H =2.10 (2.08),
N=5.71 (5.79)
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EIl/Mass Spectrum: m/z 484.0, calc. 484.0

6.5.16 Synthesis of 2,5-bis-(4-trimethylsilylethynyl-phenyl)-pyrimidine (100)

2,5;éi-(4-i0do-pheny])-pyrimidine (200 mg, 0.41 mmol), copper iodide (7 mg, 0.05\
mmol) and bis(triphenylphosphine)palladium(Il)chloride (72 mg, 0.10 mmol) were
placed in a Schlenk tube. Tetrahydrofuran (50 mL), diisopropylamine (10 mL) and
trimethylsilylacetylene (0.12 mL, 0.82 mmol) were added respectively and the

reaction was left to stir, in the absence of light, for 16 hr. TLC (silica,

dichloromethane/hexane, 4:1 v/v) revealed completion of reaction and the volatiles

were removed under reduced pressure.

The resulting solid was dissolved in

hexane/ethyl acetate (1:1 v/v) and passed through a short alumina plug, after which

the solvent was removed yielding a brown solid. Recrystallisation of the crude
product from ethanol afforded (99) as an off white solid (142 mg, 72%).

'H NMR (CDCl3, 300.22 MHz, § ppm)

0.02 (s, CHs 9H), 0.07 (s, CHs,9H), 7.30 (d, °J = 8.6 Hz, CH 2H), 7.85-7.96 (m,
CH, 4H), 8.22 (d, >J = 8.6 Hz, CH 2H), 8.95 (s, CH, 2H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

-0.07
1.01
96.33
96.50
104.21
104.88
123.87
125.55
126.45

UVHis: Amax = 321 nm, & = 55,000 dm’>mol'cm™

CH;
CH;
Cq
Cq

(SiCH;, 5-pym)

(SiCHs, 2-pym)

(C=C-Si, 5-pym)
(C=C-Si, 2-pym)
(C=C-C, 5-pym)
(C=C-C, 2-pym)
(C=C-C, 5-pym)
(C=C-C, 2-pym)

(ortho to alkyne, 5-pym)

127.92
131.01
132.27
132.95
134.27
137.00
155.07
162.96

CH
Cipso
CH
CH
Cipso
Cipso
CH
Cipso

(ortho to alkyne, 2-pym)
(para to alkyne, 5-pym)
(meta to alkyne, 5-pym)
(meta to alkyne, 2-pym)
(5-pym)

(para to alkyne, 2-pym)
(4/6-pym)

(2-pym)
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Emission: Ay = 384 nm

6.5.17 Synthesis of 3,6-di-(4-bromo-phenyl)-[1,2,4,5]-tetrazine’** (101)

N=—N
Br Br
O Q\ ..N/> O

Copper nitrate trihydrate (2.46 g, 0.01 mol), zinc (1.30 g, 0.02 mol) and ethanol (10
mL) were placed in a two necked round bottomed flask. The mixture was stirred for
30 minutes under an inert atmosphere after which time the blue colour had almost all
faded. 4-Bromo-benzonitrile (1.82 g, 0.01 mol) and hydrazine monohydrate (2.30 mL,
0.05 mol) were added to the stirring slurry. The reaction was refluxed for 12 hr,
allowed to cool and filtered to remove the catalyst. The solid was washed with
chloroform (2 x 50 mL) and the volatiles were removed under reduced pressure. The
crude product was recrystallised from ethanol affording (101) as a pink solid (162 mg,
5%). The product was insoluble in all common organic solvents, therefore no NMR

data was obtained.

Elemental Analysis: Result (calculated): C =42.7% (42.9%), H = 2.26% (2.06%),
N =14.6% (14.3%)

EI-mass spectrum: (C;4HsBroNy) m/z 391.9; calc. 391.9

6.5.18 Synthesis of 3,6-bis-(4-trimethylsilylethynyl-phenyl)-[1,2,4,5]-tetrazine

(102)
=~ ) )—%

[ .
3,6?\13\1'3.9-(4-bromo-phenyl)-[1,2,4,5]-tetrazine (100 mg, 0.26 mmol), copper (I) iodide ‘"\
(5§ mg, 0.04 mmol), and bis(triphenylphosphine)palladium(II)chloride (38 mg, 0.05
mmol) were placed in a Schlenk tube. Dimethylformamide (20 mL),
diisopropylamine (10 mL) and trimethylsilylacetylene (0.06 mL, 0.55 mmol) were
added successively and the reaction vessel was sealed and heated to 70 °C with
stirring, under the protection of light, for 18 hr. TLC (silica, dichloromethane)
revealed completion of reaction. The volatiles were removed under reduced pressure

and the resultant solid was passed through a short alumina plug using ethyl
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acetate/hexane (1:1 v/v) as the eluent. The volatiles were then removed and the crude
product was further purified by chromatography (silica, hexane/dichloromethane, 1:1
v/v) affording (102) as a bright pink crystalline solid (55 mg, 50%). |

