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Abstract 
 
According to the famous axiom known as Moore’s Law the number of transistors that can be etched on a 
given piece of ultra-pure silicon, and therefore the computing power, will double every 18 to 24 months. 
However, around 2020 hardware manufacturers will have reached the physical limits of silicon. A proposed 
solution to this dilemma is molecular electronics. Within this field researchers are attempting to develop 
individual organic molecules and metal complexes that can act as molecular equivalents of electronic 
components such as wires, diodes, transistors and capacitors. 

In this work we have synthesized a number of new bi- and terdentate thiophenyl pyridine and pyridyl 
thienopyridine ligands and compared the electrochemical, structural and photophysical properties of their 
corresponding Ru(II) complexes with Ru(II) complexes of a variety of ligands based on 6-thiophen-2-yl-2,2'-
bipyridine and 4-thiophen-2-yl-2,2'-bipyridine motifs. While the electrochemistry of the Ru(II) complexes 
were similar to that of unsubstituted [Ru(bpy)3]2+ and [Ru(tpy)2]2+, substantial differences in luminescence 
lifetimes were found. Our findings show that, due to steric interactions with the auxiliary bipyridyl ligands, 
luminescence is quenched in Ru(II) complexes that incorporate the 6-thiophen-2-yl-2,2'-bipyridine motif, 
while it was comparable with the luminescence of [Ru(bpy)3]2+ in the Ru(II) complexes of bidentate pyridyl 
thienopyridine ligands. The luminescence of the Ru(II) complexes based on the 4-thiophen-2-yl-2,2'-
bipyridine motif was enhanced compared to [Ru(bpy)3]2+ which indicates that complexes of this category 
may be applicable for energy/electron-transfer systems. 

At the core of molecular electronics is the search for molecular ON/OFF switches. Based on the ability of the 
ligand 6-thiophen-2-yl-2,2'-bipyridine to switch reversibly between cyclometallated and non-cyclometallated 
modes when complexed with Ru(tpy) we have synthesized a number of complexes, among them a bis-
cyclometallated switch based on the ligand 3,8-bis-(6-thiophen-2-yl-pyridin-2-yl)-[4,7]phenanthroline, and 
examined their electrochemical properties. Only very weak electronic coupling could be detected, suggesting 
only little, if any, interaction between the ruthenium cores. 
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Sammanfattning – Swedish abstract 
 
Enligt den berömda Moores Lag så kommer det antal transistorer som kan placeras 
på en bit kisel att dubbleras var 18:e till 24:e månad, d.v.s. processorkapaciteten 
kommer att dubbleras var 18:e till 24:e månad. De senaste 40 åren har detta 
påstående varit sant och datorerna har blivit allt kraftfullare. Runt 2020 kommer 
dock Moores Lag att utsättas för svåra prövningar. Processortillverkarna börjar helt 
enkelt att nå den fysiska gränsen för hur små transistorer som kan tillverkas av kisel. 
En lösning på detta problem är att gå över till s.k. molekylär elektronik. Genom att 
utveckla enskilda molekyler och metallkomplex som kan fungera som dioder, 
kondensatorer och transistorer kan utvecklingen mot allt snabbare och kraftfullare 
electronik fortsätta.  
 
I den här avhandlingen presenteras syntesen av en ny grupp av bi- och tridentata 
pyridyl tienopyridiner och deras motsvarande Ru(II)-komplex. De fotofysiska och 
elektrokemiska egenskaperna för dessa komplex har jämförts med ruteniumkomplex 
med ligander baserade på 6-tiofen-2-yl-2,2'-bipyridin och 4-tiofen-2-yl-2,2'-
bipyridin. De elektrokemiska resultaten visade inga stora skillnader mellan dessa 
Ru-komplex och osubstituerade [Ru(bpy)3]2+ och [Ru(tpy)2]2+, medan de fotofysiska 
mätningarna visade stor skillnad i luminiscenslivslängd.  
 
De komplex vilkas ligander baserades på 6-tiofen-2-yl-2,2´-bipyridin var 
livslängden för kort för att uppmätas (under 30 ns), vilket kan antas bero på steriska 
interaktioner med de övriga koordinerade bipyridylliganderna, medan den hade 
jämförbar livslängd med [Ru(bpy)3]2+ i de komplex som hade pyridyl tienopyridiner 
som ligander. De komplex vars ligander var baserade på 4-tiofen-2-yl-2,2´-bipyridin 
uppvisade längre luminiscenslivslängd än [Ru(bpy)3]2+. Detta indikerar att komplex 
av denna typ bör vara de mest användbara för energi/elektron-överföring. 
 
En mycket viktig typ av föreningar inom molekylärelektroniken är de som kan 
fungera som ”strömbrytare”, föreningar som beroende på extern stimulans kan växla 
mellan två eller flera lägen. Ru(tpy)-komplexet av liganden 6-tiofen-2-yl-2,2'-
bipyridin kan, beroende på pH, växla mellan två lägen, cycklometallerad och icke-
cyklometall6erad, och därmed fungera som en molekylär strömbrytare. Ett antal 
komplex som utnyttjar detta fenomen har syntetiserats och studerats med cyklisk 
voltammetri. Endast svag växelverkan i grundtillståndet kunde detekteras, vilket 
tyder på en väldigt svag interaktion mellan ruteniumkärnorna.  
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eV electron volt (1 eV = 1.602×10−19 J) 
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HOMO highest occupied molecular orbital 
isc intersystem crossing 
L ligand 
LC ligand centered 
LL generic bidentate ligand 
LUMO lowest unoccupied molecular orbital 
MC metal centered 
Me methyl 
MLCT metal-to-ligand charge transfer 
MeOH methanol 
NBS N-bromosuccinimide 
n-BuLi n-Butyl lithium 
nppy 2-(3-nitrophenyl)pyridine 
Ph phenyl 
ppy phenylpyridine 
py pyridine 
r.t. room temperature 
Th thiophene 
THF tetrahydrofuran 
tpy 2,2':6',2''-terpyridine 
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Introduction: The Path to Molecular 
Electronics 

1.0 The integrated circuit 
 
The most significant scientific breakthrough of the 20th century is the advent of the 
integrated circuit and microelectronics. 
 
 A century ago Albert Einstein did all his calculations by hand, aided only by a slide-
rule. 60 years ago the first computer ENIAC contained 17,486 vacuum tubes and 
weighed 27 tons. 50 years ago the portable transistor radio was a high-tech novelty. 
30 years ago the first IBM Personal Computer was introduced with an Intel 8088 
CPU, a clock speed of 4.7 MHz and an internal memory of 640 kB at a retail price 
of $1,565 (equivalent to $4,960 today). Ten years later an IBM PC cost 
approximately the same but now it had an Intel 80486 CPU with 48 times as many 
transistors and 4-8 Mb of internal memory. Today in 2010 microelectronics is an 
integrated part of the western world. We file our tax returns from a computer. We 
book our flight tickets from a computer without ever talking to a travel agency. We 
store our photos digitally on a hard drive. Said photos are taken with a digital 
camera that has a computing power that the astronauts on the Apollo rockets could 
only dream about. Our entire music collection is contained within a tiny iPod that 
uses advanced algorithms to compress the music into mp3s.1 Physicians monitor our 
health using sophisticated equipment like Magnetic Resonance Imaging that would 
have been impossible without microelectronics. No part of society has been 
unaffected by the ever shrinking electronics and the rise of the Internet.  
 
As mentioned, the great scientists of the late 19th and early 20th century did their 
calculations by hand. Today most of the sciences rely completely on computers for 
data processing and solving massive mathematical equations that were previously 
impenetrable. As an example, in early 2007 a team of mathematicians from The 
American Institute of Mathematics used a supercomputer called Sage at the 
University of Washington to map what has been called the most complex object in 
mathematics, the 248-dimensional object known as the Lie E8 group (see Figure 
1).2,3 When E8 was originally discovered in 1887 it was thought that it could never 
be understood. This accomplishment would have been impossible without a 
supercomputer with a large memory and immense computing power.  
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Figure 1: A two‐dimensional graphic representation of the 248‐dimensional E8 Lie group. 

 
However, scientific feats such as these are just the icing on the cake. What is more 
important is how microelectronics has transformed society as a whole, and how it 
continues to transform society as it is further miniaturized and finds novel 
applications. Is there no limit? 
 
The first step on the path to microelectronics and the integrated circuit was taken in 
1947 at Bell Laboratories when William Shockley, John Bardeen and Walter 
Brattain built the first transistor (see figure 2).4 Its advantages compared to the old 
vacuum tube were obvious. It could be manufactured in a highly automated 
procedure, did not need time to heat up, was more robust, had shorter response time 
and consumed less power. Furthermore, it could be made much smaller than vacuum 
tubes, a crucial advantage.  
 

 
 

Figure 2: A replica of the first transistor, made of germanium. 
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In the beginning transistors were made as individual components and then 
assembled onto a board together with other electronic components (diodes, resistors, 
etc.) to make an electric circuit. It did not take long before the assemblies started to 
become too complicated and crowded with electronic components. Already in 1952 
a British engineer named G. W. A. Dummer suggested that it was unnecessary to 
manufacture all the components of an electric circuit (wires, transistors, resistors and 
capacitors) in separate pieces and then assemble them on a board. The same circuit 
could be made much smaller and more efficient if all of these devices were 
contained in the same piece of semiconductor, an integrated circuit. At the time the 
technology for creating such a circuit did not exist, but in 1958 Jack Kilby at Texas 
Instruments developed a method to create an integrated circuit out of germanium.5 
The full potential of the integrated circuit was not realized until the planar transistor 
was discovered later the same year, which enabled Robert Noyce at Fairchild 
Semiconductor to design and patent the first stable integrated circuit of silicon for 
mass production.6 Instead of tediously assembling hundreds of components on a 
board they could now be etched, all at the same time, into a wafer of high-grade 
silicon by a lithographic process.  
 

 
Figure 3: The first integrated circuit incorporated a transistor, a capacitor and resistances in a 

piece of germanium. 

1.1 On Moore’s Law 
 
In 1965 the chemist Dr. Gordon E. Moore (who would later co-found Intel together 
with Robert Noyce) published a short paper in which he made certain observations 
about the future development of the integrated circuit.7 He noted that “The 
complexity for minimum component cost has increased at a rate of roughly two per 
year”. The popular interpretation of this observation has been called “Moore’s Law” 
and it states that the number of components that can fit onto a given surface of 
silicon will double every 18 to 24 months, i.e. that computing power will double 
every 18 to 24 months, see Graph 1.8  
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Graph 1: The popular interpretation of Moore’s law. (Data adapted from ref. 8) 

 
Being logarithmic, Graph 1 does not fully convey the extremely rapid development. 
If we change Graph 1 into a linear graph, we get a clearer picture, see Graph 2. 
There is a parallel here, to the old story of the Emperor and the Inventor of chess 
who wanted to be paid in grains of rice laid out on the chess board. On the first 
square of the chess board the Inventor wanted one grain of rice. On the second two 
grains of rice. On the third four grains of rice. On the fourth eight grains of rice etc., 
until all the squares were filled. In the beginning the emperor thought that that was 
cheap. After half the chess board (32 doublings) the Inventor had totally 4 billion 
grains of rice, and the Emperor was probably starting to worry. At the end of chess 
board (after 63 doublings) the Inventor had been paid 18 million trillion grains of 
rice, enough to cover the entire surface of the earth. 
 
The same is true for the continuing development of the integrated circuit and 
computing power. When computers were invented at the end of World War II they 
certainly had their uses, but not that many took notice. Given their massive size and 
complicated operating procedures computers were predominantly used by the 
military and universities. As technology advanced, computers and microchips began 
to find more and more uses. But it was not until the early-to-mid 90s that the true 
home-PC revolution began, when computing power seemingly exploded. It did not 
really, it simply followed the same exponential growth that it had had the last 30 
years. It is now, at the beginning of the 21st century that things really start to get 
interesting (incidentally after approximately 32 doublings of computing power, 
counted since WWII). Note the extreme leap in computing power between the 
Pentium D microprocessor and the Intel Core 2. Completely predictable, yet 
remarkable. 
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Graph 2: Moore's Law on a linear scale. (Data adapted from ref. 8) 

 
In an interesting essay called “The Law of Accelerating Returns” in 2001 Dr. Ray 
Kurzweil reformulated Moore’s Law.9 Noting that it is really not an exponential 
growth in the number of transistors that we are interested but an exponential growth 
in computing speed at a fixed price. By looking back 100 years and plotting the 
speed (in instructions per second) per $ 1,000 of 49 famous calculators he arrived at 
graph 3. 
 
It shows that the trend of exponentially increasing computing speed at a fixed price 
did not start with the invention of the integrated circuit in the mid-60s. Moore’s Law 
(as pertaining to integrated circuits made out of silicon) is merely the fifth paradigm 
providing accelerating price-performance. The exponential growth of computing 
speed started with the electromechanical machines used in the 1890 U.S. census, 
continued with Alan M. Turing’s relay-based “Robinson” that was essential in 
cracking the Nazis enigma code, the vacuum-tube computers, the transistor-based 
machines that made the Apollo program possible and is now racing forward with the 
modern integrated circuits. Also notable is that according to Kurzweil’s graph the 
exponential increase in computing speed is increasing exponentially, meaning that in 
the future we will not only see a doubling of computing speed every 24 months, 
soon it will be every year, then every month, then… 
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Graph 3: Moore's Law abstracted back to the year 1900.9 

 
It all begs the question – will it continue infinitely? Well, of course not. To begin 
with there is a final limit on how much information can be stored and processed in a 
finite space. In a short paper astrophysicists Lawrence M. Krauss and Glenn D. 
Starkman calculated that at present speed, where computing speed doubles every 24 
months, the limit will be reached in approximately 600 years.10 Furthermore, the 
paradigm known as Moore’s Law will finally run out of steam around 2025. 
 
