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Abbreviations 

AcOH Acetic acid 
ACTSOL MeCN:KNO3(aq, satd.):H2O (14:2:1) 
tBu- tert-Butyl group, C4H9-group 
bpy 2,2’-bipyridine 
DMF N,N-Dimethylformamide 
MeCN Acetonitrile 
MeOH Methanol 
MeO- Methoxy, CH3O-group 
NH4OAc Ammonium acetate 
NMP N-Methyl-2-pyrrolidone 
NO2- Nitro group 
PPI 2-(2-(1-pyridinio)-1-oxoethyl)pyridine iodide 
TfO-, -OTf Triflate, trifluoromethyl sulfonate, CF3SO3-group 
TBDPS- tert-Butyl-diphenyl-silyl group 
THF Tetrahydrofuran 
tpy 2,2’;6’,2”-terpyridine, 
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1. Introduction 

1.1 History of Computers and Electronics 

The earliest milestone in computer technology was the building of the Elec-
tronic Numerical Integrator and Computer, ENIAC, in the mid 1940´s. It was 
developed at the University of Pennsylvania for the US Army, for the purpose 
of calculating ballistic trajectories. Approximately 18,000 vacuum tubes and 
1,500 relays were the key features along with other electronic components. It 
was a rather large construction - the 40 panels occupied a room with the dimen-
sions 5 × 10 metres. The ENIAC was the world’s first electronic computer, but 
would hardly receive that denomination today, as it performed equivalently to 
today’s pocket calculators and was hardly programmable - the programming 
was manually performed by plugging cables (Figure 1).1 

 
Figure 1. Two ENIAC workers in programming action. U. S. Army Photo. 
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The second milestone was the incorporation of transistors into computers. Al-
though a transistor-like device was described in a patent application from the 
German scientist Julius Edgar Lilienfield as early as 1928, Bell Telephone 
Laboratories also made the discovery in 1947.2,3 Their incorporation into com-
puters did not occur until the mid 1950’s. As the transistors were significantly 
smaller and only used a fraction of the energy they quickly replaced vacuum 
tubes in computers. 

From this point on, transistors became the key elements in computers. The third 
revolution came with the evolution of transistors into integrated circuits, IC’s, 
in the beginning of the 1960’s. The technology of the day had managed to 
shrink components in size so much that several transistors and resistors could 
be integrated onto a single chip. Also manufacturing technology had improved, 
and the lithographic etching technique needed for their production had become 
accurate enough for the task. 

The fourth generation computers came with the microprocessors, which are 
even more densely packed with components. They are capable of performing 
entire operations completely within the one circuit, the one processor. 

1.2 The problem, Moore’s Law Predicts the Future 
1.2.1 Prominent Future 

Since the first incorporation of transistors in computers the development has 
proceeded in an almost exponential manner. This development was noticed by 
Moore4 already in the beginning of the IC era and later the famous Moore’s 
Law was established by other scientists, stating that the number of components 
on a chip will double every 18 to 24 months. The advance has followed the law 
reasonably accurately for over four decades, although there are limits in the 
semiconductor physics and they will be reached in a proximate future. As the 
ability to pack chips with more components increased with increasing reliabil-
ity in the manufacturing methods of the components, technological advances 
yielded smaller components and lithographic techniques allowed closer pack-
ing of the small devices, the distances between components thus also became 
very small. At very small distances problems with cross-talk will occur as the 
threshold values for the electronic current jumping between components have 
reached dangerously low levels. According to Aviram and Ratner5 the limit as 
to how closely the components can be deposited will soon be reached. In fact, 
leaking currents are beginning to become a common and hard-to-solve prob-
lem. 
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A recent press release6 from Intel reports their advances in shrinking compo-
nents. According to this report, they already have the technology to build 45 
nm transistors, although leak currents prohibit them from exploiting this 
knowledge in a profitable way and they have started to look for new materials 
for their solid-state technology. Shortly after Intel’s report IBM countered with 
a press release7 with their innovation, a three-dimensional IC, which packs 
components in layers and in that manner increasing area coverage. Earlier, this 
approach was of little interest, as the single layered chips were necessary for 
effective heat removal. 

1.2.2. Isn’t this Enough? 

The future demands on computers will be great and many of them imply a de-
crease in the sizes of the components. As environmental consciousness in-
crease, the demands to save both energy and raw materials will increase. The 
latter is quite obviously achieved with smaller components and the energy con-
sumption can be decreased in several areas. Energy used in manufacturing can 
be decreased with smaller components, especially if they can be produced in a 
chemical reactor, which could produce enormous devices in a single batch. The 
energy used in transport of the devices would decrease as a natural conse-
quence if the devices were smaller in both their physical dimensions and their 
weight. A third area where energy use can be minimized is in the actual appli-
cations of the devices. The amount of energy needed in the operations of the 
device would decrease if the distances between the components could be made 
smaller. 

A constant demand on computers is increased performance – calculations and 
operations will become increasingly accurate and advanced, and in order to be 
able to compute them in a comfortable period of time computing speed needs 
to be increased. Again, size is the key issue, or actually the distances between 
the components. The shorter the distance, the faster a signal can be transferred 
and the device will be faster as a result. The development of a new electronic 
system also opens the possibility opens the design of a new and better method 
of computing or logic operations, for example, systems based on ternary logic. 

The economical aspect is a major driving force within the market. If the de-
vices could be made cheaper and faster to produce, hence also less time on the 
production line – less labour – no financier should be in doubt about investing. 
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1.3 Is Molecular Electronics the Answer? 
1.3.1. Introduction to Molecular Electronics  

In order to meet these future demands (and certainly there must be more!) a 
new paradigm in electronics and computer technology is due. It should be clear 
that the approach to shrink the existing components even further, that is, the 
top-down methodology, will not survive for very long. Instead one should start 
from the smallest available pieces – the atoms and the molecules – and to strive 
upwards, the bottom-up methodology. Computer technology on the nanoscale 
is needed – and molecular electronics may represent be the answer. 

One early proposal to nanotechnology was given already in 1959 by Richard 
Feynman in his famous speech “There’s plenty room at the bottom: An invita-
tion to enter a new field of physics”, held at Caltech.8 He played with the idea 
of writing the whole Encyclopaedia Britannica on a pinhead and to miniaturize 
an automobile to the size of one millimetre. He also suggested the creation of 
computers in the submicroscopic scale, as he expresses it. Although the expec-
tations he expressed in the speech actually already might have been met with 
the top-down approach, where the components have already decreased many 
times in size, his speech contained the pioneering thought that gave many re-
searchers the push into the direction of nanoscale computing at the molecular 
level. 

Another step towards molecular electronics and the utilization of organic mole-
cules as conducting compounds was displayed in Noble Prize-winning research 
of Professors Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa and 
their discovery and development of electrically conducting polymers.9 They 
discovered that polyacetylene, when doped, possessed electrical conductivity 
around 105 S m-1, comparable with those of the conducting metals silver, cop-
per and gold at around 108 S m-1. The doping had been achieved by oxidation 
of a thin film of the polymer with halogen vapour. This increased the conduc-
tivity from around 10-4 S m-1 to the levels close to graphite. The key property of 
these polymers is the conjugated backbone of the system, i.e. the alternating 
single and double bonds. The character of the double-bonds enables electricity 
to flow. 

Some conjugated organic polymers show semiconductor-like properties. In 
order for a solid to be classified as a semiconductor the energy gap, or band 
gap, between the valence and conduction bands needs to be sufficiently small.10 
If electrons absorb enough energy to transport into the conduction band, elec-
tronic current is then allowed to pass either in the conducting band or in the 
hole created in the valence band. For a compound with an energy gap of 2 eV 
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or smaller, thermal energy or the energy from visible light is sufficient to excite 
electrons into the conduction band. Silicon (1.12 eV) and germanium (0.67 eV) 
are two common semiconductors. Silicon dioxide (9.0 eV) and diamond (5.47 
eV) are obviously quite good insulators. In the case of metals, there are no en-
ergy gaps between the valence and conduction bands. 

In molecular electronics this translates into the highest occupied molecular 
orbital (HOMO, valence band) and the lowest unoccupied molecular orbital 
(LUMO, conduction band). In order for electric current to flow through a sys-
tem an electron needs to be excited from the HOMO into the LUMO. As there 
are now two half-filled molecular orbitals electric current can either flow in the 
higher band or in the hole, a polaron, created in the lower band. Recent re-
search11 reports the successful lowering of the band gap of α,ω-
quinquethiophene by functionalization from 2.5 eV for the unsubstituted parent 
molecule down to 2.02 eV in dichloromethane solution. In a thin film, the band 
gap was further lowered to 1.77 eV. 

The initiation of modern molecular electronics is often ascribed to have begun 
with the article by Aviram and Ratner on molecular rectifiers.12 They describe a 
device with an acceptor and a donor connected together via an insulating part. 
Electrons are allowed to tunnel through when voltage is applied, with a cathode 
connected to the acceptor part and an anode connected to the donor part. The 
insulator is essential in order to prohibit electrons from passing in both direc-
tions. In 2000, Stoddart and co-workers reported application of their research 
on rotaxanes and catenanes to prepare a switching device. A monolayer of 
catenanes was sandwiched between two electrodes, and upon oxida-
tion/reduction, on/off switching could be realised.13 

Research within molecular electronics can be divided into two categories: i) the 
creation of integrated circuits that consists only of molecular transistors and ii) 
the creation of complete hardware for complete nanoscale electronic systems. 
These can be used in molecular robotics, for instance, in medical use as vi-
sioned by Feynman. However, in both instances, certain components and de-
vices have key importance. One is, of course, the conducting device, the wire. 
It need not be said that without proper means of transporting electrons or en-
ergy between the other components, the complete system will fail. As dis-
cussed earlier in this work, a number of compounds have been proposed to 
handle this issue. Another key component is the switching/rectifying/transistor 
device. Transistors are the sole switching components of todays solid state ICs. 
In an electronic circuit, the direction of the electricity/energy flow must be able 
to be controlled and/or manipulated. A third important issue is the nanomet-
ric/macroscopic interface. There must be effective methods to macroscopically 
incorporate and interact with the nanometer-sized devices. For instance, com-
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pared to an integrated circuit, there must be a good way of connecting molecu-
lar device to external pins of the macroscopic hardware. For complete systems, 
interfaces are needed. The possibility to move and manipulate individual mo-
lecular devices with, for instance, the tip of an atomic force microscope is 
nearly not appropriate for manufactoring purposes. 

1.4. Our Aim 
1.4.1. Introduction to Oligothiophenes and Oligopyridines 

In this work oligothiophenes have been chosen as the conducting wire moiety 
(Figure 2). Compared to other known conducting organic compounds they 
have significant advantages. Being fully conjugated these compounds work as 
a conducting device and show semiconductor-like properties already when 
untreated. 

S
SS

n  
Figure 2. Oligothiophene with n+2 subunits. 

When chemically doped, they have received much attention as conducting de-
vices. Oligothiophenes also deserve credit for their advantageous synthetic and 
chemical properties. They are stable compounds, easily synthesized and deri-
vatized. Several reports has been published on the synthesis of both substituted 
and unsubstituted oligothiophenes with specific lengths using a variety of pro-
cedures. Ring-closure of substituted butane-1,4-diones with various sulphur-
containing reagents (for instance, Lawesson’s reagent) yields thiophene rings.14 
With thiophene substituents in 1- and 4- positions of those butane-1,4-diones, 
terthiophenes are the expected ring-closed product.15 A number of catalyzed 
cross-coupling reactions between shorter length substituted oligomers and 
monomers can be used to obtain virtually any desired oligomer in good yield.16 
The α-position allows for high yielding substitution reactions and is therefore 
easily derivatized. 