"H NMR (CDCl, 300.22 MHz, § ppm)
0.29 (s, CHs, 18H), 7.69 (d, >J = 8.7 Hz, CH_ 4H), 8.60 (d, °J = 8.7 Hz, CH 4H)

BC{'H} NMR - PENDANT (CDCl, 75.5 MHz, § ppm)

0.00 CH; (SiCHj) 13148 Cipso (parato alkyne)
98.42 Cq (SiC=C) 13296 CH  (meta to tetrazine)
10433 (4 (C=CPh) 164.56 Cipso (tetrazine)

12786 CH  (ortho to tetrazine)
UVAVis: Amax = 338 nm, € = 51,800 dm>*mol'cm™

Emission: Apax = 409 nm

6.5.19 Synthesis of 1,3,5-tris-[(4-trimethylsilylethynyl)phenyl]benzene (106)

Trans-bis(triethylphosphine)(phenyl)platinum(II)chloride (250 mg, 0.46 .mmol),
1,3,5-tri-[(4-ethynyl)phenyl]benzene (58 mg, 0.15 mmol), and copper(I) iodide (5 mg)
were placed in a Schlenk tube. Dichloromethane (40 mL) and diisopropylamine (20
mL) were added and the reaction was left to stir for 18 hr, after which time TLC
(silica, dichloromethane/hexane, 1:1 v/v) confirmed completion of the reaction. The

volatiles were removed under reduced pressure and the solid was dissolved in ethyl
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acetate. The solution was passed through a plug of alumina and the solvent was
evaporated to dryness. The resulting solid was recrystallised from ethanol/chloroform
(9:1 v/v) yielding (106) as yellow crystals (197 mg, 69%).

"H NMR (CDCl;, 300.22 MHz)
1.06-1.15 (m, CHj, 54H), 1.76-1.85 (m, CH,, 36H), 6.81 (t, >J = 7.2 Hz, CH, 3H),
6.97 (t, >J = 7.4 Hz, CH, 6H), 7.43 (d, °J = 8.5 Hz, 6H), 7.59 (d, >°J= 8.5 Hz, CH,
6H), 7.66 (s, CH, 3H)

BC{'H} NMR - PENDANT (CDCl3, 75.5 MHz, § ppm)

8.38 CH; (P(CH,CHs)s) 126.66 CH (central C¢Hy)
1547  CH, ((P(CH:CH3)3), tps, 127.86 CH  (meta to alkyne)
L Joc+3Jpc =34 Hz) 13299 CH (central C¢Hy)
11037 C;  (C=C-PY) 138.98 Cipo (central CgHy)
11228 (4 (C=C-Pt) 141.19 Cipso  (parato alkyne)
121.54 CH (para, Pt-Ph) 139.55 CH (ortho, Pt-Ph)

122.13 CH (ortho to alkyne)

3p{'H} NMR (CDCl;, 121.5 MHz, § ppm)
11.09 (‘e = 2367 Hz)
Elemental Analysis: Result (calculated): C = 53.7% (53.1%), H = 6.28% (6.36%),

UV/vis: Amax = 355 nm, € = 79,800 dm>mol‘cm™

Emission: Apax =451 nm

262



Chapter Six

6.6 References

' R. J. Errington, Advanced Practical Inorganic and Metalorganic Chemistry, Blackie
Academic and Professional, London, 1% Ed., 1997

2 J. Plater, Tetrahedron, 2004, 60, 6385

> G. Low, J. Med. Chem, 1999, 42, 3167

4. Stille, Heterocycles, 1997, 45, 1363

5 G. Whitesides, J. Org. Chem, 1988, 53, 2489

Y. Kim, S. Ahn, S. Kwon, Bull. Korean Chem. Soc., 2001, 22, 451

’G. Vlad, I. T. Horvath, J. Org. Chem., 2002, 67, 6550

$K.T. Wong, F.C. Fang, Y.M. Cheng, P.T. Chou, G.H. Lee, Y. Wang, J. Org. Chem.,
2004, 69, 8038

% S. Kotha, M. Kashinath, S. Dhurke, P. Lahiri, K. Kakali, W. Sunoj, B. Raghavan,
Eur. J. Org. Chem., 2004, 19, 4003