The world’s first modern computer processor was the Intel 4004 (incidentally also 
the first entry in Graph 1). When it was released in 1971 this stunning – for the time 
– piece of hardware delivered the same computing power as the vacuum-tube 
computer ENIAC, but instead of 17,486 vacuum tubes it contained 2,250 transistors 
with a circuit line width of 10 microns (10,000 nanometres).  Today’s top-of-the-line 
processors contains 590 million transistors with a circuit line width of 0.065 microns 
(65 nanometres). Just by thinking about it makes it obvious that this shrinking of the 
features of the silicon chip cannot continue forever, sooner or later we will be down 
to individual silicon atoms, and then what? Halves of atoms? 
 
The limit of how many components that can be crammed onto a piece of silicon will 
be reached long before we would have to start worry about how to store information 
in halves of atoms. The biggest obstacles are pure physical constraints that already 
start to appear as the bulk properties of semiconductors vanish at the nanometre 
scale and thus the operating principles upon which the present devices are based fail. 
One of these fundamental barriers are the layers of silicon dioxide that are used as 
insulators within the transistors. According to the International Technology 
Roadmap for Semiconductors the projected oxide thickness by 2012 will be less than 
one nanometre, or approximately five silicon atoms across. However, utilizing 
scanning transmission electron microscopy David A. Muller et al. have shown that 
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with present day technologies the thinnest useable layer of silicon dioxide is 1.2 nm, 
and that there is a fundamental limit at 0.7 nm (approximately four silicon atoms) for 
a perfect layer of silicon dioxide.11 Any thinner and the silicon dioxide will no 
longer act as an insulator, rendering the entire transistor (and by extension the 
integrated circuit) useless. 
 
As the components grow smaller, quantum mechanics also becomes a factor and 
things like superposition, interference, entanglement and the uncertainty principle 
must be taken into consideration.12  
 
Furthermore, as the number of transistors grow exponentially, so does the cost. This 
fact has been called “Moore’s Second Law”. Currently a fabrication line costs $2.5 
billion to construct. This cost is estimated to rise to about $100 billion by 2020. 
Beyond that further advances in silicon-based technology will only come at extreme 
costs, making it not only difficult but also economically unsound to develop smaller 
circuits. 
 
So to continue the development of ever faster and smaller computers it is clear that a 
new paradigm is needed, just as indicated in Graph 3. The paradigm of Moore’s Law 
replaced the paradigm of the transistor which in its turn replaced the paradigm of the 
vacuum-tube. So, what new paradigm will replace Moore’s Law? 

1.2 Molecular Electronics 
 
A proposed solution to this dilemma is molecular electronics.13,14 A computer really 
only operates by manipulating binary "1" and "0" to store information. All that is 
required is a switch that turns a current on (1) or off (0). This is what a transistor 
does, and by following the same general structure on a very small scale, one can 
make single molecules that perform this function. Not only is it possible to 
synthesize molecules that mimic transistors, it has been shown that all the 
components (diodes, wires, RAM, etc.) of microelectronics can be replaced by 
molecules. 
 
The concept of extreme miniaturization of computers and machines was first put 
forward by the famous physicist and Nobel laureate Richard P. Feynman in his 1959 
speech “There’s Plenty of Room at the Bottom” at the annual meeting of the 
American Physical Society at the California Institute of Technology.15 Feynman 
called for chemists, physicists and engineers to join together in a venture to 
miniaturize machines, information storage and information processing: 
 

 I don't know how to do this on a small scale in a practical 
way, but I do know that computing machines are very large; 
they fill rooms. Why can't we make them very small, make them 
of little wires, little elements – and by little, I mean little. For 
instance, the wires should be 10 or 100 atoms in diameter, and 
the circuits should be a few thousand angstroms across. 
Everybody who has analyzed the logical theory of computers 
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has come to the conclusion that the possibilities of computers 
are very interesting---if they could be made to be more 
complicated by several orders of magnitude. If they had 
millions of times as many elements, they could make 
judgments. They would have time to calculate what is the best 
way to make the calculation that they are about to make. They 
could select the method of analysis which, from their 
experience, is better than the one that we would give to them. 
And in many other ways, they would have new qualitative 
features. 

 
Then in 1974 Arieh Aviram and Mark A. Ratner published a paper in which they 
suggested that an individual molecule of the structure donor-bridge-acceptor (DBA) 
between two electrodes could act as a rectifier, a fundamental electronic 
component.16 Aviram and Ratner suggested that by using appropriate substituent 
groups on an aromatic system it would be possible to increase or decrease π electron 
density within a molecule and thereby create relatively electron-poor (p-type) or 
electron-rich (n-type) subunits of the molecule. To keep the electron-rich part from 
interacting with the electron-poor part an insulating bridge of σ-type would be 
placed between them. Based on this concept they proposed a molecular structure 
(the “Gedänkenmolekül” or “thought molecule”), see Figure 4, that mimicked the 
electron structure of a common solid state p-n junction and presented theoretical 
calculations that showed that when a voltage was applied the molecule should act as 
an insulator until a limit was reached at which point a current would suddenly switch 
on. 

NC CN

NC CN

S
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S

Acceptor Bridge
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Figure 4: The Gedänkenmolekül proposed by Aviram and Ratner as a single‐molecule rectifier. A 
DBA structure with tetracyanoquinodimethane as an electron‐poor acceptor coupled to the 

electron‐rich donor tetrathiofulvalene via the non‐conducting methylene bridge, ensuring that 
the π systems of the donor and the acceptor are essentially non‐interacting. 

 
The concept may seem fairly easy to test, but it would be almost 25 years before 
Robert M. Metzger could prove that the ideas of Aviram and Ratner held true and 
that a Langmuir-Blodgett monolayer of a molecule, see Figure 5, with electronic 
properties similar to the Gedänkenmolekül indeed was a rectifier.17 The 
Gedänkenmolekül itself has – to this authors knowledge – never been synthesized. 
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Figure 5: [(N‐Hexadecylquinolin‐4‐ium‐1‐yl)methylidene]tricyanoquinodimethanide, the 

molecule that was shown by Metzger et al. to be a unimolecular rectifier. 

 
Only three years after Aviram and Ratner’s thought-provoking paper Shirakawa et 
al. published their first report on a highly conducting plastic.18 By doping 
polyacetylene with iodine the conductivity was increased 10 million times, making 
the doped polymer as conductive as some metals. In the late seventies and early 
eighties this was further built upon by Forrest L. Carter who suggested that future 
computers could be based on molecular electronic devices. In a series of papers19 
and books20 Carter suggested designs for molecules that could act as molecular 
wires and single-molecule versions of conventional AND, OR and NOR logic gates. 
His conceptual framework sparked a lot of interest and a series of conferences based 
on his ideas were held during the 80s. From 1990 and forward real progress has been 
made and several kinds of organic molecules and organometallic complexes that act 
as basic electronic components, for example rectifiers,17 wires,21 diodes,22 
transistors,23 switches24 and DRAM25 have been discovered.  

1.3 Advantages and disadvantages of 
molecular devices 
 
Replacing today’s top-to-bottom approach where tiny features are etched into a slab 
of silicon with a bottom-up approach where logic gates are formed from single 
molecules and molecular wires would allow for integrated circuits with 1013 
transistors/cm2 instead of the 108/cm2 previously mentioned, a 100,000-fold 
improvement. Furthermore the response times of molecular devices can be as low as 
femtoseconds (10-15 s) while the response times of today’s silicon-based devices are 
counted in nanoseconds (10-9 s).26 Miniaturization holds many promises. For 
example, it would be possible to make a computer of the same size as the present 
ones, but with a million times the computing power. We could build a powerful 
computer no bigger than a pendant that could be carried around the neck, enabling 
us to be online 24/7. We can imagine building microscopic machines – 
nanomachines - with a molecular computer inside them controlling them. These 
machines can, for example, be used to monitor our health or maybe even repair 
damaged tissue inside our bodies. Or maybe a molecular computer made up of 
organic materials could be implanted into our very bodies, fusing man and machine 
The sky is the limit when it comes to molecular electronics. 60 years ago it was 
impossible to conceive what new machines and applications the transistor would 
lead to. Likewise molecular electronics will find applications that we have never 
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even dreamed about. Replacing the silicon-based technology of today is the least of 
the changes molecular electronics will bring. 
 
Another advantage of molecular devices is that once a pathway exists they are easy 
to prepare in large quantities. One could in a single reaction flask prepare, for 
example, 6.022× 1023 devices or more at once. All of them perfectly identical. This 
number is larger than the combined number of transistors used in all computational 
devices today. This will probably mean that the hardware-software equilibrium will 
be changed by molecular electronics. In today’s computers relatively simple, but 
fast, central processing units (CPU) are used while all of the complicated functions 
reside in the software, making the programs large and complicated to create and also 
making the overall process slower. An alternative is so-called wired logic, where all, 
or most of the, complicated functions are built into the integrated circuit.26 This 
makes the overall computational process much faster and also makes large memories 
and complicated programs unnecessary. Combined with the principle of self-
assembly of the devices, molecular electronics offers the possibility of constructing 
large integrated circuits with complicated functions, something that will raise 
performance by several orders of magnitudes in addition to the already mentioned 
improvements. 
 
Alas, no complete integrated circuit based on molecular electronics exists yet. Most 
of the molecules that has been shown to exhibit the desired characteristics of 
different types of logic gates do so as large ensembles of molecules (often in 
solution), not hooked up in a complete circuit. One of the main problems is how to 
assemble the integrated circuit itself and attach it to the rest of the circuitry. On a 
Pentium chip each of the 108 transistors is addressable and attached to a power 
supply. The molecular devices may be easier to make in large quantities, but they 
are more difficult to arrange on a flat surface or in a three-dimensional scaffold. One 
suggested method is to allow the molecules to self-assemble on a gold surface. The 
assembly takes place in a matter of minutes, or at most days. The problem is that 
even in a well-ordered self-assembled molecular array  the defect density will be at 
least 1-5%, a value that is infinitesimal for traditional silicon based chips.12 This is a 
problem, but it does not necessarily render an integrated circuit based on molecular 
electronics useless. In their work with Teramac, an intentionally defect-ridden 
supercomputer, Heath et al.27 showed that by using the crossbar architecture28 and 
careful programming Teramac could be turned into a robust and powerful computing 
machine despite having nearly a quarter of a million defects in its processors. 
Stoddart and Heath utilized the same approach in 2007 when they successfully 
constructed a 160-kilobit molecular electronic DRAM from [2]rotaxane molecules.25 
Even though only 25% of the switches were classified as “good” the DRAM was 
functional. It remains to be seen if this method can be generalized to other molecular 
electronic circuits. A third option is to place an individual molecule (or at most a 
few) in a nanometre-sized gap between two electrodes. By utilizing this technique 
the electrical conductance, stability, the interaction between the molecule and the 
metal junction and other factors can be probed. However, while useful as a tool to 
evaluate the properties of novel compounds it is difficult to envision how this 
technique could be turned into a general technique useful for the production of 
molecular computers.  
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A second obstacle that must be taken into consideration is that of output/input 
homogeneity. This question is intrinsically linked to the question of how to connect 
a molecular electronic device to the rest of the circuitry. If, for example, a photon is 
put into the system you want a photon out, otherwise it is nigh on impossible to 
design a system where one logic gate can operate another logic gate and so on. The 
molecular logic gates that have been demonstrated29 works by many different 
mechanisms; changes in pH, addition of certain chemical reagents, absorption of UV 
or visible light etc. The logic functions result from the statistical distribution of 
chemical or physical events (fluorescence, chemical reactions, electrochemical 
processes) caused by the simultaneous stimulation of large molecule ensembles in 
solution. Most of these systems are not based on output/input homogeneity. 
Excitation by a photon in may give an electron out and vice versa. These systems 
constitute proof-of-principle, but they are not an immediate solution to the molecular 
computer. The aforementioned [2]rotaxane-DRAM by Heath and Stoddart is 
connected to an electrical signal via the crossbar architecture and fulfils the 
requirement for input/output homogeneity.25 That it utilizes electricity is another 
strong argument for this kind of system since it is an established technique and is 
presumably fairly easy to integrate with established technology. However, Francisco 
Raymo et al.30 has done some intriguing work on systems which uses light 
(photons), rather than electricity, for digital communication and data processing – 
molecular photonics. Advantages are speed (signals travel at the speed of light), the 
possibility to superimpose signals and reduced energy consumption (reducing the 
amount of heat evolved). Disadvantages include the wiring problem – how can an 
optical switch be incorporated into a solid-state device while maintaining its signal 
transduction abilities? Furthermore, light is a multidirectional signal and 
communication between two specific molecules by emission/reabsorption of 
photons is rather inefficient. This is not a problem at the macroscopic scale of 
Raymo et al., but certainly though a challenge if molecular photonics is to be scaled 
down to individual molecules.     
 