1.4.2. Introduction to Ruthenium(II) Bipyridine Complexes 

Capping the thiophene wire with bi- or terpyridines (Figure 3) offers certain 
advantages and also fulfils the demands listed above. They should not disrupt 
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the conjugation of the wire. Correct anchoring of the wire onto a pyridine sub-
unit extends the conjugation within the entire capping unit, and in complexed 
form can be extended onto a metal. 

N

N
S

S
S wire

N
S

S
SN

wire

 
Figure 3. Oligothiophene wire, capped with a 2,2’-bipyridinyl. The wire is  

attached in either the 6-position (top) or the 4-position (bottom). 

Bi- and terpyridines chelate strongly to metals and form stable bi- and triden-
tate complexes with the transition metals iron, osmium and ruthenium, for ex-
ample [Ru(II)(bpy)3]2+ complexes (Figure 4) have a unique combination of 
chemical stability, redox properties, excited state reactivity, luminescence 
emission and long excited state lifetimes. 

Ru+2

N
N

N

N
NN

 
Figure 4. Tris(2,2’-bipyridinyl)ruthenium(II). In similar manner substituted  

bipyridinyl based ligands occupy the space around the metal. 

Depending upon the solvent, [Ru(bpy)3]2+ has a luminescence lifetime of ap-
proximately 1 µs at room temperature.17 In solution this is long enough to en-
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counter another molecule and partake in a bimolecular energy/electron transfer 
process. If the possibility exists for intramolecular energy/electron transfer, this 
process can be made even more selective and effective. Such possibility could 
be offered by introducing a conducting device (a wire), which, if properly at-
tached to the complex, could offer a route along which a signal could be trans-
ferred. This is a fundamental requirement for a molecular electronic system. If 
two complex centres connected by a molecular wire are to communicate, or a 
signal is to be transferred between them, the transfer of relaxation energy needs 
an energetically favourable route, and must be directed in a suitable way. One 
possible way of constructing a molecular electronic device is to incorporate 
several metal complexes that are linked by molecular wires. Directed energy or 
electron flow between the different metal cores in the system can thus form the 
basis of the logical/computational operations. 

The energy available in the excited state *[Ru(bpy)3]2+ for energy transfer 
processes is 2.12 eV, and its reduction and oxidation potentials are +0.83 and -
0.79 V (in CH3CN),17a making *[Ru(bpy)3]2+ at the same time a good energy 
donor, a good electron acceptor and a good electron donor.17 Thus Ru(II) 
polypyridine complexes serve as excellent candidates for use as electron 
sources/sinks in molecular electronic applications. In order to unequivocally 
direct this energy/electron transfer to a specific target, a linker or a bridge is 
required. A wide variety of bridges have been reported with the most common 
being oligophenylenes,18 oligo(phenylethylene)s19 and oligothiophenes.20 Due 
to their stability, coplanarity and ease of derivatization, oligothiophenes have 
gained prominence within the field of molecular electronics and have found 
applications in organic light-emitting diodes and organic field-effect transis-
tors. However, the attachment of a linker of any kind to one of the 2,2'-
bipyridine ligands surrounding the Ru centre will affect the properties of the 
resulting [Ru(bpy)2(L)]2+ complex. Steric effects between the bridge and the 
auxiliary bipyridine ligands may alter the coordination symmetry of the metal 
core, leading to drastic shortenings of luminescence lifetimes by opening up 
fast non-radiative pathways, and minimizing the systems capacity for directed 
energy/electron transfer. 

Tailoring the bi- or terpyridine units with appropriate functional groups and 
attachment points of the wire may well increase the luminescence intensities 
and elongate the lifetimes of the excited states. In order to create a rectifying 
device, the two ends of a wire may be capped with electron-donating and elec-
tron-withdrawing components. This is also necessary for the actual directed 
current-flow. As an electron at the donor end of the wire is excited, energy 
transfer can occur and the relaxation energy of the electron is transferred to 
excite en electron at the acceptor end.21 NO2- and MeO-groups have often been 
employed in organic chemistry as electron-withdrawing and -donating groups 
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and may also offer usefulness in this regard within complexed ligand systems. 
Organometallic complexes also answer the demand for macroscopic/nano-
metric interfaces. 

If bi- or terpyridine moieties are designed to incorporate a thiophene unit, the 
possibility to create complicated hardware architecture increases. The good 
reactivity at the α-position of the thiophene allows for several methods of at-
tachment of a wire to the end-capping group. The possibility to complex the 
unit to metal centres offers another aspect of structure design. Ruthenium(II) 
can be complexed in an octahedral fashion – six monodentate, three bidentate 
or two tridentate ligands can be attached to it. Although the angles of these 
ligand attachment points are reasonably rigid, all at right angle (perpendicular), 
the direction of the wire can be customized by its attachment point to the 
pyridinyl unit. This allows for a three-dimensional design, and thus offers an 
even higher component density than two-dimensional circuits.7 The use of 
metal complexes of the bipyridines or terpyridines facilitates the coupling of 
shorter length sub-units (analogous to soldering), by creating junction points 
for wires. The chirality around the [Ru(bpy)3]2+ complex allows for fine geo-
metric control of the architecture of the resulting complex. 

Another important issue in the creation of molecular electronics is solubility. In 
order to be able to assemble a complicated network of components in solution, 
they need to be soluble. Aromatic oligomers at only six monomer lengths are 
already difficult to dissolve. Longer oligomers will be almost totally insoluble 
in most solvents, as solubility decreases with increased number of monomers. 
An undissolved compound is extremely difficult to react and virtually impossi-
ble to couple onto a system in a manageable way. One way of avoiding this 
problem is the introduction of solubilising groups on the back of the thiophene 
monomers, although the addition of bulky groups could disturb the planarity of 
the oligothiophene chain. This would in turn disturb the conducting abilities, as 
the overlapping π-bonds are disturbed. One approach to avoid this is the trap-
ping of the oligothiophene chain inside a cyclodextrin, with a hydrophobic 
interior and a hydrophobic exterior.22 The trapping is thermodynamically fa-
voured, but does not occur in good yields. 

In the same manner as the end-capping groups offer the possibility for fine-
tuning the electrochemical and photophysicalproperties, functional groups 
bearing solubilising character can also be attached to the end group and in this 
way minimise chain-distorting effects. Furthermore, the complexations of bi- 
and terpyridines with bis(2,2’-bipyridine)ruthenium(II) dichloride or terpyri-
dineruthenium(III) trichloride to form tris(bipyridine)ruthenium(II) or 
bis(terpyridine)ruthenium(III) leads to the formation of complexes with signifi-
cantly higher solubility. 
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One of the aims in this work has been to synthesize compounds based on the 
2,2’-bipyridine or 2,2’:6’,2’’-terpyridine architecture. Kröhnke methodology is 
a useful approach, as the central pyridine can be synthesized with the desired 
substituents originating from the starting material; minimising further substitu-
tion reactions (Figure 5). 

A new method to synthesize unsymmetrical bipyridines was investigated. The 
Kröhnke pyridine synthesis is applicable, but seldom gives rise to good yields 
and often requires extensive purification. The related one-pot reaction23 is at-
tractive, but has showed little application for the synthesis of unsymmetrical 
bipyridines. Scrambling is a common side-effect, as is the formation of cyclo-
hexanols. The method was investigated and adapted for the preparation of un-
symmetrical pyridines in good yields and using a simple experimental protocol. 

The effect of the attachment site/mode of thiophene units to bi-and terpyridine 
structure was also investigated. Thus several new fused thienopyridine systems 
were prepared (Figure 5). 

In this work a number of bipyridines with selected functional groups and (pen-
dant/fused) thiophene units have been prepared. Existing methods of prepara-
tion of bipyridine compounds were investigated and improved and several new 
methods were created. 

N N N

N N N

N N N

N N N N

S

S
S S

SS

tBu NO2 OMe

 
Figure 5. A selection of ligands based on the 2,2’-bipyridine motif. 
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The ligands were complexed with bis(2,2’-bipyridine)ruthenium(II) dichloride 
and the effects of the functional groups and of the pendant/fused thiophene 
groups on the electrochemical and photophysical properties of the resulting 
complexes were measured and compared to those of the unsubstituted and pro-
totypic complex, i.e. tris(2,2’-bipyridine)ruthenium(II) (Figure 4). 
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2. Pyridine Synthesis 

2.1. Introduction 

In the synthesis of the selected ligands shown in Figure 5, the synthesis of the 
central pyridine plays a central role. 

As earlier discussed, the Kröhnke reaction is applicable to the preparation of 
bi- or terpyridine systems with pendant substituents, but as mentioned earlier 
the method may be improved and deserves closer examination. 

The Heck reaction was found to be a key step in some preparations of the thio-
phene fused bi- and terpyridine systems. Alternatively the incorporation of a 
vinyl moiety via a Wittig reaction is a widely used method and is certainly 
applicable, but leads to an increased number of synthetic steps and often in-
volves tedious work-up procedures to remove known by-products. The palla-
dium catalyzed Heck reactions offers an interesting possibility to by-pass sev-
eral of those steps and also warrants some attention. 

In this chapter short reviews on the Heck olefination reaction and the Kröhnke 
pyridine synthesis are presented with aspects related to this work. 

2.2 The Heck Reaction 
2.2.2 History 

In the early 1970’s two separate research groups – Mizoroki’s24 at the Tokyo 
Institute of Technology, and that of Richard Heck25 at the University of Dela-
ware in Newark – independently reported improved methods for palladium 
catalyzed olefination of aryl halides. Although Mizoroki preceded Heck, the 
method that Heck proposed was more convenient and the reaction was later 
named after him. The reaction is sometimes referred to as the Mizoroki-Heck 
reaction, but in this work it will consistently be referred to as the Heck reac-
tion, as the general procedure adapted today shares most resemblance with the 
original described by Heck. 
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Both reports were based on preceding research on olefinic arylations,26 but 
pointed to problems and difficulties within these procedures. Mizoroki stated 
that in the preceding work the reactions consumed almost stoichiometric 
amounts of the palladium catalyst and converted it from Pd(II) into metallic 
palladium. He proposed the use of true catalytic amounts (1 mol %) of palla-
dium(II) dichloride and with the addition of potassium acetate as base the hy-
drogen iodide formed in the reaction was neutralized. The reaction was per-
formed with methanol as solvent at 120°C in a titanium-alloy autoclave. Heck 
pointed out the inconveniency of Mizoroki’s autoclave, and also showed some 
troublesome issues in the preceding work where thick slurries of salts were 
used and accompanying difficulties in obtaining the correct organomercury, -
tin or -lead reagents. 

Hecks modified and more convenient method was performed either in solvent-
less conditions or with NMP as solvent and thus avoided the need of an auto-
clave reactor. He also used a hindered amine, tri-n-butyl amine, as the base in 
the reaction as it showed improved performance compared to potassium ace-
tate. The most important change might have been the use of palladium(II) ace-
tate as the catalyst in the reaction. Palladium metal was formed in situ in the 
reaction, which he claimed had similar reactivity towards certain organic hal-
ides as tetrakistriphenylphosphine palladium(0), which was, at the time, well 
known. 

2.2.3. The Reaction 

The Heck reaction is a reaction between organic halides (or triflates) and 
mono-, bi- or trisubstituted alkenes (ethenes), catalysed by palladium com-
plexes in the presence of a base (Figure 6). 
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Figure 6. General outline of the Heck reaction. A halogenated compound  

and an olefin react to form a new olefin, hydrogen halide is extruded. 