0Ep Weber, M. Hecker, E. Koepp, W. Orlia, M. Czugler, 1. Csoeregh, J. Chem. Soc.
Perkin Trans. 2, 1988, 1251

K. Siegmann, Organometallics, 1989, 8, 2659

12 M. Bruce, Inorg. Synth., 1989, 26, 324

3 M. S. Khan, M. R. A. Al-Mandhary, M. K. Al-Suti, F. R. Al-Battashi, S. Al-Saadi,
B.Ahrens, J. K.Bjernemose, M. F.Mahon, P. R.Raithby, M. Younus,
N. Chawdhury, A. Kohler, E. A.Marseglia, E. Tedesco, N. Feeder, S. J. Teat,
Dalton Trans., 2004, 2377

'Y A. L. Allred, L. W. Bush, J. 4m. Chem. Soc., 1968, 90, 3352

BM.R. Unroe, B. A. Reinhardt, Synthesis, 1987, 11, 981

16K A. Kovyrzina, T.A. Tsvetkova, J Org.Chem. USSR (Engl.Transl.), 1974, 10, 1078

7L. L. Schafer, J. R. Nitschke, S. S. H. Mao, F-Q. Liu, G. Harder, M. Haufe, T. D.
Tilley, Chem. Eur. J., 2002, 8, 74

BAL Allred, L. W. Bush J. Am. Chem. Soc., 1968, 90, 3352

BF, Barba, V. M. Desamparados, A. Guirado, Synthesis, 1984, 7, 593

20 M. Santus, Acta Pol. Pharm., 1993, 50, 183

2l C.L.Lim, S. H. Pyo, T. Y. Kim, E. S. Yim, B. H Han, Bull. Korean Chem. Soc.,
1995, 16, 374

263



Chapter Six

6.6 References

' R. J. Errington, Advanced Practical Inorganic and Metalorganic Chemistry, Blackie
Academic and Professional, London, 1* Ed., 1997

2 J. Plater, Tetrahedron, 2004, 60, 6385

3 G. Low, J. Med. Chem, 1999, 42, 3167

47, stille, Heterocycles, 1997, 45, 1363

5 G. Whitesides, J. Org. Chem, 1988, 53, 2489

Y. Kim, S. Ahn, S. Kwon, Bull. Korean Chem. Soc., 2001, 22, 451

7G. Vlad, I. T. Horvath, J. Org. Chem., 2002, 67, 6550

§K.T. Wong, F.C. Fang, Y.M. Cheng, P.T. Chou, G.H. Lee, Y. Wang, J. Org. Chem.,
2004, 69, 8038

% S. Kotha, M. Kashinath, S. Dhurke, P. Lahiri, K. Kakali, W. Sunoj, B. Raghavan,
Eur. J. Org. Chem., 2004, 19, 4003

10 Weber, M. Hecker, E. Koepp, W. Orlia, M. Czugler, 1. Csoeregh, J. Chem. Soc.
Perkin Trans. 2, 1988, 1251

ng. Siegmann, Organometallics, 1989, 8, 2659

12 M. Bruce, Inorg. Synth., 1989, 26, 324

B M. S. Khan, M. R. A. Al-Mandhary, M. K. Al-Suti, F. R. Al-Battashi, S. Al-Saadi,
B.Ahrens, J. K.Bjernemose, M. F.Mahon, P. R.Raithby, M. Younus,
N. Chawdhury, A. Ko&hler, E. A.Marseglia, E. Tedesco, N. Feeder, S. J. Teat,
Dalton Trans., 2004, 2377

4 Allred A. L.;Bush L. W.; J. Am. Chem. Soc., 1968, 90, 3352

15 Unroe, Marilyn R.; Reinhardt, Bruce A., Synthesis, 1987, 11, 981

16 Kovyrzina,K.A.; Tsvetkova,T.A.; J.Org. Chem. USSR (Engl.Transl.), 1974, 10, 1078

17 Schafer, Laurel L.; Nitschke, Jonathan R.; Mao, Shane S. H.; Liu, Feng-Q.; Harder,
Gabriele; Haufe, Markus; Tilley, T. Don; Chem. Europ. J., 2002, 8, 74

'8 A. L. Alired, L. W. Bush J. Am. Chem. Soc., 1968, 90, 3352

B, Barba, V. M. Desamparados, A. Guirado, Synthesis, 1984, 7, 593

20 M. Santus, Acta Pol. Pharm., 1993, 50, 183

2l C. L. Lim, S. H. Pyo, T. Y. Kim, E. S. Yim, B. H Han, Bull. Korean Chem. Soc.,
1995, 16, 374

263



Appendix

Found on attached Compact Disc