The third big obstacle lies in the vast amounts of heat emitted from a CPU. A 
common Pentium chip emits ~40W of heat (100W under extreme circumstances) 
and operates at temperatures in the range 40-75oC. Due to the heat evolved 
integrated circuits are still built in only one planar layer, otherwise it would not be 
possible to cool them enough to avoid a meltdown. Technology-wise it is possible to 
construct integrated circuits in several layers and thereby linearly increase 
computing power, but it is not possible to cool the CPUs enough for them to be of 
any practical use. Since molecular computing would utilize chips that have a million 
times as many circuits on the same surface and that operate a million times faster the 
heat generated would be enough to melt the chip - and the computer - 
instantaneously. A way to avoid this could be to operate the molecular devices by 
electrostatic interactions instead of the traditional way, with a current of electrons.26 
The molecular devices could function by small reshapes of the electron density due 
to the input signals and electrostatic potential interactions between molecules would 
transport the information throughout the integrated circuit. The changes in 
electrostatic potential correspond to a very small charge transfer, a fraction of an 
electron, and would severely lessen the amount of heat generated by the device.  
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1.4 On the philosophy of things very small  
 
All the practical issues of molecular electronics aside, to achieve a molecular 
computer the underlying philosophy of computing machines might have to be 
reconsidered. Computing machines were first conceived to free scientists from 
tedious, repetitious calculations as they prepared, for example, astronomic, ballistic 
or trigonometric tables. Before computers these calculations were based on 
standardized forms for collecting intermediary results and keeping track of the 
progress of the calculation. The architecture and operation of current computers 
directly corresponds to this methodology. Computers are assembled from 
elementary pattern recognition units, the so-called logic gates, operating according 
to binary Boolean logic. Computers excel at all tasks that resemble the calculation of 
tables, because that is what they were designed to do.31  
 
The fantastic success of the current paradigm has made digital computing 
synonymous with information processing. However, in the early days of computer 
science the term “computer” referred to a wide range of systems based upon diverse 
philosophies and methodologies. In the effort to devise a new information 
processing machine it might be wise to return to an older definition of computing: 
 

A computer is a system that starts from a state which encodes a 
problem specification and changes, following the laws of 
nature, to a state interpretable as the solution to the problem.32 

 
Instead of forcing a molecular computer to follow the same methodology as today’s 
silicon-based transistor technology it would be wiser to utilize the unique properties 
of molecular materials to extend computing beyond the limits of binary Boolean 
logic. For example, why should a molecular computer necessarily operate by binary 
logic? Mathematically the most effective base for representing numbers is 3 
(actually, the most effective base is e, but 3 is the most effective integer).33 One of 
the first calculating devices ever, built by Thomas Fowler in 1840 was based on 
ternary logic. In the 1950s and the 1960s efforts were made to build computers 
based on ternary logic, resulting in the ternary computer Setun being constructed by 
Nikolai Brusnetsov at Moscow University. However, the ternary computer lost to 
the binary computer because of the difficulty in developing reliable three-state 
devices. When the required technology finally was available the binary technology 
had become established and the tremendous investments for fabricating binary chips 
would have overwhelmed any small advantage offered by other bases.  
 
The binary system is a relic from the early days of the computer. Now when the 
paradigm of the silicon-based transistor is posed to be replaced by the paradigm of 
molecular electronics there is no reason to hang on to the less optimal parts of the 
old paradigm. Designing molecules capable of ternary logic is certainly no trivial 
task, but compared to the other challenges facing molecular electronics it is certainly 
not the hardest task.  
 
As already mentioned, molecular electronics may also shift the software-hardware 
equilibrium towards wired logic. The infinite possibilities of organic chemistry 
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offers the opportunity of tailor-made systems. The need for programming in itself is 
a limiting factor and we may move towards systems that require little or no 
programming.31 Artificial neural networks built upon principles of self-assembly are 
an example of information processing systems that require no programming at all. 
 
When trying to establish a new paradigm for how computers are to work in the next 
50 years it is important to not be blinded by the current – very successful – paradigm 
and instead try and take advantage of the possibilities offered by the new 
technology. This is easier said than done, not in the least since it is quite likely that 
the first operational molecular devices  will not be complete computers, but rather 
molecular devices integrated within computers that are based on silicon technology. 
For example a computer could utilize a silicon-based processor, but have a memory 
made up of molecular devices, perhaps a variation the previously mentioned DRAM 
by Stoddart and Heath.25 This would allow molecular electronics to “sneak in” 
through the backdoor, but at the same time it could be detrimental since it would 
force molecular electronics to operate along the lines of the current paradigm, and 
not by principles that are optimal for molecular electronics.  
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Background Theory 

2.0 Ruthenium(II) polypyridyl complexes 
 
Amongst transition metal polypyridyl complexes, those belonging to group VIII are 
the most extensively studied. Metal ions such as Ru2+, Os2+, Fe2+ and Ir3+ form low-
spin octahedral complexes with strong-field ligands such as bipyridines34 (bpy), 
terpyridines (tpy), and phenanthrolines (phen). The stability of these complexes is 
presumably enhanced by the symmetrical t2g

6 configuration. As one of the few metal 
complexes with a unique combination of properties; luminescence in solution at 
room temperature, moderate excited state lifetime, ability to undergo electron and 
energy transfer processes, ease of synthesis and chemical stability, [Ru(bpy)3]2+ (see 
Figure 6) has received a lot of attention from researchers during the last 30 years.35 
Ruthenium polypyridyl complexes have found use in diverse systems such as 
molecular wires,36 sensors and switches37 and in solar energy research aiming to 
mimic photosynthesis.38 

2.1 Photophysical properties of [Ru(bpy)3]2+ 
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Figure 6: [Ru(bpy)3]

2+ 

 
The [Ru(bpy)3]2+ complex has octahedral geometry of D3 symmetry. The absorption 
spectrum in the visible region, see Figure 12, is dominated by an intense metal-to-
ligand charge transfer (1MLCT) band at 450 nm, caused by the transition from a 
metal dπ orbital to a ligand based orbital (πL*). The peak at 300 nm is assigned to 
ligand-centered (LC) π π* charge transfer and the peak at 344 nm to metal-
centered (MC) d d charge transfer.49b 
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  Figure 7: The electronic absorption spectrum of [Ru(bpy)3]

2+.35d 

 
Excitation of [Ru(bpy)3]2+ in any of its absorption bands leads to a single emission 
band with a maximum at about 600 nm, see Figure 8. The emission properties 
(intensity, lifetime and energy position) are strongly temperature- and solvent-
dependant. For example, in degassed aqueous solutions at room temperature the 
emission has a lifetime of 600 ns and a quantum yield (Φ) of 0.042, while in a rigid 
alcoholic glass at 77K the emission has a lifetime of 5000 ns and a quantum yield of 
0.4.35b The emission properties can also be tuned as desired (to a certain extent) by 
modifying the pyridyl ligands.  
 

 
  Figure 8: The emission spectra of [Ru(bpy)3]

2+ in ethanolic solution at room 
temperature.35b 

 
Upon excitation the 1MLCT decays rapidly (<1 ps) via spin-forbidden intersystem 
crossing (isc) to a 3MLCT state, see Figure 9. In most cases this is the state that is 
responsible for luminescence emission and bimolecular excited state interactions. In 
purely organic molecules intersystem crossing processes are formally forbidden, due 
to a change in multiplicity, and are therefore very slow or hindered. For organic 
molecules the rate constant for intersystem crossing, kisc, is typically 1-1000×106 s-1. 
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The presence of the heavy metal core in inorganic systems such as [Ru(bpy)3]2+ 
causes a large spin-orbit coupling which results in a mixing of the singlet and the 
triplet state. In other words, the 3MLCT is not 100% triplet, it has some of the 
character of a singlet state as well. This results in a breakdown of the selection rules 
prohibiting changes of multiplicity. In inorganic systems kisc values of 109-1012 s-1 
are common, which is on par with the rate constants of internal conversion processes 
which are not forbidden at all.39,35e 
 
As can be seen in Figure 9 the 3MLCT is actually not a single energy level but a 
manifold composed of a cluster of at least three closely spaced energy levels having 
similar but not identical properties. However, the energy difference between the 
levels are small, and at room temperature the photophysical properties can be treated 
as arising from a single state having the averaged properties of the three 
contributors.  
 
In, for example, acetonitrile at room temperature the 3MLCT has a lifetime of 890 ns 
(Φ = 0.059) which is long enough for the excited state of [Ru(bpy)3]2+ to transfer its 
energy to another molecule (a quencher), either via energy transfer or electron 
transfer. In the absence of an external quencher, the decay from the 3MLCT occurs 
via emission to the ground state (wavy arrow) via non-radiative decay to the ground 
state (solid arrow) or via thermal activation to higher lying excited states, i.e. 3MC as 
shown in Figure 9. In the 3MC the electron occupies an anti-bonding metal orbital, 
which leads to significant geometrical distortion and fast non-radiative decay to the 
GS.35  
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Figure 9: The excitation and deactivation pathways available to [Ru(bpy)3]

2+.35 
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The lifetime τ of the emitting ligand-to-metal charge transfer (LMCT) state is given 
by equation 1. 
 1/τ = kr + knr + kdd  (1) 
  
 kr = τ/Φ   (2) 
 
where knr, kr and kdd are the rate constants for the non-radiative decay, radiative 
decay and thermal population of the upper 3MC d-d state respectively. The emission 
lifetime τ and the quantum yield (Φ) can be measured, which opens up the 
opportunity to determine kr via equation 2.35a The final rate constant kdd can be 
determined by temperature-dependant lifetime measurements.  

2.2 Redox properties of [Ru(bpy)3]2+ 
 
The most widely used method for probing the electrochemical properties of 
[Ru(LL)3]2+  (where LL = any generic bidentate ligand) has been cyclic voltammetry 
(CV) in non-aqueous aprotic solvents. Oxidation of Ru(II) polypyridine complexes 
usually involves a metal centered orbital (πM, t2g) and the formation of genuine 
Ru(III) complexes, which are generally inert to ligand substitution. 
 

[RuII(LL)3]2+ [RuIII(LL)3]3+ + e- 
 
Reduction of Ru(II) polypyridyl complexes may in principle involve either a metal-
centered or a ligand-centered orbital, depending on the relative energy ordering. 
When the ligand field is sufficiently strong or the ligands can be easily reduced, 
reduction takes place on a ligand (πL

*) orbital. The reduced form is usually quite 
inert and the reduction process is reversible.  
 

[RuII(LL)3]2+ + e- [RuII(LL)2(LL-)]+ 
 
Up to six electrons can be “pumped” into [Ru(bpy)3]2+ in this fashion, yielding the 
highly reduced complex [RuII(bpy2-)3]4-. 
 
There has been some debate as to whether the added electron is localized on a single 
ligand or delocalized over all three ligands so that each ligand has a negative charge 
equal to 1/3 e-. Evidence and theory now seems to favour that the electron is located 
on a single ligand.40 In the case of a heteroleptic ligand it is thus possible to assign 
the first and subsequent reductions on a specific ligand/s. 
 
When the ligand field is weak and/or the ligands cannot be easily reduced the 
reduction process can take place in a metal centered (πM

*) orbital. In such a case 
reduction would lead to an unstable low spin d7 system, which would lead to fast 
ligand dissociation, making the process electrochemically irreversible.  
 

[RuII(LL)3]2+ + e- [RuI(LL)3]+ [RuI(LL)2]+ + LL 
 
Such behaviour has been reported for iridium complexes but has never been clearly 
observed for ruthenium complexes.35b 
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The cyclic voltammogram of [Ru(bpy)3]2+ in acetonitrile can be seen in Figure 10. 
As expected one oxidation and three reduction processes, all monoelectric and 
reversible, can be observed. The redox potentials are independent of solvent.35 
 

 
Figure 10: Cyclic voltammogram of [Ru(bpy)3]

2+. 35b 

2.3 Photophysical properties of [Ru(tpy)2]2+ 
 
The discussion in section 2.1-2.2 pertains to [Ru(bpy)3]2+, but a close relative that 
has also been extensively researched is the terpyridine complex, [Ru(tpy)2]2+.41,42,43 
Instead of being complexed to three bidentate ligands, Ru2+ is here complexed to 
two units of the terdentate ligand 2,2′:6′,2′′-terpyridine (tpy), see Figure 11. 
 
[Ru(tpy)2]2+ has attracted attention mainly because of its straightforward 
stereochemistry. [Ru(bpy)3]2+ is chiral and in polynuclear systems the stereogenic 
metal centres create diastereomers, and further substitution on the bpy ligands may 
lead to fac and mer isomers. Building enantiomerically pure polynuclear systems is 
challenging and requires either time-consuming purification procedures (and loss of 
50% of the product in every step) or very specific reaction conditions and reagents 
to synthesize the isomerically pure systems.44 Another important structural 
difference is that it is possible to connect [Ru(tpy)2]-units with a spacer (molecular 
wire) along the coordination axis by substitution in the central 4-position of the tpy 
ligand/s, something that is not possible with [Ru(bpy)3]2+. This allows for the 
construction of linear, rodlike polynuclear complexes.42,45 
 
While [Ru(tpy)2]2+ is similar to [Ru(bpy)3]2+ in regards to electrochemistry and 
charge-transfer characteristics, the photophysics are markedly different. 
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Figure 11: [Ru(tpy)2]

2+ 
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The absorption spectrum of [Ru(tpy)2]2+ can be seen in Figure 12. The intense bands 
in the UV region are usually assigned to LC π→π* transitions. The fairly intense 
and broad band in the visible region (which is responsible for the characteristic 
intense red colour of [Ru(tpy)2]2+) is assigned to spin-allowed d→π MLCT 
transitions.41 

 
Figure 12: Absorption spectrum of [Ru(tpy)2]

2+ in CH3CN at r.t. Insert shows luminescence 
spectra at 77 K.41 

Compared to [Ru(bpy)3]2+ the photophysical properties of [Ru(tpy)2]2+ are poor. In a 
rigid matrix at 77K [Ru(tpy)2]2+ exhibits an intense long-lived luminescence, but at 
r.t. the lifetime is only 0.25 ns, a paltry duration compared to [Ru(bpy)3]2+ which has 
a lifetime of ~1μs at r.t. 
 
In [Ru(tpy)2]2+ the coordination about the metal centre deviates substantially from 
octahedral, the N-Ru-N'' bite angle is only 158o (compared to 173o in 
[Ru(bpy)3]2+).46 As a result of the steric strain the ligand field is weaker and the 
energy difference between 3MLCT and the 3MC state is significantly decreased. In 
[Ru(bpy)3]2+ ΔEact is approximately 3600 cm-1 while in [Ru(tpy)2]2+ ΔEact is only 
about 1500 cm-1 (see Figure 9). This means that in [Ru(tpy)2]2+ the 3MC state is 
subject to rapid thermal population at room temperature which leads to fast non-
radiative decay to the ground state.  
 