The earliest reports and the most common application of the Heck reaction 
describe the reaction between the halides of aryls, benzyls and vinyl com-
pounds, although there are examples of the uses of other halide compounds 
such as alkyls (without β-hydrogens, explained later), allyl, alkynyl and 
alkoxycarbonylmethyl compounds.27, 28, 29 The halide X can be either chlorine, 
bromine or iodine, or even a triflate. 
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The limitations on the vinyl counterpart are few: there must be at least one 
hydrogen present on the vinyl group, i.e. no more than three substituents on the 
vinyl. Whether the substituents are electron rich or poor does not have large 
influence on the reaction. 

As to other reaction conditions the reaction is commonly performed in highly 
polar solvents, such as DMF, MeCN or NMP at around 100°C or reflux. The 
robustness of the reaction allows for the use of other solvents. Toluene, metha-
nol and even water30 have been reported as successful solvents. The base pre-
sented to the reaction needs to be strong, in order to scavenge any acid (HX) 
formed in the reaction, and prevent poisoning of the catalyst. Potassium car-
bonate or acetate and trialkylamines, such as tri-n-butylamine, are commonly 
used. The latter has actually also been used as the solvent.31 

The most important role within the reaction is assigned to the catalyst, or actu-
ally to the ligands attached to the palladium metal. Pd(PPh3)4 and Pd(OAc)2 are 
commonly used as the catalytic precursor. 

2.2.4. The Catalytic Cycle 

The Heck reaction occurs through an intricate catalytic route. The sketch given 
below (Figure 7) is a simplified version of the catalytic cycle and contains the 
critical elements of the mechanism. The catalytic cycle has been widely dis-
cussed32 and several alternative mechanistic pathways have been proposed. 
Very often the alternative pathways include some specific reaction details, such 
as which solvent has been used, use of mono- or bi-dentate ligands on the cata-
lyst, specific steric hindrance on the aromatic substrates, or use of chiral re-
agents/catalysts in order to obtain stereospecific products.33 They most often 
resemble the above mechanism, with some slight modifications on just one or 
two steps. Beletskaya and Cheparov34 published in 2000 a very thorough re-
view with comprehensive detail on each step. The steps will not be deeply dis-
cussed in this work, but the scope within each will be shortly described. 
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Figure 7. The general outline of the catalytic cycle of the Heck reaction. 

Each step is named and briefly discussed below. 

Preactivation - The initial step in the catalytic cycle is the activation of the 
catalyst used in the reaction. The form of the catalyst added to the reaction 
vessel is often an unreactive species and needs to undergo slight changes before 
the catalytic effect is obtained. Several different precatalysts have been em-
ployed, Pd(PPh3)2Cl2, Pd(OAc)2 and Pd(PPh3)4 being the most common. The 
generation of the active catalyst Pd(0)L2 is often generated in situ in the reac-
tion. Pd(PPh3)4 in solution exists in an equilibrium with Pd(PPh3)3 and one free 
ligand. Upon heating a second ligand is lost and the complex is converted into 
the reactive Pd(PPh3)2. Pd(PPh3)2Cl2 or Pd(OAc)2 on the other hand are easily 
reduced with, for instance triphenylphosphine, into Pd(0). It is convenient to 
add free ligand PPh3 into the reaction mixture. The activation mechanism for 
the Pd(OAc)2 is actually a little more complicated, as an anionic species of 
Pd(0) is formed. Amatore et al.35 have presented their studies on this catalytic 
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cycle, where the activation steps and intermediate species were studied and 
proposed changes to the whole catalytic cycle. 

Not all of the reactive catalytic species are bi-coordinated Pd(0). Some exam-
ples of Pd(II) as the reactive species exist, but the formula Pd(0)L2 represents 
the dominant understanding. 

Oxidative addition - The addition of the organohalo compound to the catalyst 
occurs in a smooth fashion. As R-X oxidizes the palladium into Pd(II), no addi-
tion or elimination occurs in the reaction, the formations of the new bonds are 
perfectly synchronized with degradation of the old bonds. A square planar σ-
organopalladium(II) complex is formed. 

The order of reactivity is I >> OTf > Br >> Cl. Iodides have excellent reactiv-
ity, but are somewhat more expensive. Triflates and bromides have good reac-
tivity, and the bromides are normally easiest to obtain. Chlorides have rela-
tively poor reactivity compared to the others and are not so often utilized. 

When studying the mechanistic circle, one soon discovers one of the limitations 
of the Heck reaction, namely the β-elimination problem and the reason why β-
hydrogens are not permitted on alkyl halides used in the Heck reaction. As the 
palladium catalyst goes through the initial oxidative insertion step onto an alkyl 
halide containing β-hydrogen – the product resembles the intermediate just 
before the β-hydride elimination step in the catalytic circle. Any β-hydrogen 
adjacent to the palladium reagent is prone to elimination, and efforts to use the 
Heck reaction on that type of compound would only yield unwanted alkene 
products (Figure 8). 
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Figure 8. Oxidative addition of a palladium catalyst to a haloalkane with β-hydrogens. 

A subsequent elimination produces undesired alkene products. 

syn Addition and migratory insertion - The addition of the vinylic compound to 
the complex begins with the coordination of the π-bond of vinyl group to the 
palladium metal centre of the complex and a π-complex is formed. The R-
group migrates and is inserted onto the carbon backbone in a syn addition. 
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Internal rotation - An internal rotation around the now single bond places a 
hydrogen atom in the vicinity of palladium. The hydrogen can, of course, come 
from either side, but as substituents are always larger than hydrogen, steric 
hindrance favours one of them. In cases where there are several substituents on 
the vinyl group, the alkene geometry depends on the nature of those substitu-
ents. 

β-Hydride elimination - A hydride can now coordinate to the palladium, and a 
β-hydride elimination occurs in a syn fashion. In the case of monosubstituted 
vinyls, the reaction yields mainly trans-products. Only small amounts of any 
cis adduct or 1,1-disubstituted vinyls normally can be detected. 

Reductive elimination - The form of the palladium complex before the last step 
in the mechanistic cycle is PdL2HX. Reduction of the palladium and elimina-
tion of the acid HX, which is collected by a base present in the reaction, results 
in the recovery of the initial reactive species of the catalyst, PdL2, and the cycle 
is completed. 

2.2.5. Uses 

The reaction has had widespread uses, and has been employed in the prepara-
tion of compounds with molecular weights ranging from rather low, for in-
stance that of styrene from the reaction between iodobenzene and ethylene,36 to 
very high such as in natural product synthesis with different target applications, 
mostly pharmaceutical. 

The Heck reaction has also a very popular application in intramolecular ring-
closures. These are often used in the synthetic preparation of some known natu-
ral products. One specific example is the utilisation of a Heck reaction in the 
synthesis of hydrazulene derivatives reported by Negishi et al. in 1997.37 Sev-
eral derivatives are reported, whereof two are ring-closed via Heck reactions, 
amongst other named reactions. Interestingly, the products formed provides  
example of the Heck reaction resulting in the usually disfavoured cis- and the 
1,1-disubstituted forms (Figure 9). 
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Figure 9. Two examples of intramolecular Heck reactions. The products  

are results of cis- (top) and 1,1-substitution (bottom). 

Another example elaborates the preparation of a furo[3,2-c]quinolinone where 
a bromobenzene derivative is reacted with a substituted furan.38 This is a good 
example on how accommodating the Heck reaction is on the nature of the vinyl 
counterpart of the reaction, as the bromobenzene compound actually is coupled 
with one of the aromatic double bonds of the furan itself (Figure 10). 

HN

O O

NO2

Br

EtO2C
O

i) Pd(PPh3)4
toluene

ii) Pd/C, H2
+

 
Figure 10. Heck reaction where the aromatic double-bond  

of the furan acts as the vinyl counterpart. 

They also show examples of the possibilities to utilize this type of Heck reac-
tion with thiophene. 

An example where an aromatic double-bond acts as the vinylic counterpart is 
the reaction between 3-substituted benzo[b]thiophene and different aromatic 
halides reported by Chabert et al. in 200239 (Figure 11). 
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Figure 11. Heck reaction where the aromatic double-bond  

of the thiophenyl moiety acts as the vinyl counterpart. 

Much research has been put into the production of new and better ligands on 
the catalyst in order to increase the stability of the catalyst or to gain other ef-
fects within the reaction, such as enantioselectivity. 

During the years 1999 to 2002 the research group of Doucet and Santelli pre-
sented a new tetraphosphine ligand, tedicyp, to the Heck reaction.40 The four 
phosphine groups on the ligand afforded increased coordination to the palla-
dium metal and thus increased the stability of the catalyst (Figure 12). 

Ph2P
PPh2

Ph2P

PPh2  
Figure 12. cis,cis,cis-1,2,3,4-Tetrakis(diphenylphosphinomethyl)cyclopentane,  

tedicyp. A useful ligand in the Heck reaction. 

In 1995, Cabri and Candiani41 reported the effect of introducing chiral (R)-(+)-
BINAP, a bidentate phosphine ligand, into the Heck reaction for the generation 
of several stereospecific compounds (Figure 13). 
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Figure 13. (R)-(+)-2,2’-bis(diphenylphosphine)-1,1’-binaphthyl, (R)-(+)-BINAP.  
A chiral ligand (left). Two Heck reactions where (R)-BINAP has been introduced  

as ligand to the reaction, thus pushing the reaction towards one specific stereoisomer 
(right top & bottom). 

2.2.6. Heck Reactions on Thiophenes and Pyridines 

In the efforts to prepare fused pyridyl-substituted thienopyridines, a Heck reac-
tion between either a vinylpyridine and a halogenated thiophene, or vice versa, 
a vinylthiophene and a halogenated pyridine is a crucial step. 

The resulting thiophenyl- and pyridinyl-substituted vinyls are in the latter steps 
subjected to ring-closures in order to obtain the desired thienopyridines. 

There are several examples of 2- and 3-halogenated thiophenes that have been 
subjected to the Heck reaction with aromatic vinyl compounds.42 These sub-
strates were olefinated mainly with substituted vinylbenzenes40c but also vinyl-
thiophenes, -furans and -thiazoles.43 The halogens used have mainly been io-
dine and bromine. The yields when using the iodinated thiophene range from 3 
to 98%, but the morepart have yields over 50%. The poorest yield was obtained 
when coupling the thiophene to a vinyl component with a rather large substitu-
ent. When using bromides the conversion rates range from 30 to 96 %. Again 
most reactions had yields better than 70 %. 
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2-Bromo-pyridines and substituted 2-bromo-pyridines have also been olefi-
nated at the C-2 position.40c, 44 The yields were good with over half of the reac-
tions proceeding in over 70 % yields. 

2-Vinylthiophenes and substituted 2-vinylthiophenes undergo Heck reaction 
with yields ranging from 27 to 97%.43, 45 

2-Vinylpyridine has been introduced as the olefin in a number of Heck reac-
tions, with quite good yields 40-97%.40c, 46 

The most popular catalyst was palladium(II) acetate with the addition of 
triphenylphosphine or tri-o-tolylphosphine as the ligand in the reaction. DMF, 
MeCN and NMP were commonly used as solvents, although use of methanol, 
toluene and THF has also been reported. The reactions were often conducted at 
100-110°C or under reflux, which is common for this type of reaction. Under 
these reaction conditions the reaction seems to be rather robust. 