However, from a synthetic point of view the concept of an achiral Ru(II) polypyridyl 
complex is very compelling and significant research efforts have been put into 
extending the luminescence lifetime. This is usually done by modifying the tpy 
ligand in order to either stabilize the 3MLCT or destabilize the 3MC states of the 
complex in order to minimise non-radiative decay via 3MC back to the ground state. 
However, stabilisation of 3MLCT also reduces the energy gap between 3MLCT and 
the ground state, promoting a return to the ground state via this deactivation 
pathway. If possible it is preferable to selectively destabilize 3MC to avoid the 
3MLCT→ground state deactivation pathway. 
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Several different approaches for modifying the tpy ligand(s) have been examined, 
for example attaching suitable substituents to increase the electronic conjugation,47 
increasing the bite angle (and the ligand field strength) by adding a methylene group 
between the pyridyl rings,48 or by replacing one or more of the pyridine rings with 
other compounds such as triazole49 or a phenyl moiety.50 The final case leads to 
cyclometallated compounds which have a whole range of interesting features of their 
own, see Section 4.  
 
To this authors knowledge, the longest luminescence lifetime that has been achieved 
in a Ru(tpy)-complex is 1806 ns (7224 times longer than unmodified [Ru(tpy)2]2+), 
which was found by Campagna and Hanan in a bichromophoric system 
incorporating anthracene moieties attached to the 4-position of tpy via a pyrimidyl 
spacer.51 The emission was found to be delayed by equilibration of the 3MLCT with 
the triplet states of the anthracene. While impressive this system imposes some 
serious restrictions on the form of the final complex since the 4-positions that could 
be used for constructing larger linear assemblies are sacrificed to make place for the 
substituents that prolong luminescence. 
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3.0 Photoinduced energy- and electron 
transfer 

 
The electronically excited state obtained when a molecule (or a supramolecular 
assembly) absorbs a photon of suitable energy is a species with properties that are 
quite different from the molecule in the ground state. In particular, an excited 
molecule can be involved in energy- and electron-transfer to another molecule (or 
another part of the supramolecular assembly). In a donor-bridge-acceptor (D-B-A) 
supramolecular system where D is a light-absorbing molecule (such as Ru(bpy)3), B 
is a bridging molecule and A is an acceptor molecule, the following photoinduced 
energy- and electron transfer processes could occur: 
 
D-B-A + hv  →  *D-B-A  photoexcitation (3) 
*D-B-A →  D-B-A*  energy transfer (4) 
*D-B-A →  D+-B-A-  oxidative electron transfer (5) 
*D-B-A →  D--B-A+  reductive electron transfer (6) 
 
[Ru(bpy)3]2+ is amenable for use in systems like this since the lowest 3MLCT lives 
long enough and has suitable properties to function as energy donor (4), electron 
donor (5) and electron acceptor (6). As shown in Figure 13 the energy available to 
*[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 acetonitrile vs. SCE). It follows from 
these values that *[Ru(bpy)3]2+ is both a good electron acceptor, a good electron 
donor and a good energy donor.35c  

 

By attaching [Ru(bpy)3]2+ to other metal complexes via a bridging molecular wire 
(for example oligothiophene,52 oligoacetylene53 or oligophenylene54) it is possible to 
direct the energy/electron transfer process to another chromophore (instead of 
random interactions with other solutes). By this methodology it could be possible to 
utilize supramolecular assemblies incorporating [Ru(bpy)3]2+ to power tiny circuits 
by light or in solar energy conversion schemes that aim to split water into hydrogen 
and oxygen.  
 
There are basically three different mechanisms for the transfer of excited state 
energy between two chromophores, regardless of if they are covalently linked via a 
bridge (in a D-B-A system) or separate entities in solution: the radiative trivial 
mechanism, the Dexter (electron exchange) mechanism and the Förster (dipole-
dipole, coulombic) mechanism.55 The mechanisms can act in parallel but due to the 
nature of the transitions involved and the distance between donor and acceptor 
chromophore, it is often possible to determine which mechanism that is the 
dominant one. 
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Figure 13: The energy available to [Ru(bpy)3]

2+ for energy and electron transfer processes in 
deaerated acetonitrile at 298 K. Potentials vs. SCE (adapted from ref. 35b). 

3.1 Radiative Trivial mechanism 
 
In the radiative trivial mechanism the excited energy donor relaxes back to the 
ground state emitting a photon which is absorbed by an energy-accepting molecule 
in solution. There is no electronic interaction and no physical contact is required 
between the donor and the acceptor, the photon must only be emitted in the 
appropriate direction and have the appropriate energy, it is obvious that the 
efficiency of the radiative trivial mechanism is usually very low. 

3.2 Dexter Mechanism 
 
The first of the non-radiative mechanisms, the Dexter (also called exchange) 
mechanism requires orbital overlap between D and A, either directly or mediated by 
the orbitals of a bridge (through-bond). The interaction can be regarded as a double 
electron-transfer process, one electron moving from the LUMO of the excited donor 
to the LUMO of the acceptor, and the other moving from the HOMO of the acceptor 
to the HOMO of the donor, see Figure 14. The net result is transfer of the excited 
state from the donor to the acceptor.55 
 

   ���� � �� � �����DA L� �  (7)  
     
The factors that control the rate of energy transfer according to the Dexter 
mechanism (ken

D ) is summed up in equation 7.56 K is related to the orbital 
interactions, while J is the integral of the spectral overlap between the emission 
spectrum of the donor and the absorption spectrum of the acceptor. L is the sum of 
the van der Waal's radii of D and A. The most important factor is the distance 
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between the acceptor and the donor (rDA). As can be seen in equation 7 the rate of 
the energy transfer decays exponentially with increasing distance between D and A 
see Figure 15). As a result the Dexter mechanism occurs over a short range, not 
more than 10-15 Å.  
 

 
Figure 14: Schematic representation of the Dexter and Förster energy transfer mechanisms. 
Note that no electron exchange takes place in the Förster mechanism, there is only coulombic 

interaction. 

3.3 Förster Mechanism 
 
The second of the non-radiative mechanisms, the Förster (also called coulombic, 
dipole-dipole, resonance) mechanism is a long-range through-space mechanism that 
does not require physical contact between the donor and the acceptor. Energy 
transfer is mediated by interaction between the oscillating dipoles of D and A and 
the excited state energy can be transferred from D to A without any exchange of 
electrons, bringing the donor to the ground state and the acceptor to the excited state, 
see Figure 14. Since no physical contact is required between D and A and it can 
operate over relatively long distances, up to ~100 Å.  
 
The rate of the Förster mechanism depends on three factors: (i) the spectral overlap 
between the absorption spectrum of the acceptor and the fluorescence spectrum of 
the donor; (ii) the distance between donor and acceptor since both dipole–dipole 
interaction energy and resonance are distance dependent; and (iii) the relative 
orientation of the dipoles, better orientation gives better coupling and greater rates. 
The Förster mechanism is favoured when donor and acceptor are rigidly held in 
good alignment, because resonance is maximized when the dipole of the excited 
donor and the dipole of the acceptor ground state are aligned. This is summed up 
equation 8 where the rate constant for the Förster energy transfer ( ) is expressed 
as a function of the spectroscopic and photophysical properties of the two molecular 
components.  
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K is an orientation factor which takes into account the directional nature of the 
dipole-dipole interaction (randomized distribution is usually assumed which gives K 
a value of 2/3). Φ is the luminescence quantum yield of the donor and τ is the 
lifetime of the excited state of the donor while n is the refractive index of the 
solvent. JF is the overlap integral between the luminescence spectrum of the donor 
and the absorption spectrum of the acceptor. Lastly, the distance-dependence of the 
Förster mechanism is described by the 1/r6 term where r is the distance between the 
donor and the acceptor. This term enables energy transfer to occur efficiently over 
much larger distances than is possible for the Dexter mechanism, which decays 
exponentially (see Figure 15). 
 

 
Figure 15: Plot of the rate of energy transfer (ken) vs. distance for the Dexter mechanism (solid 

line) and the Förster mechanism (dashed line).(Figure adapted from ref. 56) 
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3.4 Electron transfer 
 
As depicted in the introduction to this chapter there are two different kinds of 
electron transfer, oxidative and reductive (also called hole transfer). In an oxidative 
electron transfer an electron is transferred from the excited state of the donor the 
empty LUMO (of lower energy) of the acceptor creating a charge-separated state 
with a positive donor and negative acceptor, see Figure 16. If the energy level of the 
HOMO of the excited state is lower in energy then the opposite transfer occurs, an 
electron is injected into the HOMO of the excited molecule, see Figure 17, resulting 
in a negatively charged donor and a positively charged acceptor.55,56 
 

 
Figure 16: Schematic depiction of oxidative electron transfer in a D‐B‐A system. Note that the 

energy level of the bridge is higher than the LUMO of both D and A. 

 

 
Figure 17: Schematic depiction of reductive electron transfer (hole transfer) in a D‐B‐A system. 

Note that the energy level of the bridge is higher than the LUMO of both D and A. 

 
In the absence of further chemical reactions the forward electron transfer is followed 
by back electron transfer after which both D and A will be returned to the ground 
state. However, the high energy charge separated state can also lead to various types 
of photochemistry, the most interesting are perhaps the supramolecular systems that 
utilize charge-separated states in an attempt to mimic photosynthesis for use in solar 
energy applications.38 In these systems the photoinduced charge-separated state is 
then followed by further electron transfers to other species. Electron transfer kinetics 
can be dealt with in detail using the framework of Marcus-Hush theory,57,58 but a 
more thorough treatment is beyond the scope of this thesis. 
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3.5 About the bridge 
 
It should be noted that in the polynuclear oligothiophene-bridged systems presented 
in this thesis (and in others dealing with short bridges of ~4-5 subunits) it is not 
completely accurate to talk about "molecular wires" and make comparisons with 
macroscopic analogues. In these systems connected by short bridges the levels of the 
bridge is always much higher in energy than the donor and the acceptor (see Figure 
16 and Figure 17), so electron transfer takes place by a superexchange mechanism 
(electron tunnelling)  in a single step from the donor to the acceptor  and the electron 
never actually resides on the bridge. However, in longer bridges and in polymeric 
materials (consisting of dozens or hundreds of subunits), the energy level of the 
bridge can become low enough that it takes part in the electron/energy transfer 
process. In such cases electron hopping (or energy hopping in the case of energy 
transfer) occurs and the bridge is directly involved in the process.55,58   
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4.0 Cyclometallation 
 
Cyclometallated complexes can be seen as an intermediates between organometallic 
and coordination compounds.59,60  
 
Coordination chemistry deals with the compounds that result from donation of 
electrons into vacant orbitals on a metal. The species donating electrons to the metal 
is called a ligand and may donate one to three electrons per donor atom. Common 
donor atoms are S, N, O and P. The newly formed bond is known as a dative (or 
coordinate) bond and the resulting compound is a complex. Schematically the bond 
is often depicted as an arrow pointing from the ligand to the metal, see Scheme 1. 
 

nL MX++ M Ln
X+ 

Scheme 1: Formation of a dative bond. 

 
Organometallic chemistry deals with those compounds that exhibit a significant 
bonding interaction between a metal and one (or more) carbon atoms. An example 
of an organometallic compound would be [W(CH3)6], see Figure 18, while a classic 
example of a coordination compound is [Ru(bpy)3]2+, see Figure 11. 

 

W

CH3
CH3

CH3
CH3

H3C

H3C

 
Figure 18: [W(CH3)6], an organometallic compound. 

 
The central feature of cyclometallated compounds is the presence of at least one 
common (S, N, O, P) donor atom and one carbon donor atom. A ligand capable of 
cyclometallated coordination must therefore be at least bidentate, bonding through 
one common donor atom and also at least one carbon atom. If such a ligand forms a 
chelated complex then a new cyclic X-M-C system is formed, see Figure 19.  
 

C

M

X

 
Figure 19: General structure of a cyclometallated compound. 

 
The mechanism for a general cyclometallation reaction is expected to proceed as 
detailed in Scheme 2.59,61 In the initial associative step the incoming metal system 
binds via the donor atom X of the cyclometallating ligand, thereby losing one of the 
ligands initially associated with it. In the second step a π-bonding interaction 
between the aromatic ring and the metal occurs. The metal loses another of the 
ligands initially associated with it. In the third step the π-interaction gives way to a 
charge-separated cyclohexadienylium transition system (this state is stabilized by the 
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use of polar solvents, explaining why the formation of cyclometallated complexes 
are promoted by the use of solvents with a high dielectric constant) which in the 
fourth step loses a proton, yielding the cyclometallated complex.  
 

[MLx]n+

X

+
Lx-1M

X

Lx-2M
X

+

X

Lx-2M -H+

n+

n+(n-1)+ n+

charge-separated
transition state

X

Lx-2M
-

H

 
Scheme 2: General mechanism for the formation of a cyclometallated compound.59 

 
The carbon-metal bond is a combination of two binding modes (see Figure 20): 
 

a) σ-donation from the ligand carbanion (similar to the case with donation of 
the lone pair of the common donor atoms N, P, S and O). 

b) Metal d-orbital→empty carbon π* orbital back bonding. 
 
It is the latter case, the back-bonding, that gives organometallic and cyclometallated 
compounds their particularly close contact between the ligands and the metal ions. 
This results in their special chemical and physical properties. 
 

 
Figure 20: Two binding modes combine to make up a metal‐carbon bond. 
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4.1 Cyclometallated Ru(II) complexes 
 
Since this thesis is concerned with ruthenium(II) polypyridyl complexes only 
cyclometallated (sometimes called cycloruthenated when dealing with ruthenium 
species) complexes of ruthenium and pyridyl ligands will be discussed. However, 
there are several other kinds of cyclometallated complexes with other ligands and 
metals, such as Ir(III), Rh(III), Pt(IV), Pd(II), and Os(II) to mention a few.50b,59,60  
Cycloruthenated species have received considerable attention during the last decade, 
and an excellent review is available.62 
 
It has been shown that for the formation of  systems of the type N-M-C (where N is 
pyridine) the ring must contain a total of five atoms for a cyclic product to be 
formed,59 see Figure 21. 
 

C

M

N

 
Figure 21: A five‐membered cyclometallated system. 

 
An example of a cyclometallated system that has been extensively studied as a 
model system is [Ru(bpy)2(ppy)]+ (where ppy = phenylpyridine), see Figure 22.  
 

N

N

N

N

NRu

+

 
 

Figure 22: One of the most studied cyclometallated systems, (2‐(2‐pyridyl)phenyl)bis(2,2’‐
bipyridine)ruthenium(II).  

 
The spectroscopic properties of the cyclometallated complexes [Ru(bpy)2(ppy)]+,63 
[Ru(bpy)2(nppy)]+, [Ru(bpy)2(bhq)]+ (where bhq = benzo[h]quinoline, and nppy = 2-
(3-nitrophenyl)pyridine) have been thoroughly examined.64 The absorption spectra 
of [Ru(bpy)2(ppy)]+ is shown in Figure 23. 
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The oxidation processes are metal-centered and the reductions are ligand-centered. 
Replacement of a nitrogen donor by a donor that is essentially a carbanion greatly 
increases the electron density around the metal core. This raises the energy of the 
metal d orbitals, which explains the dramatic decrease in oxidation potentials 
compared to [Ru(bpy)3]2+. The ligand-centered reductions are also affected by the 
presence of the cyclometallating ligand. For both [Ru(bpy)2(ppy)]+ and 
[Ru(bpy)2(bhq)]+ the first reduction occurs around -1.6 V compared to -1.33 V for 
[Ru(bpy)3]2+. 
 
Cyclometallation can been utilized as a way of increasing the luminescence lifetime 
of [Ru(tpy)L]a+-complexes. In a study by Barigelletti65 et al. cyclometallated 
terdentate Ru(II) polypyridyl complexes show comparable trends to those of 
[Ru(bpy)2LL]+ discussed above. Barigelletti et al. evaluated a series of 
cyclometallated and noncyclometallated Ru(II) complexes incorporating mono- and 
disubstituted 1,10-phenanthroline- and 2,2':6’,2''-terpyridine-type ligands. The 
absorption and emission of the cyclometallated compounds were red-shifted 
compared to the noncyclometallated compounds and the cyclometallated complexes 
were found to have remarkably long-lived emission (70-106 ns) at room 
temperature. This phenomenon is due to the strong ligand field provided by σ-
donation by the carbanion which increases the energy gap (ΔEact) between the 
3MLCT levels and the 3MC level (see Figure 9). Cyclic voltammetry revealed that 
the oxidation potentials of the cyclometallated complexes were substantially 
decreased (0.7-0.4 0V lower) compared to the noncyclometallated complexes. The 
ligand-centered reductions were slightly  raised compared to the noncyclometallated 
complexes. Studies by Constable et al. on mono- and bimetallic systems with 
derivatives of the cyclometallating ligand 6-phenyl-2,2'-bipyridine showed similar 
trends.50  
 
A comparison of the electrochemical data for some terdentate cyclometallated 
complexes can be found in Table 2. Similar to cyclometallated [Ru(bpy)2L]2+ all of 
the complexes undergo oxidation at a drastically lower potential than [Ru(tpy)2]2+, as 
a result of increased σ donation upon changing from a neutral N donor to a 
negatively charged C- donor. The reductions are also affected but to a smaller 
degree, the increased electron density making the reductions less facile. 
  

Table 2: Comparison of the red/ox potentials of [Ru(tpy)2]
2+ and some cyclometallated 

complexes. Potentials in V vs. the ferrocene/ferrocenium couple. 

Complex  N5C (II/III)  RuN6 (III/II)  Reductions 

[Ru(tpy)2]
2+[50a] 0.920 ‐1.670 ‐1.920 

[Ru(tpy)(pbpy)]+[a],[50a]  0.12    ‐2.04   
[Ru(dqpy)(dtp)]+[a],[65]  0.28    ‐1.78  ‐1.98 
[Ru(ttpy)(dpyb)]+[a],[50b]  0.53    ‐1.76   
[a] See Figure 24. 
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[Ru(tpy)(pbpy)]+[Ru(dqpy)(dtp)]+ [Ru(ttpy)(dpyb)]+  
Figure 24: The cyclometallated complexes presented in Table 2. 

 
If a thiophene moiety is introduced as a coordinating component an interesting 
opportunity occurs – the possibility of utilizing the difference in redox and 
luminescence properties of cyclometallated and non-cyclometallated complexes to 
create a molecular switch. When bound via an interannular bond in the 2-position, 
the thiophene has two possible binding modes, either S-coordination via the sulfur or 
cyclometallation via the carbon in the 3-position, and can undergo reversible 
cyclometallation. Some work has already been done within this field by Constable110 
utilizing the ligand 6-(2-thienyl)-2,2'-bipyridine (see Figure 25) and by Wolf66 
utilizing hemi-labile phosphino-thiophene ligands (see Figure 26).  
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Figure 25: In the complex [ruthenium(tpy)(6‐(2‐thienyl)‐2,2'‐bipyridine)] the thiophene moiety 

can flip between S‐bonded and cyclometallated (“cycloruthenated”) coordination. 

 
Constable et al.110 found the first example of a fully reversible cyclometallated 
system. The purple cyclometallated complex [Ru(tpy)(6-(2-thienyl)-2,2'-
bipyridine)]PF6 was converted to the red S-bonded species upon treatment with acid 
or when subjected to ambient light (see Figure 25). This process was reversed upon 
reaction with NaOH (aq). The cyclometallated complex was found to have a RuII/III 

potential of +0.16 V, characteristic of an N5C donor set, while the S-coordinated 
species had a RuII/III potential of +0.66 V, suggesting an N5X donor set in which X is 
an electron-rich atom like a sulfur. No crystallographic data was presented however, 
meaning that the assignment must be considered as preliminary.  The opportunity to 
utilize a system like this as a molecular switch is obvious, for example by defining 
"0" as "below +0.2 V" and "1" as  "above +0.6 V" a crude chemically activated 
switch that mimics the binary logic of electronics could be produced. 
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Wolf et al.66 used a phosphine group to anchor an oligothiophene chain to a 
[Ru(bpy)2]-group (see Figure 26). Two coordination modes are possible, via S-
bonded (P,S) or C-bonded (P,C). It was found that analogously to the case with 
[Ru(tpy)(6-(2-thienyl)-2,2'-bipyridine)] the coordination could be reversibly 
switched between the P,S and P,C binding modes by treating with acid or base. 
Crystallographic data were presented for both coordination modes, firmly 
establishing the two binding modes of the thiophene moiety.  
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Figure 26: The switching system developed by Wolf et al. could coordinate either via (P,S)‐ or 

(P,C)‐coordination.  

In the P,S mode the RuII/III oxidation took place between 1.41-1.48 V (depending on 
the R-substituents) while in the P,C mode the RuII/III oxidations were lowered to 
0.49-0.57 V. Luminescence in the P,S systems was quenched, which was assigned 
due to thermal population of a low-lying non-emissive d-d state. The P,C systems 
had a very weak luminescence in the near-IR region with a lifetime of about 20 ns, 
much shorter than other [Ru(bpy)2LL]2+-complexes. In both cases the emissions 
were too weak for any useful applications, but Wolf et al. states that it demonstrates 
that the luminescence can be pushed into the IR region by switching binding modes 
and claims that solid-state films of  these systems could be used as conductors. 

4.2 Polynuclear cyclometallated Ru(II) complexes 
 
Molecular assemblies capable of fast long-range electron or energy transfer are a 
requirement for the application of transition metal complexes in molecular 
electronics or artificial photosynthesis. Cyclometallation has been utilized by the 
groups of Constable,50a Sauvage67 and Hammarström68 to facilitate electron and/or 
energy transfer in symmetric and asymmetric binuclear systems based on Ru(tpy). 
As a result of its lower 3MLCT state, the cyclometallated N5C unit can be selectively 
excited (in an asymmetrical complex such as A or C, see Figure 27) either directly 
or via energy transfer from the N6 end. 
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Figure 27: Examples of the cyclometallated polynuclear complexes synthesized by the groups of 
Constable (A), Sauvage (B) and Hammarström (C).  

 
No significant ground state metal-metal interaction was found for asymmetric 
complex A. Hammarström et al. reported no electronic coupling in the GS between 
the metal cores of asymmetric complex C (which was the desired result since they 
sought to establish a charge-separated state) but found rapid energy transfer via a 
Dexter mechanism in the excited system from the RuN6 unit to the RuN5C unit. 
Sauvage et al. on the other hand reported pronounced electronic coupling at Ru-Ru 
distances of up to 20 Å and the formation of a mixed-valence complex for 
homodinuclear system B. The coupling found in B was attributed to the electron-
donating character of the ligands which induced a stronger mixing between the 
ligand and metal orbitals. That the electronic coupling in B was superior to that in 
comparable RuN6 systems suggests that symmetrical polynuclear cyclometallated 
complexes may be very interesting in energy/electron transfer applications.  
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5.0 General methods and mechanisms 
 

5.1 Stille cross-coupling 
 
The Stille reaction69 is a palladium-catalyzed cross-coupling reaction where an 
organotin compound is coupled to an organic halide, see Scheme 3, creating a new 
covalent bond. It has very few limitations as to the nature of the R-groups and is one 
of the most widely used methods for creating carbon-carbon bonds, despite the 
toxicity of organotin compounds. The organohalides employed are usually bromides 
or iodides, but recent work by Fu et al.70 has resulted in a new catalyst mixture that 
allows for the use of organochlorides.  
 

R1 Sn(R)3
Pd(0)

R2 X R1 R2 X Sn(R)3+ +
 

Scheme 3: General outline of the Stille reaction. R = alkyl, R′ = alkyl, aryl, R′′ = alkyl, aryl, X = 
halide (usually I or Br). 

 
Several different variations of the palladium catalyst are available. Our group uses 
[Pd(PPh3)4] which is quite stable (a bottle stored in a refrigerator for 2 years showed 
no decrease in activity) and is comparatively inexpensive.  
 
The Stille reagent itself is usually synthesized from an organohalide compound. The 
halide is lithiated with n-BuLi and then quenched with the appropriate stannylating 
reagent, see Scheme 4. Our group uses tributylstannyl chloride as the stannylating 
reagent, but other several other reagents are available. Trimethylstannyl chloride, for 
example, would yield a much more reactive Stille reagent. Unfortunately the 
trimethyl derivative is about 1,000 times more toxic than the tributyl derivative.   
 

R1 X
1 equiv.
n-BuLi R1 Li R1 Sn(R)3

Sn(R3)Cl
 

Scheme 4: General outline for synthesis of the Stille reagent. R = alkyl, R′ = alkyl, aryl, X = I or Br. 

 
The Stille reaction can be conducted in a range of different solvents, for example 
toluene, 1,4-dioxane, THF and DMF. Even metal complexes can take part in Stille 
cross-coupling reaction if the reaction is performed in acetonitrile.71  
 
The general mechanism for a Stille reaction can be seen in Scheme 5. If the 
palladium catalyst is supplied as a Pd(II) complex (1), for example Pd(OAc)2, then 
the first step is reduction to the reactive Pd(0) species (2). Oxidative addition of the 
organohalide species then yields a cis intermediate which rapidly isomerizes to the  
trans intermediate 3. Transmetallation with the stannyl compound yields 
intermediate 4, which isomerizes to the cis intermediate 5, which then yields the 
product 6 through reductive elimination. At the end of the cycle the catalyst Pd(0) is 
reformed and can take part in the reaction again. 
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Scheme 5: General mechanism for the Stille reaction. L = ligands (for example PPh3), R' = alkyl, 

aryl, R′′ = alkyl, aryl, X = I or Br. 

 
The only major side reaction associated with the Stille coupling is oxidative 
homocoupling of the organstannane reagent and under harsh reaction conditions 
allylic and (Z)-alkenyl components may undergo double bond migration and 
isomerization. 
 
The Stille reaction has been utilized in many of the syntheses in the project. See for 
example the cross-coupling between 7-chloro-5-(thiophen-2-yl)thieno[2,3-c]pyridine 
and 2-(tributylstannyl)pyridine (paper IV, see Section 6.6) or the synthesis of bis-
bidentate thienyl-bridged ligands (paper II, see Section 7).  

5.2 Negishi cross-coupling 
 
First published in 1977, the Negishi cross-coupling72 was the first reaction that 
allowed for the preparation of unsymmetrical biaryls in good yield. In the Negishi 
reaction an organozinc compound is coupled to an organohalide compound. The 
reaction is catalyzed by nickel or palladium.  
 

R1 X + R Zn X

Pd0 or
Ni0 R1 R + X Zn X 

Scheme 6: Outline of the Negishi Cross‐coupling. R = alkyl, aryl, R′ = alkyl, aryl, X = Cl, Br, I. 

 
An advantage of the Negishi reaction compared to the Stille reaction is that the 
organozinc compounds readily couple with organochlorides, something that until 
recently was very inefficient in the Stille reaction. A disadvantage is that to make the 
organozinc halide it is necessary to use a special (and expensive) form of zinc called 
Rieke zinc. The organozinc compound is also very sensitive to moisture, comparable 
with a Grignard reagent. This is in stark contrast to Stille or Suzuki reagents that are 
not water-sensitive at all. Another disadvantage is that due to the high reactivity of 
organozincs secondary and tertiary alkylzincs may undergo isomerization. 
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The mechanism for the Negishi reaction is similar to that of the Stille reaction, see 
Scheme 5. The difference is the transmetallation step which involves an organozinc 
compound (and yields X-Zn-X) instead of an organotin compound.  
 