2.2.7. In this Work 

In this work attempts to use the Heck reaction on 2- or 3-bromothiophenes 
have had varying success. An initial test to olefinate 3-bromothiophene with 2-
vinylpyridine at reflux in DMF with Pd(PPh3)4 as catalyst and potassium car-
bonate as base for four hours, gave the desired 2-(thiophene-3-yl-vinyl)-
pyridine (crude yield: 58 %). However attempts to olefinate 3-bromo-
thiophene-2-carbaldehyde under the same reaction conditions gave none of the 
desired product, however, no evidence of unreacted starting material could be 
found either (Figure 14). 
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Figure 14. Test of the Heck reaction on 3-bromothiophene derivatives. The adjacent 

electron-rich carbonyl group (bottom scheme) obstructs the reaction. 
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Although there are reports47 of Heck reactions on organic halides with adjacent 
formyl groups and even other palladium catalyzed cross-couplings on 3-
bromothiophene-2-carbaldehyde, there are no reports on any Heck reaction of 
this type. Meegalla et al.48 reported in 1992 a mechanism on the substrate 2-
bromo-benzaldehyde where the palladium in the complex after the initial inser-
tion step actually reacted intramolecularly with the adjacent aldehyde carbonyl 
group (Figure 15). 
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Figure 15. Reaction intermediates in a reaction with Heck conditions 

on a halide with an adjacent aldehyde group. 

The complex thus formed led to formation of several products, which they 
characterized. This seems a plausible explanation as to why the Heck reaction 
of 3-bromothiophene-2-carbaldehyde was not successful. The following sketch 
(Figure 16) is an attempt to show the mechanism, although cannot be validated 
as the by-products were never characterized. 
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Figure 16. Suspected mechanistic sequence for the reaction of 3-bromothiophene-2-
carbaldehyde under Heck conditions. After oxidative addition and migratory insertion 
a second π-complex is formed with the adjacent carbonyl group. Subsequent insertion 
intermediates allow for formation of several compounds. The desired olefination prod-
uct is not acquired in detectable yields. 

After protection of the formyl group with ethylene glycol 2-(3-bromothiophen-
2-yl)-[1,3]dioxolane was successfully olefinated under the above reaction con-
ditions (94 %). 

Another example where the carbonyl group seems to disturb the Heck reaction 
was found in the attempt to olefinate (3-bromo-thiophen-2-yl)-thiophen-2-yl-
methanone (Figure 17). After the normal reaction time all starting material had 
been consumed, but no signs of the desired product could be found. The start-
ing material had been de-brominated and only di-thiophen-2-yl-methanone was 
obtained. 
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Figure 17. The attempted Heck reaction on (3-bromo-thiophene-2-yl)- 
-thiophen-2-yl-methanone only resulted in the removal of the bromine. 

Suspecting similar chelation of the carbonyl group an effort was made to simi-
larly protect the carbonyl group, but without success. As there were difficulties 
in protecting this electron-rich ketone, alternative pathways to the final product 
were pursued. 

Using the same conditions, the Heck reaction was attempted on 3-
bromothiophene-2-carbonitrile. Again, the π-bonds in close vicinity seemed to 
bind to the palladium and gave rise to by-products. 

2,3-Dibromothiophene was attempted to olefinate with the standard conditions, 
expecting to obtain a Heck reaction in the C-2 position, as it is generally con-
sidered as the more reactive site. This was also shown by Pereira et al.,49 who 
reported the studies on the catalyst Pd(PPh3)4 where they both prepared and 
characterized the complex formed in the oxidative addition step of substituted 
2,3- and 2,4-dibromothiophenes. 

In the analysis of the crude reaction mixture, instead of obtaining 2-[2-(3-
bromo-thiophen-2-yl)-vinyl]-pyridine as the desired product and some of the 
expected by-product 2,3-bis-(2-pyridin-2-yl-vinyl)-thiophene, neither were 
present. The 2-vinyl-pyridine in the reaction had not been consumed (to any 
great extent), and the thiophene substrate seemed to form dimer or oligomer of 
thiophene and/or bromo-thiophene. In 1963, Holland and Lee50 reported the 
formation of complexes with palladium and the sulphur atom of thiophene de-
rivatives. Having the two adjacent ligand sites S and C-2-bromide arouses the 
suspicion of chelation intermediates, thus opening pathways other than the 
desired Heck reaction. 

2.3. The Kröhnke pyridine synthesis 

The preparation of substituted pyridines from the reaction between α,β-unsatu-
rated ketones (chalcones) and acyl pyridinium salts (the Kröhnke reagent) in 
the presence of NH4OAc (Figure 18) was first reported by Zecher and Kröhnke 
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in 196151 and was thoroughly described by Fritz Kröhnke in a comprehensive 
review article in 1976.52 
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Figure 18. General outline of the Kröhnke reaction. 

There is a great similarity between the Kröhnke reaction and another popular 
procedure, where two methyl ketones and an aldehyde are condensed with a ni-
trogen donor to form a pyridine. Kröhnke relates this procedure as a 
Chichibabin-type reaction where three methyl ketones are condensed under 
pressure to form a pyridine, but the reaction is also sometimes referred to as a 
Kröhnke-type reaction. The confusion in the correct addressing of the reaction 
type can be explained by the similarities between the reaction mechanisms, the 
intermediates formed in the reactions and the common starting materials, two 
methyl ketones and one aldehyde. 

In the Kröhnke pyridine synthesis, one of the methyl ketones is reacted with the 
aldehyde to form a chalcone via aldol condensation (Figure 19). 
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Figure 19. The aldol condensation yielding a chalcone-like  
compound for use in the Kröhnke reaction. 
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The second starting material for the Kröhnke reaction, the acyl pyridinium salt 
(the Kröhnke reagent) is created from the second methyl ketone, iodine (or 
bromine) and pyridine via the Ortoleva-King reaction (Figure 20).53 
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Figure 20. The Ortoleva-King reaction forming the Kröhnke reagent. 

The cyclization is accomplished when these two starting materials are refluxed 
together in glacial acetic acid with ammonium acetate as the nitrogen donor. 
Ethanol and methanol are also commonly employed as the solvent for this reac-
tion.54 The reaction is believed to occur via a 1,5-pentadione intermediate 
formed in a Michael addition between the two starting materials,52 and this 
intermediate is then cyclised with NH4OAc. The aromatic compound is finally 
obtained with loss of water and the pyridinium group (Figure 21). 
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Figure 21. The ring-closure of the 1,5-diketone leading to the formation of a pyridine. 

The related condensation procedure of the two equivalents of a methyl ketone 
and the aldehyde in the presence of base is believed to occur via similar inter-
mediates – firstly a chalcone and then a 1,5-diketone – although the reactions 
differ in the final step of the cyclization (and of course in the absence of the 
pyridinium moiety present on C-2 in the Kröhnke pathway). The Kröhnke reac-
tion offers a good leaving group in the pyridinium group. Pyridinium hydrogen 
iodide is formed in stoichiometric amounts in the creation of the last aromatic 
double-bond of the prepared pyridine (Figure 22. Kröhnke also offered an al-
ternative pathway to the mechanism.51a An earlier elimination of the pyridinium 
moiety would form a pent-2-en-1,5-dione intermediate, which in the subse-
quent cyclization and condensation would yield the desired pyridine. 
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Figure 22. Comparison of the final mechanistic steps  

leading to the fully aromatic product. 

The 1,4-dihydropyridine intermediate formed in the related reaction requires 
the loss of a hydride ion in order to generate the desired fully aromatic pyri-
dine. The chalcone intermediate already present in the reaction mixture offers a 
good hydride acceptor as proposed by Weiss in 1952.55 Unless other hydride 
acceptors (such as molecular oxygen) are present in the reaction, the prepara-
tion can only provide a 50% yield. This is unsatisfactory when expensive and 
difficultly prepared starting materials are employed. 

Other setbacks with this simplified procedure is the occasional formation of a 
cyclohexanol as product, as reported by Raston and co-workers (Figure 23.).56 
The cyclohexanol seems to result from a second aldol condensation between 
intermediates in the reaction. 
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Figure 23. Proposed reaction mechanism for the formation of cyclohexanol by-product. 

The reaction occurs between a 1,5-diketone intermediate and a propenone. 

Considering the nature of this simplified procedure, this method can only yield 
symmetrical products (for example, terpyridines). In tests using two different 
methyl ketones in order to obtain unsymmetrical pyridines only symmetrical 
products were obtained. Since the intermediate starting materials in the Kröh-
nke reaction are independently synthesized and characterized and produce sta-
ble intermediates in the following ring synthesis, scrambling or symmetrisation 
does not pose problems. 

The simplified procedure does offer advantages in the ease in which the reac-
tion is conducted and one-pot reactions are desirable. Some reports even show 
the robustness on the reaction in that it can be performed in water,57 under to-
tally solventless conditions,56a, b where the reactants are ground in a mortar with 
a pestle, or with PEG as reaction media.56c The mechanisms for the final oxida-
tion of the dihydropyridines in these reactions is at present unknown. 

The Kröhnke pyridine synthesis has found wide application in preparing substi-
tuted oligopyridines and several reports along with Kröhnkes initial review52 
outline the preparations of bipyridines, terpyridines,58 quaterpyridines,54b, 59 
quinquepyridines, sexipyridines60 and septipyridines. The oligopyridines pre-
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pared this way are often used as ligands in complexation reactions with various 
transition metals, such as ruthenium and osmium.61 

The Kröhnke pyridine synthesis has also been used in the preparation of other 
types of compounds. Substituted 2,2’-bipyridines have been prepared via 
Kröhnke pyridine synthesis for compounds suspected to possess fungicidal 
activity.62 This can be beneficial for elimination of bugs and viruses in com-
puters. 

The interest for Kröhnke chemistry in this work is in the preparation of the 
functionalized 2,2’-bipyridines for use as ligands in ruthenium complexes. The 
ligands chosen were substituted on C-6 with a thiophene and in the C-4 posi-
tion with a functionalized phenyl compound. Attempts to prepare 4’-
functionalized compounds have also been made. The functional groups on the 
phenyl group were chosen to possess a wide range of electron-
donating/withdrawing capacity: tert-butyl-, methoxy- and nitro-groups (Figure 
24). 
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Figure 24. 6-(Thiophene-2-yl)-4-(4-R-phenyl)-4’-R1-2,2’-bipyridine; 

R = NO2, MeO, tBu; R1 = H. 

4-Nitro-phenyl-6-thiophen-2-yl-2,2’-bipyridine (where R = NO2 and R’ = H 
has already been reported by Kröhnke.52 It was prepared by the reaction be-
tween 3-(4-nitro-phenyl)-1-pyridin-2-yl-propenone and PPI. 

In the reports mentioned above various benzaldehydes have been used in the 
Kröhnke reaction, and for the above system the uses of both 2-acetylpyridine 
and 2-acetylthiophene in preparations of both the Kröhnke reagents and the 
chalcones have been reported. 

Another viable approach to prepare the nitro-functionalized bipyridine men-
tioned above is via the reaction between 3-(4-nitro-phenyl)-1-thiophen-2-yl-
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propenone and 1-(2-oxo-2-pyridin-2-yl-ethyl)-pyridinium iodide, i.e. the start-
ing materials are prepared by reversing the roles of the methyl ketones: the 
chalcone is prepared from 2-acetyl-thiophene and 4-nitro-benzaldehyde and the 
Kröhnke reagent from 2-acetylpyridine with pyridine and iodine. 

Using this general method, the three chalcones 3-(4-tert-butyl-phenyl)-1-
thiophen-2-yl-propenone, 3-(4-methoxy-phenyl)-1-thiophen-2-yl-propenone 
and 3-(4-nitro-phenyl)-1-thiophen-2-yl-propenone were prepared in 70, 85 and 
70 % yield respectively (Figure 25). 
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Figure 25. Aldol condensation between 2-acetyl-thiophene and a 4-substituted  

benzaldehyde, with a propenone as product. R = tBu, MeO and NO2. 

The Kröhnke reagent PPI was prepared and the first crop yielded 60% product. 