In this project the Negishi cross-coupling has been utilized to synthesize bi- and 
terdentate thienopyridine ligands from their chlorinated precursors (papers I and IV, 
see Section 6.3 and 6.6). 

 5.3 Kröhnke pyridine synthesis 
 
The 2,2’-bipyridine motif has received a lot of attention during the last 30 years, 
mainly because of its many uses within the field of supramolecular chemistry and 
nanoscience. One approach to their synthesis is via metal-catalyzed coupling of 
pyridine, substituted pyridines or 2-halopyridines to form the desired 2,2’-
bipyridines. Another method is via cyclization reactions like the Kröhnke pyridine 
synthesis,73,34 see Scheme 7.  

N
R1

O R2 R3

O

NH4OAc, AcOH
N

R2

R3R1

X-

 
Scheme 7: General outline of the Kröhnke pyridine synthesis. R1 = H, alkyl, aryl, R2 = H, alkyl, aryl 

R3 = H, alkyl, aryl, X = I, Br. 

 
Using Kröhnke’s method, 2,2’-bipyridines can be prepared by the reaction of a 
pyridinium salt with an unsaturated ketone or aldehyde, see Scheme 8. A Michael 
addition yields the 1,5-diketone intermediate (if R3 is anything other than H) which 
then cyclises in the presence of NH4OAc.  
 

N
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O
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Scheme 8: Mechanism for the Kröhnke pyridine synthesis. R1 = H, alkyl, aryl, R2 = H, alkyl, aryl R3 

= H, alkyl, aryl, X = I, Br. 

 
In a variation of the Kröhnke pyridine synthesis a pyridacylpyridinium salt can be 
reacted with an α,β-unsaturated ketone to produce a 2,2’-bipyridine, see Scheme 9. 
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N

O
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O

R1

R2

NH4OAC, AcOH

N N

R2

R1  
Scheme 9: A variation of the Kröhnke synthesis starting from a pyridacylpyridinium salt. 

 
In this work the variation of the Kröhnke methodology shown in Scheme 9 have 
been used to prepare compounds of the general type 6-thiophen-2-yl-2,2´-bipyridine 
and 4-thiophen-2-yl-2,2´-bipyridine (papers II and paper V, see Section 7 and 
Section 8 respectively). 

5.4 The Beckmann rearrangement 
 
The Beckmann74 rearrangement is the acid-catalyzed rearrangement of an oxime to 
an amide. In the century that has passed since it was first carried out in 1886 it has 
been become established as one of the most widely used rearrangements in organic 
chemistry. The conversion of cyclohexanone oxime into ε-caprolactam, which is a 
basic component of nylon, has been a classic textbook example for years, see 
Scheme 10. 

N
OH

H
N O

 
Scheme 10: The conversion of cyclohexanone oxime into ε‐caprolactam, a classic example of 

the Beckmann rearrangement. 

 
The Beckmann rearrangement can be conducted under a range of conditions.75 A 
few examples are: 
 

1. In concentrated sulphuric acid (oleum). 

2. In polyphosphoric acid. 

3. With PCl5 in diethyl ether. 

4. In a Beckmann solution (consists of conc. HCl in a mixture of acetic acid 
and acetic anhydride). 

5. In acetonitrile with ytterbium triflate as a catalyst.76 

The mechanism of the reaction has not been definitely determined, but it is believed 
to be along the lines shown in Scheme 11. 
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Scheme 11: General outline for the Beckmann rearrangement. R1 = alkyl, aryl, R2 = alkyl, aryl. 

 
Protonation of the oxime (A) yields an oxonium cation (B). Upon departure of water 
the R1 group migrates to nitrogen, yielding a nitrilium cation (C). The cation is in 
turn hydrolyzed, leading to the amide (D).  
 
The Beckmann rearrangement was utilized to synthesize 5-pyridin-2-yl-thieno[2,3-
b]pyridine (L2), a bidentate thienopyridine ligand  (paper I, see Section 6.3).  

5.5 The Vilsmeier-Haack reaction 
 
The Vilsmeier-Haack77,78 reaction was originally applied to the formylation of 
activated arenes with a Vilsmeier reagent formed from a substituted amide and 
phosphorous oxychloride, see Scheme 12. The Vilsmeier reagent is first prepared 
from an N,N-disubstituted amide (usually DMF) by reacting it with an acid chloride 
(usually POCl3).  It then reacts with the activated arene in an electrophilic aromatic 
substitution to yield an iminium ion which is then hydrolyzed to yield the aldehyde. 
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Scheme 12: Formation of the Vilsmeier reagent from DMF and phosphorous oxychloride and 

subsequent reaction with an activated arene. R3 = OH, O‐alkyl, O‐aryl, NR2. 
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In our group the Vilsmeier-Haack reaction has not been used for formylation. 
Instead we have used a modification of the procedure developed by Meth-Cohn et 
al.79 By adding three equivalents of POCl3 the Vilsmeier-Haack reaction can be 
utilized to synthesize thienopyridines, see Scheme 13.  
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reagent

SBr N Cl
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H

Cl
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Br -Me2NH
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Scheme 13: Synthesis of a thienopyridine via a modified Vilsmeier‐Haack reaction.  

 
In this work the modified Vilsmeier reaction was utilized in the synthesis of 5-
pyridin-2-yl-thieno[2,3-b]pyridine (L2), a bidentate thienopyridine ligand  (paper I, 
see Section 6.3).  

5.6 Skraup synthesis  
 
The Skraup80 synthesis is a reaction for the synthesis of quinolines and 
phenanthrolines. In its original conception aniline is heated with sulphuric acid, 
glycerol, and an oxidizing agent, see Scheme 14. 
 

H2N HO OH

OH
N

H2SO4
Nitrobenzene

130oC  
Scheme 14: Overview of the original version of the Skraup synthesis. 

In the above reaction nitrobenzene plays the role of both solvent and oxidizing 
agent. Otherwise the oxidation can be achieved by adding iodine or an iron(III) salt.  
 
If a diaminobenzene is used as starting material instead of aniline the product is a 
phenanthroline, see Scheme 15. 
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H2N
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Scheme 15: The synthesis of 1,10‐phenanthroline using 1,2‐aminobenzene as starting material. 

The mechanism is subject to some debate. In the traditional view the reaction starts 
with the in situ dehydration of glycerol to yield acrolein, see Scheme 16. The newly 
formed acrolein is then added to the aniline by conjugate addition. Ring-closure and 
oxidation yields the pyridine ring. However, based upon recent carbon isotope 
scrambling experiments Denmark et al. has suggested an alternative fragmentation-
recombination mechanism.81  
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Scheme 16: The traditional mechanism for the Skraup synthesis. Dehydration of glycerol yields 
acrolein. Conjugate addition to the aniline , ring‐closure and oxidation yields the quinoline. 

It is not possible to obtain substituted quinolines or phenanthrolines on the N-ring in 
the Skraup synthesis. A variation, the Skraup-Doebner-Von Miller synthesis,82 uses 
a pre-formed α,β-carbonyl compound as starting material instead of glycerol, see 
Scheme 17. 

NH2

+
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Scheme 17: The Skraup‐Doebner‐Von Miller synthesis allows for the synthesis of quinolines 

substituted on the pyridine ring. 
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The biggest drawback of the Skraup synthesis is the very real possibility of 
immediate catastrophic failure as soon as the sulphuric acid is added to the reaction 
mixture. The reaction is well known for its extremely exothermic nature. It 
occasionally proceeds relatively smoothly, but in the majority of cases gets beyond 
control, with consequent loss of material (usually all the material) through the 
condenser. Several methods to prevent this from happening have been developed.82 
In our group we follow the method developed by E. W. Cohn,83 by adding ferrous 
sulphate and boric acid to the reaction mixture before the sulphuric acid, the reaction 
is brought under control and the yield slightly improved. 
 
In this work the Skraup synthesis was utilized to synthesize molecular switches 
based on 4,7-phenanthroline and 1,5-naphthyridine (paper VI, see Section 9). 

5.7 The Heck reaction 
 
In its most basic form, the Heck reaction84,85,86 (or Heck olefination) is the palladium 
catalyzed coupling of an aryl halide and a mono- bi- or tri-substituted alkene under 
basic conditions to afford an aryl alkene, see Scheme 18. 
 

R1 X +
H

R4

R2

R3

Pd0

base, solvent
reflux

R1

R4

R2

R3 
Scheme 18: General outline for the Heck reaction. R1 = aryl, benzyl, vinyl, alkyl. R2, R3, R4 = alkyl, 

aryl, alkenyl. X = I, Br, Cl, OTf, N2
+. 

For the alkene component a wide range of functional groups on the alkene are 
tolerated; esters, ethers, carboxylic acids, nitriles, phenols and dienes have all been 
reported to react efficiently. There must be at least one hydrogen present on the 
alkene, i.e. it may not be more than trisubstituted, and the rate of the reaction is 
heavily influenced by the substituents. Usually the more substituted the alkene is the 
lower the rate. The electronic nature of the substituents themselves does not appear 
to have a major influence on the reaction, although electron-poor alkenes usually 
give slightly higher yield. 
 
The R1 group in Scheme 18 is commonly an aryl, heteroaryl or benzyl group.87 
Alkyl groups have been used but rarely, and a prerequisite is that the alkyl group 
possesses no hydrogen atoms in the β-position. 
 
The nature of the X substituent is very important for the reaction, and the reaction 
rates decrease in the following order: I > Br ~ OTf >> Cl. Chlorides react so 
sluggishly that in practice it is not possible to use R-Cl in the Heck reaction. 
 
The reaction is typically performed in polar solvents such as DMF or NMP at 
~100oC or reflux. The reaction itself is not sensitive to water, in fact it has been 
performed in water with water-soluble catalysts,88 however, some of the more 
modern palladium catalysts utilized are very sensitive to water and oxygen and may 
necessitate the use of dried and deoxygenated solvents. 
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The general mechanism of the Heck reaction can be seen in Scheme 19. The  
mechanism has been thoroughly reviewed,89 but some details have not been 
determined. Since the reaction can be performed under a wide range of conditions 
with different catalysts it is likely that the exact mechanistic pathway varies with the 
reaction parameters. 
 

 
Scheme 19: General mechanism for the Heck reaction. L = ligands (for example PPh3). 

In the first step the active Pd0-complex is generated in situ. If the catalyst is the 
commonly used complex [Pd(PPh3)4] then two ligands are lost upon heating to yield 
the active catalyst [Pd(PPh3)2]. Other catalysts like Pd(OAc)2 can be reduced by 
adding free PPh3 to the reaction mixture. In the oxidative addition the organohalo 
(R-X) species is added to the catalyst forming a square planar organopalladium(II) 
complex. In the next step the addition of the alkene compound begins with the 
coordination of the π-bond to the palladium centre of the catalyst, forming a π-
complex. The R1 group then migrates and is inserted onto the carbon backbone in a 
syn addition. One of the great advantages of the Heck reaction is that it is 
stereospecific as the migratory insertion of the palladium complex into the alkene 
and the β-hydride elimination both proceed with syn stereochemistry. C-C bond 
rotation then places the hydrogen in the vicinity of the palladium, which then 
coordinates to the Pd and is eliminated in a syn β-hydride elimination, yielding the 
alkene product and a PdIIL2HX complex. Reduction of the Pd and elimination of the 
acid HX (which is collected by the base present) then regenerates the catalytic 
species L2Pd0 and the cycle begins again. 
 
In this project the Heck olefination was utilized to synthesize 2-[2-(2-[1,3]dioxolan-
2-yl-thiophen-3-yl)-vinyl]-pyridine which was then cyclized into 5-pyridin-2-yl-
thieno[2,3-c]pyridine (L4) (paper III, see Section 6.5). 
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5.8 The Hurtley reaction 
 
In 1929 W. R. H. Hurtley reported that in the presence of copper 2-bromobenzoic 
acid condensed with carbanions (in Hurtley’s case the sodium salt of malonic 
monoester) under basic conditions in refluxing ethanol,90 see Scheme 20. In the 
absence of copper or an o-directing group, no reaction took place. 
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Scheme 20: General outline for the Hurtley reaction with o‐bromobenzoic acid and a β‐

dicarbonyl compound. 

The reaction has been investigated several times, but some details are still unclear. 
In its original incarnation the Hurtley reaction was conducted in ethanol/NaOEt with 
copper powder or Cu(OAc)2 as catalyst. Under these conditions the condensation 
between o-bromobenzoic acid and a β-dicarbonyl compound was usually followed 
by deacetylation through ethanolysis, which may be a complication or an advantage 
depending on the desired product. McKillop et al. showed that it is possible to avoid 
the deacetylation and improve the yield by using the system toluene/NaH/CuBr 
instead.91 McKillop et al. also showed that Cu(I) is almost certainly the catalytic 
species and proposed a likely mechanism for the reaction in which the Cu(I) ion is 
coordinated in a tetrahedral manner to the o-bromobenzoic acid and one of the 
oxygen atoms in the β-dicarbonyl ion (see Scheme 21).  
 
Several different copper compounds have been used as catalysts in the Hurtley 
reaction, for example CuO,92 Cu(OAc)2,92 CuCl,92 and Cu(I)OAc.91 The necessity 
for a substituent ortho to the halogen capable of coordinating the intermediate 
copper species has been a limiting factor for the Hurtley reaction, but recently Ma et 
al. performed the condensation using arylbromides (both electron-rich and electron-
deficient) and the catalytic system Cu(I)I/L-proline.93  
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Scheme 21: The mechanism of the Hurtley reaction proposed by McKillop et al.91 

Relevant to the work presented in this thesis, o-bromobenzoic acid and its 
derivatives are not the only bromo-acids that can be used in the Hurtley reaction. 
Ames et al. extended the scope of the Hurtley reaction and showed, using the 
ethanol/NaOEt-system with Cu or Cu(OAc)2, that the Hurtley reaction was 
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applicable to bromopyridine carboxylic acids94 and bromothiophene carboxylic 
acids.95  
 
In this work the Hurtley reaction has been utilized to synthesize 3-(2-oxo-2-phenyl-
ethyl)-2-thiophenecarboxylic acid, 3-(2-oxo-2-thienylethyl)-2-thiophenecarboxylic 
acid and 3-(cyanomethyl)thiophene-2-carboxylic acid (an example of the fact that 
the Hurtley reaction is applicable to other carbanions than just derivatives of diones), 
see Figure 28. These were then ring-closed into fused chlorothienopyridine species 
by treatment with NH4OAc and POCl3 (paper IV, see Section 6.6). 
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Figure 28: 3‐(2‐Oxo‐2‐phenylethyl)‐2‐thiophenecarboxylic acid, 3‐(2‐oxo‐2‐thienylethyl)‐2‐
thiophenecarboxylic acid and 3‐(cyanomethyl)thiophene‐2‐carboxylic acid, the compounds 

presented in this thesis that has been synthesized via the Hurtley reaction. 
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Our Aim 

• To synthesize a series of mono- and bis-bidentate bipyridyl-capped 
oligothiophene ligands and their corresponding Ru(II) complexes in order 
to examine the effect upon luminescence and metal-metal electronic 
coupling of substitution in the 4- or 6-position of the bipyridine unit. (Paper 
II)  

 
• To synthesize a range of bidentate and terdentate thienopyridine ligands 

and their corresponding Ru(II) complexes in order to investigate whether 
fused or pendant attachment of the first thiophene of an oligothiophene 
bridge is preferable. (Papers I, III and IV) 

 
• To utilize the reversible cyclometallation of 6-(2-thienyl)-2,2'-bipyridine to 

synthesize an oligothiophene-bridged bimetallic ruthenium complex that 
can act as a prototype for a pH- or light-activated molecular switch 6-(2-
thienyl)-2,2'-bipyridine. (Paper V) 

 
• To synthesize bis-terdentate ligands based on 4,7-phenanthroline and 1,5-

naphthyridine and other motifs. These are then to be coordinated to Ru(tpy) 
resulting in bis-cyclometallated complexes that can reversibly switch 
between C- and S-coordination and theoretically are capable of ternary 
logic. (Paper VI) 
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Results and discussion 

The discussion is divided into four sections. Section 6 details the synthesis of seven 
new pyridyl thienopyridines while Section 7 details the synthesis of a range of 
Ru(II) complexes and the subsequent analysis in an attempt to find  out the effect of 
bridge-ligand conformation upon metal-metal coupling in oligothiophene-bridged 
Ru(II) tris-bipyridine complexes. In section 8 the synthesis and properties of a 
prototypic molecular switch based on 6-(2-thienyl)-2,2'-bipyridine is discussed and 
Section 9 summarizes the synthesis of reversible bis-cyclometallated switches based 
on 4,7-phenanthroline and 1,5-naphthyridine with possible use in ternary logic 
memory elements. 

6.0 Fused systems (papers I, III and IV) 

6.1 Introduction 
 
When utilizing an oligothiophene as a molecular wire between two ruthenium 
polypyridyl complexes an important factor is how the wire is attached to the 
complex. In the systems utilized by our group thus far, 6-thiophen-2-yl-2,2'-
bipyridine (A), 4-thiophen-2-yl-2,2'-bipyridine (B) and 4'-(2-thienyl)-2,2':6',2''-
terpyridine (C), the oligothiophene wire is attached by a σ-bond, see Figure 29. 
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Figure 29: Ru(II) polypyridyl complexes with an oligothiophene molecular wire attached in the 
6‐position of a pyridine (A) and in the 4‐position (B and C). 

Molecular modelling studies, however, indicate that steric interactions between the 
thiophene rings and neighbouring hydrogen atoms on the adjacent pyridine ring 
result in an interannular twist which reduces π-orbital overlap between the 
oligothienyl bridge and the chelating unit. The optimal inter-annular angle between 
the pyridine and the thiophene would be 0o, i.e. a completely planar system. 
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Molecular modelling indicates an angle of no less than 42o between the thiophene 
and the pyridine in system A while the angle is calculated to be < 0.5o in system B 
and C.96 By fusing the pyridine unit to the first thiophene unit of the chain the π-
overlap between them should be optimized without affecting its chelating ability, see 
Figure 30.  
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Figure 30: π‐overlap between thiophene and pyridine should be optimized by fusing the first 

unit of the oligothienyl bridge to the pyridine. 

While several related substituted analogues of these bidentate pyridyl 
thienopyridines (or their phenanthrene equivalents) have been reported (Amr et al.,97 
Goerlitzer et al.,98 Halverson et al.,99 Zhang et al.100), these methods were not 
suitable for the generation of the parent thienobipyridines L1-L4, see Figure 31. 
Thus in the first part of the project four new bidentate pyridyl thienopyridines L1-
L4 and their corresponding [Ru(bpy)2L]2+ complexes C1-C4 were synthesized. The 
synthesis of the ligands are summarized in paragraphs 6.2-6.5, while the results of 
electrochemistry and luminescence studies are discussed in Sections 6.8 and 6.9 
respectively.  
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Figure 31: The four new pyridyl thienopyridines; 6‐pyridin‐2‐yl‐thieno[3,2‐b]pyridine (L1), 

pyridin‐2‐yl‐thieno[2,3‐b]pyridine (L2), 6‐pyridin‐2‐yl‐thieno[3,2‐c]pyridine (L3) and 5‐(pyridin‐
2‐yl)thieno[2,3‐c]pyridine (L4). 

As has been discussed in Section 4, [Ru(bpy)3]2+ and its derivatives are chiral, and it 
would be an advantage if complexes based on the achiral [Ru(tpy)2]2+ could be 
introduced instead of [Ru(bpy)3]2+. In the second part of the project the terdentate 
ligands L5-L7 (see Figure 32), bearing a thiophene fused to the central pyridine unit, 
and the corresponding [Ru(tpy)(Ln)]a+ complexes C5-C7, have been synthesized. 
The synthesis of L5-L7 are summarized in Section 6.6, while the results of 
electrochemistry studies on C5-C7 are discussed in Section 6.8. 
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Figure 32: Terdentate ligands 5‐phenyl‐7‐(pyridin‐2‐yl)thieno[2,3‐c]pyridine (L5), 7‐(pyridin‐2‐
yl)‐5‐(thiophen‐2‐yl)thieno[2,3‐c]pyridine (L6) and 5,7‐di(pyridin‐2‐yl)thieno[2,3‐c]pyridine (L7). 
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6.2 Synthesis of 6-pyridin-2-yl-thieno[3,2-b]pyridine (L1) 
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Scheme 22: The pathway to L1 from methyl 3‐aminothiophene‐2‐carboxylate (5). 

After several failed attempts to synthesize L1 via pathways that included nitration of 
thiophene and subsequent reduction, the pathway in Scheme 22 was devised. The 
problems with introducing a nitrogen-based functionality on the thiophene ring by 
nitration was avoided by using commercially available methyl 3-aminothiophene-2-
carboxylate (5) as starting material.  
 
In the first step of the synthesis the amino group of 5 was protected through reaction 
with ethyl chloroformate in refluxing toluene. This high-yielding synthesis (94%) 
had previously been described by Fukumi et al.101 
 
The resulting 3-ethoxycarbonylamino-thiophene-2-carboxylic acid methyl ester (6) 

was then reduced to its corresponding alcohol with LiAlH4 in dry ether at 0oC and 
quenched with water. The alcohol was not isolated due to its instability. Most of the 
solvent was removed by careful evaporation under reduced pressure and then a large 
volume of chloroform was added. This was necessary as previous experiments had 
shown that the oxidation of the alcohol to the aldehyde using MnO2 did not proceed 
if significant amounts of ether were present. When treated with excess MnO2 (20 
equiv.) for 1.5 hrs (2-formyl-thiophen-3-yl)-carbamic acid ethyl ester (7) was 
isolated as a colourless solid in moderate yield (65%). Attempts made to decrease 
the amount of MnO2 failed. The oxidation was attempted with 2 equivalents and 10 
equivalents of MnO2 but no product was recovered in either case, even though 
reaction time was increased. 
 
The aldehyde was then treated with 2-acetylpyridine and NaOH in MeOH to yield 
the desired chalcone-like product [2-(3-oxo-3-pyridin-2-yl-propenyl)-thiophen-3-
yl]-carbamic acid ethyl ester (8) as a yellow solid in 69% yield. 
 
In the final step the carbamic acid ethyl ester of 8 was hydrolysed to the amine by 
refluxing in 48% HBr for approximately 2 hrs. The amine was never isolated as ring 
closure occurred immediately, and the desired product L1 was obtained in good 
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yield (75%) after recrystallization from EtOH. The overall yield of this five-step 
synthesis was 32%. 

6.3 Synthesis of 5-pyridin-2-yl-thieno[2,3-b]pyridine (L2) 
 
Since synthesis of L1 by using 5 as starting material was a success, it was assumed 
that L2 could be synthesized by the same methods simply by switching starting 
material from 5 to methyl 2-aminothiophene-3-carboxylate (9), see Scheme 23. The 
first step, protection of the amine to yield 2-ethoxycarbonylamino-thiophene-4-
carboxylic acid methyl ester (10), was as simple as in the synthesis of 1. However, 
in the second step (reduction and oxidation of the carboxylate group), problems 
arose. When 10 was treated with LiAlH4 and MnO2 the yield of (3-formyl-thiophen-
2-yl)-carbamic acid ethyl ester (11) was only 8-10% (estimated from 1H NMR 
spectra) with many by-products present. This was disappointing when compared to 
the synthesis of 7 which had been achieved in 65% yield. The reaction was studied 
under several different temperatures, -78oC, -10oC and 0oC, and in different solvents 
(THF) but no improvement in the yield could be obtained. The reduction was also 
attempted using DIBAL-H instead of LiAlH4, but then no reduction of 10 was 
observed at all. It appeared that the alcohol derivative of 10 was unstable, resulting 
in breakdown of the thiophene ring before the alcohol could be oxidized to a formyl 
group by MnO2. Of course, since a small amount of product was obtained it would 
be possible to make a large batch of 10, treat it consecutively with LiAlH4 and 
MnO2 and then purify the product mixture (probably by column chromatography) 
until enough pure 11 had been obtained to continue the synthesis. However, this was 
not economically feasible since the starting material 9 was quite expensive and very 
large amounts of activated MnO2 would have to be used.  
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Scheme 23: Attempted synthesis of thienopyridine 2 using methyl 2‐aminothiophene‐3‐
carboxylate as starting material. Due to the low yield of 11, synthesis of 12 was never 

attempted. 

Since the pathway in Scheme 23 did not work as intended and those pathways that 
included nitrated compounds had proven problematic, a new pathway (see Scheme 
24) was designed.  
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Scheme 24: A pathway to L2 via a Beckmann rearrangement, a modified Vilsmeier reaction and 

a Negishi cross‐coupling. 

In the first step 1-(5-bromo-thiophen-2-yl)-ethanone was treated with NH2OH to 
give a mixture of the stereoisomers E-1-(5-bromo-thiophen-2-yl)-ethanone oxime 
(14) and Z-1-(5-bromo-thiophen-2-yl)-ethanone oxime (15) in a ratio of 1:1. This 
was not optimal since only the E-isomer would yield the key product N-(5-bromo-
thiophen-2-yl)-acetamide (16) after a Beckmann rearrangement. Attempts to 
increase the yield of the E-isomer were not successful. However, 14 could easily be 
separated from 15 since 15 is only sparingly soluble in CH2Cl2 at ambient 
temperature while 14 is completely soluble. All that was required to separate the 
stereoisomers was to triturate the mixture with CH2Cl2 (about 10 ml CH2Cl2 per 
gram). When the solvent was evaporated 1H NMR revealed that the filtrate 
contained 14 and 15 in a ratio of 9:1, which was deemed sufficient to proceed to the 
next step, the Beckmann rearrangement. In the Beckmann rearrangement an oxime 
is converted into an amide. The rearrangement was attempted using three different 
methods: 
 

1. In dry ether at 0oC with PCl5.102 

2. In refluxing acetonitrile with ytterbium(III) triflate as catalyst.76 

3. In acetone with tosyl chloride.103 

Analysis by 1H NMR revealed that all three methods gave approximately the same 
yield of 16 (~60%), with a slight advantage for method 2. Method 1 yielded many 
by-products while the reaction mixtures obtained from methods 2 and 3 consisted 
only of the starting material 14 and the product 16. The catalyst Yb(OTf)3 is 
expensive and large amounts (≥10 mol%) must be used, so for economic reasons 
method 3 was used for the large-scale synthesis of 16. 
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The next step, a modified Vilsmeier reaction,79 yielded 2-bromo-6-chloro-
thieno[2,3-b]pyridine (17) which then after removal of the bromide by metal-halide 
exchange could be derivatized to L2 by a Negishi cross-coupling with commercially 
available 2-pyridylzinc bromide. After work-up L2 was obtained in good yield 
(79%). The overall yield of the five-step synthesis was 8%. 

6.4 Synthesis of 6-pyridin-2-yl-thieno[3,2-c]pyridine (L3) 
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Scheme 25: Pathway for the synthesis of L3 via a Wittig reagent and ring‐closure in refluxing 

Decalin®. 

The synthesis of L3, see Scheme 25, started with the protection of thiophene-3-
carboxaldehyde (19) with ethylene glycol. A modification of the procedure by 
Gronowitz104 yielded nearly quantitative amounts of thiophene-3-yl-[1,3]dioxolane 
(20) (97%). Formylation of 20 using the procedure of Hibino  et al.105 presented no 
synthetic difficulties. 3-(1,3-Dioxolan-2-yl)thiophene-2-carbaldehyde (21) was 
formed in nearly quantitative yield (97%). 