The 2,2’-bipyridines, 4-tert-butyl-phenyl-6-thiophen-2-yl-2,2’-bipyridine, 4-
methoxy-phenyl-6-thiophen-2-yl-2,2’-bipyridine and 4-nitro-phenyl-6-
thiophen-2-yl-2,2’-bipyridine were prepared with the reaction of the chalcones 
and the Kröhnke reagent in glacial acetic acid in the presence of an excess of 
ammonium acetate (Figure 26). 
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Figure 26. The final reaction between the 1,3-diaryl-propenone  

and the Kröhnke reagent. R= tBu, MeO or NO2. 

The corresponding products were obtained in adequate yields: 30 %(tBu-), 50 
%(MeO-) and 30% (NO2-). 
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3. Electron Transfer in Bridged Systems 

3.1. Introduction 

In order to establish whether a transfer of electron or energy can be achieved in 
binuclear complexes bridged with a short oligothiophene, a range of com-
pounds based on the Ru(bpy)3 motif were prepared and their electrochemical 
and photophysical properties measured. This forms the basis of Paper II. The 
bipyridine moiety serves as a good medium for transmitting a signal from the 
metal core onto a conducting unit. As already mentioned, the essence of the 
wire is its extended conjugation and this conjugation must extend all the way to 
the metal. 

Two sites, in particular the 4- and 6-positions of either pyridine, offer potential 
optimal mesomeric interaction between the core metal and a connected wire, 
thus three binuclear bridged complexes were prepared – the binuclear com-
plexes of 5,5'-bis(2,2'-bipyridin-4-yl)-2,2'-bithiophene (L1)i ([Ru(bpy)2NN4S-
S4NNRu(bpy)2]4+ - C1), 5,5'-bis(2,2'-bipyridin-6-yl)-2,2'-bithiophene (L2) 
([Ru(bpy)2NN6SS6NNRu(bpy)2]4+ - C2) and 5-(2,2'-bipyridin-4-yl)-5'-(2,2'-
bipyridin-6-yl)-2,2'-bithiophene (L3) ([Ru(bpy)2NN4SS6NNRu(bpy)2]4+ - C3). 
In addition the mononuclear complexes C4 and C5 with the ligands L1 and L3 
were prepared (via a Stille coupling between a metal complex and a stannylated 
organic component). Other complexes (C6-C11) based on 4- or 6-substituted 
bipyridine motifs were prepared in order to aid comparison and to establish the 
role of the attachment position (Figure 27). All analyses were compared with 
the prototype [Ru(bpy)3]2+. 

3.2. Bridging Ligand Synthesis 
 

4-(2-Thienyl)-2,2'-bipyridine63,64 (L6) was obtained using Kröhnke methodol-
ogy,52 3-(2-thienyl)propenal was refluxed with PPI and NH4OAc in AcOH. 
                                    
i For the reader: Please note that the numbering of ligands and complexes presented in this and 
the following chapters is not consequential with the papers. 
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Soxhlet extraction (petroleum ether b.p. 40-60°C) and recrystallization from 
MeOH gave L6 as yellow needles. The Stille coupling of 4-(5-bromo-2-
thienyl)-2,2'-bipyridine63 (L7) and tri-n-butyl-thiophen-2-yl-stannane yielded 
4-(5-(2,2'-bithienyl))-2,2'-bipyridine65 (L8) with [Pd(PPh3)4] as catalyst. The 
Stille reagent 4-(5-tri-n-butylstannyl-2-thienyl)-2,2'-bipyridine was synthesized 
by lithiation of L7 at -78°C in dry THF and quenching with SnBu3Cl. The sub-
sequent coupling of the stannyl reagent with L7 yielded 5,5'-bis(2,2'-bipyridin-
4-yl)-2,2'-bithiophene (L1). L1 was only sparingly soluble in organic solvents. 

6-(2-Thienyl)-2,2'-bipyridine66 (L9) was also synthesized via Kröhnke method-
ology,52 through the Mannich base salt N,N-dimethyl-N-(3-(2-thienyl)-3-
oxopropyl)ammonium chloride which was refluxed with PPI and NH4OAc in 
AcOH. The Stille reagent 6-(5-tri-n-butylstannyl-2-thienyl)-2,2'-bipyridine was 
obtained by lithiation of L9 at -78°C in dry THF and quenched with SnBu3Cl. 
Subsequent Stille coupling with 2-bromothiophene in refluxing dry toluene 
with [Pd(PPh3)4] as catalyst yielded 6-(5-(2,2'-bithienyl))-2,2'-bipyridine67 
(L11). 6-(5-Bromo-2-thienyl)-2,2'-bipyridine63 (L10) was straightforwardly 
synthesized by refluxing L9 in DCM with one equivalent of Br2. 5,5'-Bis(2,2'-
bipyridin-6-yl)-2,2'-bithiophene (L2) was then synthesized by a Stille cross-
coupling between the above mentioned Stille reagent and L10 in refluxing dry 
toluene. The bis-bidentate ligand L2 was obtained as a yellow microcrystalline 
powder that like L1 was insoluble in most organic solvents. The only solvent 
capable of dissolving L1 and L2 enough to allow analysis by 1H NMR was 
acetic acid-d4 (Paper II). 

A Stille coupling between L7 and the Stille reagent 6-(5-tri-n-butylstannyl-2-
thienyl)-2,2'-bipyridine resulted in the unsymmetrical bis-bidentate ligand 5-
(2,2'-bipyridin-4-yl)-5'-(2,2'-bipyridin-6-yl)-2,2'-bithiophene (L3).63 
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3.3. Complex Synthesis 
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Figure 27. Complexes C1-C11 were prepared either from  
the corresponding ligands or via Stille coupling. 

Ruthenium complexes C1-C3 and C6-C11 were synthesized by combining the 
corresponding ligand with one equivalent cis-[Ru(bpy)2Cl2] (2 equivalents in 
the case of C1-C3) in ethylene glycol and heating to 120°C for 2-6 h under a 
nitrogen atmosphere. The complexes were precipitated as the hexafluorophos-
phate salt and purified by repeated precipitation from MeCN/Et2O. The di-
astereomeric forms of complexes C1-C3 could not be resolved by 1H NMR. 
While Keene et al.68 have reported small differences in the photophysical and 
electrochemical properties of the diastereomers of several strongly coupled 
bimetallic complexes, it was decided that for our purposes such separation was 
not necessary. 

The monometallic bis-bidentate complexes C4 and C5 were obtained by Stille 
cross-coupling between 6-(5-bromo-thien-2-yl-)-2,2’-bipyridine Ru-complex 
C7 and the Stille reagents 4-(5-tri-n-butylstannyl-2-thienyl)-2,2'-bipyridine and 
6-(5-tri-n-butylstannyl-2-thienyl)-2,2'-bipyridine respectively. The reagents 
were refluxed in dry acetonitrile with [Pd(PPh3)4] as catalyst until TLC showed 
that the reaction was complete. Precipitation and purification by column chro-
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matography yielded C4 and C5. No evidence of ligand scrambling or bimetal-
lic complex formation was noted in either case. 

 

3.4. Electrochemistry 

The electrochemical data on these complexes are collected in Table 1. The 
RuIII/II couples are all totally reversible and appear in a very narrow range[2], 
which shows that the inductive effects from the various substituents on the 
unique bpy ligand are very similar across this series and that the position at 
which substitution on the bpy ligand occurs (4- or 6-position) does not affect 
the metals redox potential. Indeed the RuIII/II potentials are not markedly differ-
ent from that of [Ru(bpy)3]2+ measured here under the same conditions 

Table 1. Redox Potentials (mV vs. Fc+/0). Experimental conditions: 1 mM complex in 
MeCN with 0.1 M Et4NClO4 as supporting electrolyte T = 298 K, glassy carbon work-
ing electrode, Pt auxiliary electrode and Ag/Ag+ (MeCN) reference electrode, sweep 
rate 200 mV s-1. 
Complex[a] Bithienyl+/0 [Ru(bpy)2L]3+/2+ [Ru(bpy)2L]2+/+ [Ru(bpy)2L]+/0 [Ru(bpy)2L]0/-

 

Parent[b] - +874 -1728 -1912 -2162 
   
C1 +1260 +839 -1608 -1854[c] -
C2 - +878 -1684 - -
C3 +1290 +867 -1670 - -
   
C4 +1193 +874 -1636 -1847 -2000 
C5 +1094 +854 -1679 -1884 -2128 
   
C6  +850 -1694 -1896 -2139 
C7  +865 -1687 -1892 -2135 
C8 +1086[c] +891 -1788 -2016 -2234 
   
C9  +869 -1706 -1915 -2227 
C10  +894 -1700 -1815 -2224 
C11 +1120 +900 -1687 -1903 -2211 
[a] As PF6

- salt. [b] [Ru(bpy)3]2+ data collected during this study. [c] Irreversible. 

As the anodic sweep is continued to higher potentials, a second oxidation proc-
ess is seen in most bithienyl-possessing complexes while those complexes 
bearing a single thiophene ring do not show this. In other words this response 
must be due to a single electron oxidation of the bithienyl group. Such oxida-
tions have been previously noted in related ter-, tetra- and sexithiophene 
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bridged bis-bipyridine systems.65,69 The only exception to this is compound C2. 
Seemingly, the redox potential of the bithiophenyl group in this binuclear com-
plex is higher than the positive limit governed by the electrolyte solution. In the 
absence of any differences in substituents, the reason for this may be an en-
forced non-planarity of the bithiophenyl unit itself in C2 which makes oxida-
tion more difficult in the absence of extended conjugation (analogous to the 
monothiophene analogues C6, C7, C9 and C10). The other two isomeric binu-
clear complexes (C1 and C3) clearly show the high potential bithienyl oxida-
tion wave[2]. The ability to reversibly oxidize a bridging ligand may offer 
unique properties to a molecular switching device, however the irreversible 
nature of the oxidation in uncapped oligothiophenes (most likely due to elec-
trochemical polymerization) sets a limitation to the incorporation of such mo-
tifs within a molecular electronic device. 

Both Ru-based oxidations in the binuclear complexes (C1, C2 and C3) oc-
curred at the same potential, or at least could not be resolved into separate cou-
ples. This suggests that the metals undergo redox reactions independent of one 
another within the complex, which is in accordance with the results from Pap-
penfus and Mann,69 and no strong metal-metal coupling was observed. Keene 
et al.68 reported a high degree of metal-metal interaction in Ru(II) complexes of 
the bis-bidentate dipyrido(2,3.a;2’,3’-h)phenazine, which indicates that metal-
metal coupling requires bridging ligands a strict coplanarity and orbital overlap 
between d-π orbitals of the ruthenium with the completely delocalized orbitals 
of the bidentate ligands. 

3.5. Luminescence properties 

The luminescence maxima and lifetimes (τ) of C1-C11 are presented in Table 
2.  

The luminescence measurements fell into two groups depending upon the at-
tachment point of the oligothiophene to the chelating bipyridine unit. If the 
ligand coordinated to the luminescent Ru(II) center possessed a thiophene sub-
stituent in the 6-position of the unique 2,2´-bipyridine, luminescence was weak 
and the lifetimes too short to measure accurately (<30 ns). This may be due to a 
disruption in the symmetry within the coordination sphere of the ruthenium 
centre, arising from steric interactions between this pendant thiophenyl sub-
stituent and an adjacent bipyridine auxiliary ligand. When substituted in the 4-
position with an oligothiophene substituent, however, red luminescence was 
observed with lifetimes greater than that of [Ru(bpy)3]2+. All of the excitation 
spectra were similar, showing only small shifts from the spectra observed for 
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[Ru(bpy)3]2+, thereby indicating that the emissions arise from similar 3MLCT 
transitions. There is no significant change in the emission band maxima with 
increasing nuclearity, which had been observed by Constable et al. in a series 
of related 4-thiophen-2-yl-2,2’:6’,2“-terpyridine complexes with Ru(II) and 
Os(II).70 

Table 2. Luminescence maxima and lifetimes for the Ru(II)-complexes C1-C11. 
Complex[a] 4/6 Luminescence maxima/nm τ / ns[b] 
Parent - 610 1745 
  
C1 4 624 2910 
C2 6 - -
C3 4,6 - -
  
C4 4 633 1920 
C5 4 620 2260 
  
C6 4 627 3000 
C7 4 634 3800 
C8 4 642 4300 
  
C9 6 628, (731[c]) -
C10 6 - (378[c]) -
C11 6 - -
[a] As PF6

- salt. [b] Luminescence lifetimes at 610 nm, under continuous Ar purge, 
17.5 °C. [c] The blue fluorescence at 378 nm and the near-IR fluorescence at 731 nm 
were too weak to be quantified (lifetimes <30 ns). 

The extension of conjugation within the 4-(2-thienyl)-2,2'-bipyridine system 
leads to longer luminescence lifetimes, as seen in the series C6 to C7 to C8. 
The luminescence lifetimes were all characterized by a single exponential de-
cay and had similar values although the value for C8 was somewhat longer. 
The emission intensity was found to decrease along the series C6, C7, C8 
(Figure 28) together with smaller shifts to longer wavelengths and longer life-
times. The bis-bidentate systems (C1, C4 and C5) bearing this motif did not 
extend this trend and demonstrated lifetimes more typical of that of the mono-
metallic prototype C6. It is interesting to note that the presence of the second 
metal centre in C1 does not result in quenching as it did in C2 and C3. 
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Figure 28. Fluorescence (εex = 450 nm) and excitation (λfl =610 nm) spectra 

of C6, C7, C8 and C5 in 1×10-5 M MeCN solutions. 

3.6. Conclusions 

There are clear indications that the points of attachment and the resulting steric 
interactions have significant effects upon the photophysics and to a lesser ex-
tent the electrochemistry of the Ru(II) bipyridyl complexes assembled using 
these 6-(2-thienyl)-2,2'-bipyridine and 4-(2-thienyl)-2,2'-bipyridine motifs. In 
the former, a weak blue and near-IR fluorescence is observed in some cases 
and with the parent system even a short-lived red fluorescence. An energy 
minimized model of C9 shows not only twisting of the conjugation path from 
the thiophene onto the pyridine, but also the disruption of the octahedral sym-
metry of the complex (Figure 29). 
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Figure 29. Energy minimised model of C9.The thiophene is not only twisted relative to 

the bipyridine but also the octahedral symmetry of the complex is distorted. 

The systems incorporating the 4-(2-thienyl)-2,2'-bipyridine motif all displayed 
red fluorescence with lifetimes somewhat longer than that of the reference 
compound [Ru(bpy)3]2+, except in the case of C3 where all fluorescence was 
quenched. The fluorescence intensities in these cases are comparable to that 
shown by [Ru(bpy)3]2+ and also have the same extreme sensitivity to dissolved 
O2, indicating that they share similar triplet state characteristics of the excited 
state. These results strongly suggest that the position of attachment has impor-
tant consequences as to the establishment of a long-lived excited state, a re-
quirement for subsequent directed electron or energy transfer through the 
bridging ligand. 
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4. Substituent Effect on Redox Potential 
within the 6-Thiophen-2-yl-2,2’-
bipyridine motif 

4.1. Introduction 

As seen in chapter 3 the redox potentials displayed by the prototypes C6 and 
C9 fell within a narrow range, thus it was of interest to examine the effect on 
the RuIII/II couple of a (4-X-phenyl) substituent upon the unique [2,2']-
bipyridine ring system. This led us to investigate the effect of the introduction 
of t electron-donating or -accepting functional groups onto the bipyridine moi-
ety. 

For ease of synthesis, analogues of L6 were chosen and Kröhnke methodol-
ogy[6] applied, leading to the ligands L12–L18 (Figure 30). 

 
Figure 30. The ligands L12-L18. 

The [Ru(bpy)2]-complex (C18) of 6-(5-methyl-thiophen-2-yl)-4-(thiophen-2-
yl)-2,2’-bipyridine (L18) was prepared in order to aid comparison and to addi-
tionally examine whether any linked effects from the substituents in a 4,6-
disubstituted bipyridine could occur, in addition, the luminescence properties 
of all the complexes were investigated in order to investigate similar linked 
effects. 
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4.2. Synthesis  

 

All ligands were prepared via Kröhnke methodology, by reacting the corre-
sponding chalcone precursors 3-Y-1-X-propenone and PPI52 with an excess of 
NH4OAc in AcOH to yield the pure products after column chromatogra-
phy/Soxhlet extraction, and recrystallization. 

The complexes C12–C18 were prepared from their respective ligands L12–
L18 by reacting the ligands with cis-[Ru(bpy)2Cl2] in ethylene glycol. Addition 
of ammonium hexafluorophosphate to the cooled reaction mixture resulted in 
precipitation of the products. 

4.3. Electrochemistry 

The electrochemical data for complexes C12-C18 are presented in Table 3. 

Table 3. Redox Potentials (mV vs. Fc+/0). Experimental conditions: 1 mM complex in 
MeCN with 0.1 M Et4NClO4 as supporting electrolyte T = 298 K, glassy carbon work-
ing electrode, Pt auxiliary electrode and Ag/Ag+ (MeCN) reference electrode, sweep 
rate 200 mV s-1. 
Complex [Ru(bpy)2 L]3+/2+ [Ru(bpy)2 L]2+/ [Ru(bpy)2 L]+/0 [Ru(bpy)2 L]0/- 
Ru(bpy)3

2+ +874 -1728 -1912 -2162
  
C12 +854 -1690 -1899 -2215
C13 +846 -1705 -1907 -2219
C14 +878 -1295 -1514 -1890 

C15 +846 -1688 -1896 -2214
C16 +836 -1706 -1908 -2216
C17 +870 -1295 -1513 -1861 

C18 +845 -1653 -1889 -2208

The corresponding RuIII/II couples for C12–C17 were indeed found to reflect 
the electron-withdrawing/donating character of the Y substituent, but the shifts 
were small in all cases (1–33 mV). It is most likely that the transfer of electron 
density to or from the Y-substituent is abated by the inability of the phenyl ring 
to fully adopt a coplanar conformation with the central pyridine ring. 

The nitro group in C14 and C17 had a profound effect on the ligand centred 
reduction potentials. The nitro group itself is electroactive and the distinctly 
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different voltammetry was displayed by these complexes (Figure 3, Paper III) 
is indicative of a reaction where reduction of the nitro-substituted bpy is facili-
tated by delocalisation over the nitro group. Interestingly, the second and third 
bpy reduction potentials are anodically shifted by a similar degree indicating 
that electron delocalisation across the metal and the three ligands influences all 
subsequent reductions. The presence of the 5-methyl-thiophen-2-yl substituent 
in C15–C17 shifted the metal-centred oxidation to lower potentials whilst the 
effects on the ligand reductions were marginal. 

4.4. Luminescence properties 

The luminescence maxima and lifetimes for the complexes C12-C18 are col-
lected in Table 4. 

Table 4. Luminescence maxima and lifetimes for the Ru(II)-complexes C12–C18. 
Complex Luminescence peak / nm τ / ns[a]

Ru(bpy)3
2+ 610 1745

  
C12 750 -
C13 750 -
C14 - -
  
C15 410 -
C16 405 -
C17 380, 402, 426 -
  
C18 415 -
[a] Luminescence lifetimes at 610 nm, under continuous Ar purge, 17.5°C. In all cases 
excitation is at 337 nm from an N2 laser. The blue fluorescence lifetimes were not 
quantified (<30 ns); the near-IR fluorescence at ~750 nm was too weak to obtain life-
times. 

As discussed in Chapter 3 the red Ru(bpy)3
2+-type MLCT luminescence was 

quenched in those cases where a thiophenyl substituent was present in the 6-
position of the [2,2']-bipyridine, the only exception being the parent complex 
C9 where a weak and very short-lived red luminescence was observed at 628 
nm (see Table 2). The resulting distortion in the coordination geometry upon 
complexation of these systems is not conducive to the maintenance of a long-
lived excited state. 

In all cases C12-C18 the red fluorescence was quenched, in almost all com-
plexes either a weak blue or a near-IR fluorescence was detected, although with 
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lifetimes too short to measure accurately. The only compound that did not 
show any fluorescence was the nitro substituted C14. The simultaneous 4- and 
6-substitution does not seem to give rise to any desirable effects. In fact, the 
long-lived red luminescence present in C6 analogues is quenched in the related 
C18. 

A weak blue ligand-based fluorescence at 378–426 nm was observed for C15–
C18 – the ligands bearing the 5-methyl-thiophen-2-yl group in the 6-position. 

The blue emission (Figure 4, Paper III) shows much more variation with both 
fluorescence and excitation characteristic of the different ligands. All lumines-
cence were broad bands with single maxima with the exception of C17 which 
shows a Franck-Condon progression in both the fluorescence and excitation 
spectra. The vibrational mode is ~1380 cm-1 in the ground and ~1340 cm-1 in 
the excited states from the fluorescence and excitation spectra respectively. The 
group frequencies of the symmetric stretch for an aromatic nitro group (in the 
ground electronic state) are in the range: νstr = 1340–1380 cm-1.[10] This implies 
that the blue fluorescence originates from an excited state which is localized on 
the nitro group of this ligand. The different N-O bond lengths in the ground and 
excited states then give rise to the observed progression in this mode. 

For the complexes C12 and C13 weak near-IR fluorescence at 750 nm was 
detected and can be compared with the model complex C9 also showing weak 
near-IR fluorescence at 731 nm (Figure 5, Paper III). 

4.5. Conclusions 

Although the electron-withdrawing/donating character of the Y-substitutent 
could be observed, the changes to the oxidation potential of the corresponding 
complex were slight. As proposed earlier, the inter-annular conformation of the 
phenyl ring may obstruct efficient transfer of electron density. Due to the hy-
drogens in the inter-annular region the phenyl cannot adapt a fully planar con-
formation, and the resulting twist causes reduced conjugation. In order to avoid 
such interference, the introduction of the substituents directly onto the chelat-
ing pyridine rings should amplify their effect. Although the Kröhnke reaction is 
applicable in the preparation of such ligands, there are certain disadvantages. A 
4-substituted-pyridin-2-yl methyl ketone is a necessary component in the 
preparation, being the precursor either to the Kröhnke reagent or the chalcone 
derivative. These ketones are not easily attained and coupled with the low 
yields in both the generation of the Kröhnke reagent and the Kröhnke pyridine 
a revised pathway to these ligands is desirable. 
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5. Fused systems 

5.1. Introduction 

As presented in Chapters 3 and 4, the site of connectivity of the thiophene 
chain upon the bipyridine moiety seems to have a profound effect on the pho-
tophysical properties of the resulting complexes. Coupling of the oligothio-
phene in 6-position of the [2,2']-bipyridine unit led to quenching of all long-
lived red luminescence, most likely as a result of disruption of the octahedral 
coordination geometry surrounding ruthenium. 

Coupling via the 4-position produced lifetimes greater than that of the proto-
type [Ru(bpy)3]2+, but when this motif was used as the chelating unit in bridged 
bimetallic compounds only weak electronic coupling was observed, perhaps 
due to lack of coplanarity between the bipyridine and the bridgehead, as a re-
sult of unfavourable interannular interaction. 

This led us to investigate a new coupling mode in which the first member of 
the oligothiophene chain is fused to either the b or c face of one of the pyridine 
rings of the bipyridyl unit, thereby ensuring a completely planar interface be-
tween the chelator and the conductor. The fusion of the bipyridine unit to the 
first thiophene unit of the chain optimizes π-overlap between them without 
affecting its chelating ability. 

Thus, four new fused thienopyridine ligands L19-L22 based on the 2,2’-
bipyridine motif and their corresponding [Ru(bpy)2]2+-complexes C19-C22 
were prepared (Figure 31). 
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Figure 31. The fused ligands 5-pyridin-2-yl-thieno[3,2-b]pyridine (L19),  

6-pyridin-2-yl-thieno[2,3-b]pyridine (L20), 6-pyridin-2-yl-thieno[3,2-c]pyridine (L21)  
and 5-pyridin-2-yl-thieno[2,3-c]pyridine (L22). 

5.2. Synthesis 

While several related substituted analogues of these thienopyridines (or their 
phenanthrene equivalents) have been reported (Amr et al,71 Goerlitzer et al,72 
Halverson et al,73 Zhang et al74), these methods were not suitable for the gen-
eration of the parent thienopyridines, thus new routes to the pyridyl thienopyri-
dines L19-L22 were devised. 

Reaction schemes for the ligand preparations are presented in Papers I, III, and 
V. 

The preparation of the ligand 5-pyridin-2-yl-thieno[3,2-b]pyridine (L19) began 
with the protection of the amino group of methyl 3-aminothiophene-2-
carboxylate through reaction with ethyl chloroformate in refluxing toluene.75 
The resulting 3-ethoxycarbonylamino-thiophene-2-carboxylic acid methyl was 
then reduced to its corresponding alcohol with LiAlH4. When treated with ex-
cess MnO2 (20 equiv.) for 1.5 hrs (2-formyl-thiophen-3-yl)-carbamic acid ethyl 
ester76,77 was isolated in moderate yield (65%). Aldol condensation with 2-
acetylpyridine yielded [2-(3-oxo-3-pyridin-2-yl-propenyl)-thiophen-3-yl]-
carbamic acid ethyl ester in 69% yield. In the final step the carbamic acid ethyl 
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ester was hydrolysed to an amine by refluxing in 48% HBr. The amine was 
never isolated as ring-closure occurred immediately and the desired ligand L19 
was obtained in good yield (75%). The overall yield of this five-step synthesis 
was 32%. 

Preparation of the ligand 6-pyridin-2-yl-thieno[2,3-b]pyridine (L20) began 
with treating 1-(5-bromo-thiophen-2-yl)-ethanone with NH2OH. An equimolar 
mixture of the E- and Z-isomers of 1-(5-bromo-thiophen-2-yl)-ethanone oxime 
was obtained in 88% yield. Treatment of the E-isomer with NaOH and tosyl 
chloride in acetone gave N-(5-bromo-thiophen-2-yl)-acetamide in good yield 
(86%).78 The subsequent Vilsmeier reaction with 3 equivalents of POCl3 and 1 
equivalent of DMF resulted in ring closure and 2-bromo-6-chloro-thieno[2,3-
b]pyridine was obtained in a yield of 30%.79,80,81 The bromine was removed by 
treating with n-BuLi (15% excess) in dry diethyl ether at -35 °C and subse-
quent quenching with water yielding 6-chloro-thieno[2,3-b]pyridine80,81,82,83,84 
in good yield (85%). Negishi cross-coupling20,21 of the thienopyridine with 2-
pyridylzinc with 3 mol% [Pd(PPh3)4] gave after work up L20 in good yield 
(79%). The overall yield of this five-step synthesis was 8%. 

The synthesis of 6-pyridin-2-yl-thieno[3,2-c]pyridine (L21) started with the 
protection of thiophene-3-carboxaldehyde with ethylene glycol yielding nearly 
quantitative amounts of thiophene-3-yl-[1,3]dioxolane (97%). Formylation85 
gave 3-[1,3]dioxolan-2-yl-thiophen-2-carbaldehyde in quantitative yield (99%). 
Triphenyl-pyridin-2-yl-methyl-phosphonium bromide86,87 was prepared using a 
variation of a handbook example88 in good yield (83%) and the subsequent 
Wittig reaction between the phosphonium reagent and the aldehyde yielded 2-
[2-(3-[1,3]dioxolan-2-yl-thiophen-2-yl)-vinyl]pyridine in moderate yield 
(62%). Deprotection of the acetal with potassium hydrogen sulfate in acetone 
gave 2-(2-pyridin-2-yl-vinyl)-thiophene-3-carbaldehyde (86%). Prior to ring 
closure the aldehyde was converted into its oxime through reaction with hydro-
xylamine and ring-closure was finally achieved by refluxing in Decalin® for 
several hours. Recrystallization from hot EtOAc yielded L21 as colourless 
crystals (20%). The overall yield of this six-step synthesis was 7.5%. 

Preparation of the ligand 5-pyridin-2-yl-thieno[2,3-c]pyridine (L22) started 
with the preparation of 3-bromothiophene-2-carbaldehyde from 2,3-
dibromothiophene7 by lithiation with n-BuLi and subsequent treatment with 
DMF in 86% yield. The aldehyde was protected as the cyclic acetal 2-(3-
bromo-thiophene-2-yl)-[1,3]dioxolane described earler by Prugh et al.89 Heck 
olefination gave 3-(2-pyridin-2-yl-vinyl)-2-[1,3]dioxolane-2-yl-thiophene in 
excellent yield (94%). Removal of the protecting group afforded 3-[2-pyridin-
2-yl-vinyl]-thiophene-2-carbaldehyde in good yield (87%). Reaction of the 
aldehyde and hydroxylamine in EtOH gave 3-[2-pyridin-2-yl-vinyl]-thiophene-
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2-carbaldehyde oxime in excellent yield (99%) and thermal ring-closure in 
Decalin® finally yielded 5-pyridin-2-yl-thieno[2,3-c]pyridine (L22) in moder-
ate yield (35%). 

5.3. Electrochemistry 

The electrochemical data for complexes C19-C22 are collected in Table 5. 

Table 5. Redox Potentials (mV vs. Fc+/0). Experimental conditions: 1 mM complex in 
MeCN with 0.1 M Et4NClO4 as supporting electrolyte T = 298 K, glassy carbon work-
ing electrode, Pt auxiliary electrode and Ag/Ag+ (MeCN) reference electrode, sweep 
rate 200 mV s-1. 
Complex [Ru(bpy)2L]3+/2+ [Ru(bpy)2L]2+/+ [Ru(bpy)2L]+/0 [Ru(bpy)2L]0/- 

Ru(bpy)3
2+ +874 -1728 -1912 -2162

C19 +892 -1676 -1882 -2132
C20 +924 -1641 -1874 -2136
C21 +829 -1755 -1942 -2152
C22 +849 -1758 -1948 -2214

The results for the fused pyridyl thienopyridine complexes C19–C22 were 
interesting and revealed significant isomeric effects. 

The complexes where the thiophene ring was fused to the b face of the bipyri-
dine (C19, C20) exhibited higher RuIII/II potentials than [Ru(bpy)3]2+, whereas 
those in which the thiophene was attached to the c face (C21, C22) were lower 
by a similar degree. 

The orientation of the fused thiophene ring (with the S-atom syn or anti relative 
to the N-donor) has an additional influence on the RuIII/II redox potential. In this 
case it seems that the proximity of the electronegative S-atom to the Ru ion is 
responsible for this effect. In compounds C20 and C22 the RuIII/II redox poten-
tial is ca. 20–30 mV higher than C19 and C21. The thiophene S-atoms in C20 
and C22 are one connection closer to the Ru centre than C19 and C21 respec-
tively. The influences of the fusion orientation on the ligand-based reductions 
were less significant. 

The rigid geometry of the b-face ligands L19 and L20 can result in distortion 
of the inner coordination sphere of Ru, resulting in a poorer overlap between 
the ligands donor atoms and the dπ orbitals of Ru, thus altering the electronic 
effect of the fused electron-rich thiophene ring, as was found for the L9, where 
the ruthenium coordination sphere deviates significantly from the optimal octa-
hedral geometry due to interligand interaction. 
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The fusion of the thiophene ring onto the c face does not introduce the same 
steric strain into the inner coordination sphere, leading to less positive RuIII/RuII 
couples. 

5.4. Luminescence properties 

The luminescence maxima and lifetimes for the complexes C19-C22 are col-
lected in Table 6. 

Table 6. Luminescence maxima and lifetimes (τ) for the Ru(II)-complexes C19–C22. 
[Ru(bpy)2Ln]2+ Luminescence maxima / nm τ / ns[a]

Ru(bpy)3
2+ 610 1745

C19 623 275
C20 622 1040
C21 615 1420
C22 614 1510
[a] Luminescence lifetimes at 610 nm, under continuous Ar purge, 17.5°C. In all cases 
excitation is at 337 nm from an N2 laser. 

The complexes derived from the fused ligands all show the characteristic red of 
[Ru(bpy)3]2+ luminescence with only minor shifts. The effect of distortion pos-
tulated to be present in C19 and C20 upon the electrochemical results is not 
reflected in the luminescence results, as both C19 and C20 display red lumi-
nescence with a lifetime and intensity comparable to [Ru(bpy)3]2+, compared 
with C9 where only weak and short-lived red luminescence is seen. 

All excitation spectra of these complexes were similar, indicating that the emis-
sions all arise from the same 3MLCT transition. The luminescence lifetimes all 
had a single exponential decay with the observed lifetimes given in Table 6. A 
comparison of the fluorescence and emission spectra of the four complexes is 
displayed in Figure 6, Paper III, where it can be seen that complex C22 clearly 
displays the most intense emission. The lifetimes for C19–C22 are somewhat 
shorter than that observed for [Ru(bpy)3]2+ and the prototypic C6 under the 
same conditions. These four red luminescent compounds are all isomers, and 
the differences in the luminescence lifetimes may be due to the different acces-
sibility of the C-H vibrations to the emission process, which would promote 
radiationless relaxation. 

A comparison of the fluorescence and emission spectra of the prototypic com-
plexes C6 and C9 with the most intense of the fused pyridyl thienopyridines 
C22 is displayed in Figure 7, Paper III. It can be seen that the fluorescence of 
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C22 is approximately 10 times more intense than C6 and over 100 times more 
intense than C9. 

5.5. Conclusions 

The [Ru(bpy)2L]2+ complexes of the fused thienopyridines showed interesting 
electrochemical and photophysical charasteristics. The distortion effects of the 
6-thienyl-2-yl-2,2’-bipyridine were eliminated, and remarkable luminescence 
intensity could be identified in the case of C22. 

As only weak electronic coupling was found in bridged bimetallic complexes 
comprising the motifs L6 and L9 (Chapter 3), it is therefore of interest to ex-
tend these studies through the generation of bridged complexes utilising the 
fused L22 motif and the study of the photophysical properties and intervalence 
charge-transfer properties (IVCT) in order to elucidate the optimal structural 
and electronic requirements for communication between linked metal centres. 
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6. Fused Terpyridine 

6.1. Introduction 

As already mentioned, in order to achieve directed electron/energy transfer in 
molecular electronic systems a long-lived excited state is required in order to 
provide a competitive mechanism to quenching by other pathways. [Ru(tpy)2]2+ 
complexes offer significant geometrical advantages over their tris-bipyridine 
analogs as linear arrays can be easily generated. However the photophysical 
properties of [Ru(tpy)2]2+ are vastly inferior to those of [Ru(bpy)2]2+. Recent 
results by the groups of Constable70, Ferraudi90 and Zeissel91 have shown that 
introduction of thiophenyl and 2-ethynyl-thiophenyl substituents into the 4'-
position of tpy greatly increases the lifetimes of the resulting [Ru(tpy)L]2+ 
complexes (from 0.25 ns for [Ru(tpy)2]2+ into the vicinity of 80-150 ns (de-
pending upon the [Ru(tpy)L]2+ complex). 3,4,5 

In light of these results and the photophysical measurements upon the 
[Ru(bpy)2L]2+ complexes of the pyridyl thienopyridines (Chapter 5) it was of 
interest to examine the effects of a thiophene fused onto the c face of the cen-
tral pyridine ring of a terpyridine (Figure 32). The fused bipyridine L22 served 
as the model compound as it showed the most intense luminescence. 

N

S

N N  
Figure 32. The fused terpyridine 5,7-di-pyridin-2-yl-thieno[2,3-c]pyridine L23. 
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6.2. Synthesis 

The close analogy between the structures of L22 and L23 presented us with an 
obvious synthetic pathway for this terpyridine (Figure 33). 
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Figure 33. Synthetic pathway leading to the fused terpyridine L23. 

3-Bromo-2-lithio-thiophene was prepared via lithiation of 2,3-
dibromothiophene92 and the subsequent treatment with pyridine-2-carbonitrile 
and hydrolysis of the resulting imine afforded (3-bromo-thiophen-2-
yl)(pyridin-2-yl)-methanone in acceptable yield (66 %). Protection of the ke-
tone by refluxing with ethylene glycol and a catalytic amount of p-
toluenesulfonic acid in toluene provided 2-[2-(3-bromo-thiophen-2-yl)-
[1,3]dioxolan-2-yl]-pyridine in low yield (36 %), even after 3 days reflux. The 
long reaction time necessitated replenishment of the reactants during the reac-
tion, thus disturbing the equilibrium of the reaction. Heck olefination pro-
ceeded smoothly and purification with column chromatography gave pure 2-
{2-[2-(2-pyridin-2-yl-1,3-dioxolan-2-yl)thiophen-3-yl]-vinyl}-pyridine in 47% 
yield. Deprotection of the ketone was accomplished in refluxing dilute HCl and 
pyridin-2-yl-[3-(2-pyridin-2-yl-vinyl)-thiophen-2-yl]methanone was obtained 
in near quantitative yield (99%). The final fused terpyridine was obtained by 
refluxing the ketone in DMF in the presense of hydroxylamine. The intermedi-
ate oxime was never isolated, instead, the high temperature favoured immediate 
ring-closure forming 5-pyridin-2-yl-7-thiophen-2-yl-thieno[2,3-c]pyridine 
(12%) (L23). 
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6.3. Conclusions 

While the synthesis of the target terpyridine was successful, improvements 
must be made in the acetalization and oxime/ring-closure steps. The overall 
yield for this five step sequence was only 1.3 %. 

Diaryl ketones are notoriously difficult to convert to cyclic acetals.93 Adapta-
tions of the Noyori procedure94 have been used to affect the acetalization of 
diaryl ketones using 1,2-bis(trimethyl-silyloxy)ethane and trimethysilyl 
trifluoromethanesulfonate (with a catalytic amount of trifluoroacetic acid) in 
dichloromethane in good yields and reasonable reaction times. However this 
method is unfortunately not applicable in this case, as the pyridyl nitrogen 
quenches the reaction, and other methods for protecting this ketone need inves-
tigating. 

The difficulties experienced in the deprotection of this ketone were investigated 
with molecular modelling experiments, which revealed that the deprotection 
could be complicated by steric strain between the carbonyl and vinyl groups in 
the product ketone, thereby negating its expected thermodynamic stability over 
its protected form. NMR spectra of the product reflect this strained conforma-
tion, the vinyl protons are highly shielded and the expected pair of doublets 
collapsed into a broad upfield-shifted singlet at 5.03 ppm. 1H-1H-COSY analy-
sis of the aromatic region showed weak cross-peaks from both the adjacent 
thiophene-4-proton and the pyridine-3-proton to this broad singlet. Closer in-
spection of the cross-peaks reveals that they are not degenerate and couple to 
respective halves of the vinyl singlet (Figure 3, Paper V). 

This odd behaviour is reflected in the attempts to convert the ketone into its 
oxime with hydroxylamine by refluxing in ethyl alcohol. Only slow conversion 
was observed and increase of reaction temperature by changing the solvent to 
1-propanol increased the conversion rate only marginally. 

An attempt to form the oxime in DMF was performed, although the pyridin-2-
yl-[3-(2-pyridin-2-yl-vinyl)-thiophen-2-yl]methanone oxime was never iso-
lated. Instead, the high temperature favoured immediate ring-closure forming 
5-pyridin-2-yl-7-thiophen-2-yl-thieno[2,3-c]-pyridine together with several 
side-reactions. NMR analysis of one major by-product suggests that a Beck-
mann rearrangement may compete with the pyridine ring closure and a change 
to a less polar solvent may be required to avoid this pathway. 
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7. Optimization of the Kröhnke Reaction 

7.1. Introduction 

The Kröhnke reaction is a widely utilized method in the preparation of 2,4,6-
trisubstituted pyridines and has been the method of choice in the preparation of 
the majority of the ligands used in this work. As the requirements on the ligand 
properties structural designs became more complex, the Kröhnke reaction 
therefore requires starting materials which are neither commercially available 
nor easily prepared, as mentioned in Chapter 4. Kröhnke reaction with such 
valuable reactants is thus not attractive, as good yields are rare. 

Recent reports56c,95,96,97 propose alternative methods for the generation of 2,4,6-
trisubstituted pyridines with aldol condensation and Michael addition as key 
steps. As the methods produced good yields in the preparations of symmetrical 
terpyridines, this led us to investigate whether these methods could be modified 
for the preparation of unsymmetrical 2,4,6-triarylpyridines. 

Our initial attempts to react chalcones with aryl methyl ketones using NaOH as 
base via similar methods resulted in a variety of problems and little success. 
Problems with scrambling of products, cyclohexanol by-product formation and 
conversion of the chalcones into their reduced propanone forms were encoun-
tered. However, the problems provided mechanistic insight. The scrambling of 
the products was suspected to be a result of hydrolysis of the chalcones back to 
the corresponding ketones and aldehydes. Therefore water was excluded from 
the reaction and an anhydrous reaction solvent was chosen. Also hydroxide was 
replaced with KOtBu, which is a bulky and strong base and less inclined in 
promoting the hydrolysis of the starting chalcones. 

Reaction between the chalcone and the enolate of the aryl methyl ketones leads 
to an intermediate 1,5-diketone. Through reaction of this 1,5-diketone with a 
N-donor, a dihydropyridine is formed. In order to achieve the fully aromatic 
pyridine, oxidation of the dihydropyridine is necessary. Unreacted chalcone 
remaining in the reaction can act as an oxidizing agent (hydride acceptor) and 
explains the formation of the corresponding propanones. If no other oxidizing 
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agent is available, only 50 % yields are possible. It was found that when the 
reaction was performed in air the formation of these propanones diminished. 

7.2. Synthesis 

A variety of 2,4,6-triaryl-pyridines were prepared. The different aromatic 
groups used (substituted and unsubstituted phenyl-, thienyl- and pyridyl- 
groups and) presented in Table 1, Paper VI. All reactions were performed in 1 
mmol scale. 

The chalcones were synthesized by text-book procedure involving the combi-
nation of stoichiometric amounts of the corresponding aryl methyl ketones with 
an aryl aldehyde in aqueous ethanol at 0°C in the presence of base. Careful 
recrystallization of the precipitated products led to pure materials. 

The chalcones were combined with the aryl methyl ketone in anhydrous ethyl-
ene glycol, which was well mixed before 1 eq KOtBu and 8 eq NH4OAc were 
added simultaneously. The reactions were heated to 120°C for 4 hours and 
were the poured into water. Extraction with DCM and recrystallization from 
alcohol yielded the pure products. 

The yields of the reactions ranged from 61% to 87%. All results are presented 
in Table 1, Paper VI. 

7.3. Conclusions 

Although the results show good yields and the methods uses a simple experi-
mental procedure for the generation of unsymmetrical bipyridines, its applica-
tion to unsymmetrical terpyridines has yet not been realized due to the instabil-
ity of pyridyl chalcones. This matter needs closer investigation. 

It was possible to decrease the amounts of propanone by-product to almost 
negligible amounts (effective aeration of the reaction mixture), however to 
avoid chalcone scrambling it was necessary to exclude H2O from the reaction. 

All reactions were performed on a 1-mmol scale. Larger scale preparations 
need investigation in order to prove its true versatility in synthetic applications. 
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8. A Potential Molecular Switch 

8.1. Introduction 

As noted from the earlier chapters the ligand L9 can act as a bidentate ligand 
when complexed with [Ru(bpy)2Cl2], coordinating via the two pyridine nitro-
gens. 

It has been reported98 that the ligand also display tridentate coordination in the 
complex [Ru(tpy)L9]n+. The thiophene in the ligand can coordinate either via a 
carbon (C-3) or a sulfur atom, thus two forms of the complexes can be 
achieved - [Ru(tpy)L9C]1+ and [Ru(tpy)L9S]2+. Switching between the two 
modes can be achieved by pH or light. 

When thiophene coordinates to a metal with the sulphur it adapts a trigonal 
pyramidal coordination.99 As a result the S-bound complex [Ru(tpy)L9S]2+ 
possesses a dihedral angle of approximately 30-40° between the thiophene ring 
and the bipyridine. The cyclometallated form is coplanar with the bipyridine 
unit. Any increases in the dihedral angle between the rings will also result in a 
reduction of inter-annular conjugation as the orbital overlap is ill matched be-
tween the ring systems. 

This could be utilized in molecular electronics in the search for molecular 
switches. The cyclometallated (C-coordinated) form of the complex ensures 
electron flow through the system, and the S-bonded form disrupts the conjuga-
tion and “turns off the switch” (assuming that the switching thiophene unit is 
part of a bridging oligothiophene chain). 

In order to demonstrate the effectiveness of such a device, one requires an ob-
servable which is influenced by the position of the switch. To this end, a dinuc-
lear ruthenium complex (CT7) was assembled with the bridging ligand, 5-(2,2'-
bipyridin-4-yl)-5'-(2,2'-bipyridin-6-yl)-2,2'-bithiophene (L3) (Figure 34). 
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Figure 34. The prototypic binuclear complex CT7.  
Switching is demonstrated with acid/base control. 

8.2. Synthesis 

The S-bonded form CT7S was prepared by reacting C5 with an excess of 
[Ru(tpy)Cl3] in a mixture of N-ethyl morpholine, MeOH and AcOH. When the 
reaction was complete, the complex was precipitated by anion metathesis and 
purified by column chromatography. 

An effort to convert the S-bonded form to its cyclometallated form was made 
by gentle warm up in basic MeCN. After 1h TLC analysis (silica, ACTSOL) 
showed only a trace of the expexted purple cyclometallated species. The diffi-
culty in interconversion arises from the rotational inertia required to rotate one 
metal center 180° in order to adopt the C-coordinated form. 
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9. Conclusions 

As learned in Chapters 3 and 4, [Ru(bpy)2L]2+-complexes based upon the 6-
thiophen-2-yl-2,2’-bipyridine motif show little promise in the search for sys-
tems displaying long and intense luminescence and thus it was abandoned in 
this regard. However, as presented in Chapter 8, this ligand motif can find ap-
plication in the creation of molecular swiches and should be examined further.  

The intense red luminescence present in the fused thienopyridine complex C22 
opens a totally new target system. A large array of compounds based on that 
motif can be designed. In fact, the terpyridine L23 has been prepared and its 
electrochemical and photophysical properties need examining. 

A proposed future ligand structure incorporates aspects of the fused thienopyri-
dine moiety L22, (with its intense luminescence properties) and the 4-thiophen-
2-yl-2,2’-bipyridine L9 motif (switching mechanism). 
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