 
The Wittig reagent triphenyl-pyridin-2-yl-methyl-phosphonium bromide was 
prepared from 2-(bromomethyl)pyridine by a variation of a text-book procedure in 
good yield (83%).106 
 
The Wittig reaction between triphenyl-pyridin-2-yl-methyl-phosphonium bromide 
and 21 yielded 2-[2-(3-[1,3]dioxolan-2-yl-thiophen-2-yl)-vinyl]pyridine (22) in a 
moderate yield (62%). Loss of product was suspected in the work-up, due to 
difficulties in removal of the by-product triphenylphosphine oxide. Subsequent 
deprotection with potassium hydrogen sulphate in acetone gave 2-(2-pyridin-2-yl-
vinyl)-thiophene-3-carbaldehyde (23) in good yield (86%).  
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Prior to ring closure, 23 was converted into its 2-(2-pyridin-2-yl-vinyl)-thiophene-3-
carbaldehyde oxime (24) through reaction with hydroxylamine. Ring-closure was 
performed by refluxing 24 in Decalin® (decahydronaphthalene) for several hours 
while monitoring with TLC.105 Recrystallization from hot EtOAc yielded L3 as 
colourless crystals (20%). The overall yield of this six-step synthesis was 7.5%. 

6.5 Synthesis of 5-pyridin-2-yl-thieno[2,3-c]pyridine (L4) 
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Scheme 26: Synthesis of L4 via a Heck reaction 

 
Originally L4 was to be synthesized via a variation of the pathway used to 
synthesize L3. It was thought that L4 could be obtained by switching starting 
material from 19 to thiophene-2-carboxaldehyde, and then following the same basic 
pathway. However, unforeseen side-reactions in the lithiation step made that 
impossible. Instead the final thienobipyridine L4 was synthesized via a Heck 
reaction (see Scheme 26).  
 
The protection step was carried out as in the synthesis of 3.104 A Heck olefination 
with 2-vinylpyridine with 5-mol% [Pd(PPh3)4] as catalyst yielded 2-[2-(2-
[1,3]dioxolan-2-yl-thiophen-3-yl)-vinyl]-pyridine (27) in excellent yield (94%). The 
deprotection was carried out by treating 27 with KHSO4 in refluxing acetone, 
yielding 3-(2-pyridin-2-yl-vinyl)-thiophene-2-carbaldehyde (28) in good yield 
(87%). Subsequent reaction with hydroxylamine in refluxing EtOH yielded 3-(2-
pyridin-2-yl-vinyl)-thiophene-2-carbaldehyde oxime (29) in excellent yield (99%). 
As in the synthesis of L3 ring-closure was performed by refluxing the oxime in 
Decalin®. After column chromatography and recrystallization from MeOH L3 was 
obtained in moderate yield (35%). The overall yield of this five-step synthesis was 
28%. 
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6.6 Synthesis of terdentate L5-L7 via the Hurtley reaction 
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Scheme 27: Initial attempt at synthesizing L5‐L7 via a Heck reaction. In the deprotection step 
the pathway failed, producing a furan via ring‐closure instead of a ketone. R = ‐Py, ‐Ph, ‐Th. 

 
The initial attempt at synthesize terdentate L5-L7 was an adaptation of the method 
used to produce L4 (see Scheme 27), via a Heck reaction. This pathway failed to 
produce the desired products, but the end result was still of some interest.  
 
In the first step 3-bromothiophene was treated with LDA and 2-cyanopyridine. The 
resulting cyano species was immediately hydrolyzed to (3-bromothiophen-2-
yl)(pyridin-2-yl)methanone by refluxing in 1M HCl. The protection  of (3-
bromothiophen-2-yl)(pyridin-2-yl)methanone as an acetal presented some synthetic 
difficulties due to the unreactivity of the diaryl ketone, but it was found that by 
increasing the amount of ethylene glycol to 20 equivalents and the amount of acid 
catalyst to 2 equivalents the product 2-(2-(3-bromothiophen-2-yl)-1,3-dioxolan-2-
yl)pyridine could be attained in nearly quantitative yield (95%). A subsequent Heck 
olefination with 2-vinylpyridine yielded 2-(2-(2-(2-(pyridin-2-yl)-1,3-dioxolan-2-
yl)thiophen-3-yl)ethyl)pyridine in moderate yield (61%). 
 
Problems arose in the deprotection step. When subjected to standard deprotection 
conditions (KHSO4 in refluxing acetone) no pyridin-2-yl-[3-(2-pyridin-2-yl-vinyl)-
thiophen-2-yl] methanone was produced, instead a product containing a methylene 
was obtained. It was later by assigned by NMR studies to be a thieno[2,3-b]furan 
compound, see Scheme 27. Widenhoefer et al.107 have previously reported the 
synthesis of furanes by cyclization of compounds structurally similar to pyridin-2-
yl-[3-(2-pyridin-2-yl-vinyl)-thiophen-2-yl]methanone, but their protocol required the 
addition of a palladium catalyst. Molecular modelling indicates that in order to 
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minimize interactions between the aromatic groups the ketone acquired after 
deprotection would adopt a conformation that places the carbonyl group in close 
proximity to the vinyl group. Presumably this promotes thermally induced 
cyclization leading to the formation of a thieno[2,3-b]furan.  
 
The deprotection was attempted via a range of different conditions (lower 
temperatures, other solvents, equimolar amounts of acid) but no conditions that only 
removed the protecting group could be found. Analytical samples were taken out 
during the course of the experiments, but in no case could any pyridin-2-yl-[3-(2-
pyridin-2-yl-vinyl)-thiophen-2-yl] methanone be detected.  
 
When the original pathway in Scheme 27 failed, a new pathway for the synthesis of 
L5-L6 based on the Hurtley reaction was designed, see Scheme 28. 
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Scheme 28: General outline for the synthesis of L5 and L6. Reagents and conditions: (i) 10 mol% 
Cu(OAc)2, 2.1 equiv. NaOEt, EtOH, 18h, Δ; (ii) 10 mol% Cu(I)OAc, 2.1 equiv. NaOEt, EtOH, N2‐
atmosphere, 72h, Δ; (iii) NH4OAc, AcOH, 16h, Δ; (iv) POCl3, 22h, Δ; (v) 2‐pyridylzinc bromide, 3 

mol% [Pd(PPh3)4], THF, N2‐atmosphere, 24h, Δ; (vi) 2‐(tributylstannyl)pyridine , 2 mol% 
[Pd2(dba)3], 4 mol% [(t‐Bu)3PH]BF4, 2.2 eq. CsF, dioxane, N2‐atmosphere, 48h, Δ. 

 
In the first step of the synthesis of L5, 3-bromothiophene-2-carboxylic acid (29) was 
condensed with commercial 1-phenyl-1,3-butanedione (30) using standard 
conditions for the Hurtley reaction, i.e. ethanol and NaOEt. After reflux overnight 
(18h) and subsequent workup the desired product 3-(2-oxo-2-phenylethyl)-2-
thiophenecarboxylic acid (32) was obtained in moderate yield (64%).95 32 and 
NH4OAc were dissolved in acetic acid and refluxed overnight. After 
recrystallization from EtOH/H2O the product 5-phenylthieno[2,3-c]pyridin-7(6H)-
one (34) was recovered in good yield (81%). 7-chloro-5-phenylthieno[2,3-c]pyridine 
(36) in moderate yield (56%) was obtained by refluxing in POCl3 for 22h. For the 
final step a Negishi cross-coupling was utilized. Under a nitrogen atmosphere 36 
was treated with 2-pyridylzinc bromide in refluxing dry THF with 3 mol% 
[Pd(PPh3)4] as catalyst. After recrystallization from MeOH, L5 was obtained in 
moderate yield (68%). 
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L6 was synthesized by the same basic pathway as L5, but a few changes were made. 
For the Hurtley reaction the catalyst Cu(I)OAc was used instead of Cu(OAc)2, and 
the reaction time was extended (72h), due to 1-thien-2-yl-1,3-butanedione (31) being 
much less reactive. 33 was never isolated, instead the product mixture was refluxed 
in AcOH with NH4OAc (16h). After workup 5-(thiophen-2-yl)thieno[2,3-c]pyridin-
7(6H)-one was recovered (35) (26% yield from 29). 7-Chloro-5-(thiophen-2-
yl)thieno[2,3-c]pyridine (37) was obtained analogously to 36 in low yield (29%). 
When a Negishi cross-coupling with 2-pyridylzinc bromide was attempted on 37 
only starting material was obtained after work-up. Instead a Stille cross-coupling 
with the catalyst mixture [Pd2(dba)3]/[(t-Bu)3PH]BF4,108 which allows for Stille 
cross-coupling with aryl chlorides,70 and 2-(tributylstannyl)pyridine was carried out. 
The desired product L6 was obtained in moderate yield (44%). 
 
The final ligand, the terpyridine analogue L7, was at the outset supposed to be 
synthesized by the same pathway as L5 and L6. However, the attempted Hurtley 
reaction with 1-pyrid-2-yl-1,3-butanedione returned only starting material. 
Presumably the pyridyl dione complexes with the Cu(II) ions, preventing them from 
taking part in the catalytic cycle. A new pathway, also based on the Hurtley reaction, 
for the synthesis of L7 was designed (see Scheme 29). 
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Scheme 29: General outline for the synthesis of L7. Reagents and conditions: (i) 10 mol% 
Cu(OAc)2, 2.1 eq. NaOEt, EtOH, 18h, Δ; (ii) PBr3, 175

oC, N2‐atmosphere, 5h; (iii) 2.05 eq. 2‐
(tributylstannyl)pyridine, 5 mol% [Pd(PPh3)4], toluene, N2‐atmosphere, 24h, Δ. 

 
3-(Cyanomethyl)thiophene-2-carboxylic acid (38) was synthesized in moderate yield 
(69%) by reacting 29 with benzoylacetonitrile (37) in EtOH and NaOEt with 10 
mol% Cu(OAc)2.95 38 was added to PBr3 under a nitrogen atmosphere and was then 
vigorously refluxed during 5h. After workup the ring-closed product 5,7-dibromo-
thieno[2,3-c]pyridine (39) was recovered in low yield (11%). Even though the yield 
was low enough material to proceed to the final step was obtained. L7 was 
synthesized in good yield (80%) via a Stille cross-coupling with 39, two equivalents 
of 2-(tributylstannyl)pyridine and 5-mol% [Pd(PPh3)4] as catalyst. 
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6.7 Complex preparation 
 
The [Ru(bpy)2LL](PF6)2 complexes were prepared by a standard method, see 
Scheme 30. The appropriate ligand was heated to 120oC in ethylene glycol with one 
equivalent of [Ru(bpy)2Cl2] for 4-5h. Precipitation with aqueous NH4PF6 yielded the 
complexes C1-C4 in yields of 45-60%. 
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Scheme 30: The synthesis of C4 is representative for the synthesis of C1‐C4.  

 
The terdentate complexes C5-C7 were prepared by different methods. C5 contains a 
cyclometallated phenyl moiety. Constable et al. have prepared similar systems and 
demonstrated that formation of the cyclometallated complex is promoted by using a 
protic solvent of high dielectric constant, such as water.109 Using only water 
however has an adverse effect on the yield due to solubility problems. This was 
circumvented by using a mixture of H2O/MeOH. L5 was refluxed in 5:1 mixture of 
MeOH:H2O with one  equivalent of [Ru(tpy)Cl3] and ten drops of N-
ethylmorpholine. After precipitation with methanolic NH4PF6 and column 
chromatography, C5 was obtained in moderate yield (35%). 
 
As has been shown by Constable et al. in their work with [Ru(tpy)L]a+-complexes of 
the structurally related ligand 6-thiophen-2-yl-2,2'-bipyridine,110 the complex 
prepared from L6 has two possible binding modes. One cyclometallated N,N,C 
mode (C6C) where the thiophene binds to the ruthenium via the carbon in the 3-
position and one non-cyclometallated where L6 supposedly binds via the sulfur 
atom of the thiophene moiety (C6S). C6 can be switched between the two modes by 
treatment with acid/base, see Scheme 31.  
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Scheme 31: C6C and C6S can be interconverted by treating with either acid or base. 

 
The pure complexes can be prepared by performing the complexation in different 
solvents. C6C was prepared in moderate yield (38%) by the same method as C5. 
The S-bonded complex C6S was prepared by refluxing L6 in an acidic mixture of 
AcOH:MeOH (5:1) with one equivalent of [Ru(tpy)Cl3] and ten drops of N-
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ethylmorpholine. After precipitation with aqueous NH4PF6 and column 
chromatography, C6S was obtained in moderate yield (46%). 
 
The final complex C7 was prepared in moderate yield (50%) by a published 
procedure.111 L7 was refluxed in EtOH with one equivalent of [Ru(tpy)Cl3] and ten 
drops of N-ethylmorpholine. Precipitation with aqueous NH4PF6 and column 
chromatography yielded the pure complex. 

6.8 Electrochemistry 

 
The redox potentials of the Ru complexes C1-C4 as determined by cyclic 
voltammetry are listed in Table 3. 

Table 3: Redox Potentials of complexes C1‐C4 (mV vs. Fc+/0). Experimental conditions: 1 mM 
complex in CH3CN with 0.1 M Et4NClO4 as supporting electrolyte T = 298 K, glassy carbon 

working electrode (3 mm), Pt auxiliary electrode and Ag/Ag+ (MeCN) reference electrode, ν = 
200 mV s‐1. 

Complex[a]  [Ru(bpy)2L]
3+/2+  [Ru(bpy)2L]

2+/1+  [Ru(bpy)2L]
+/0  [Ru(bpy)2L]

0/‐ 

[Ru(bpy)3]
2+  +874  ‐1728  ‐1912  ‐2162 

[Ru(bpy)2(tbpy)]
2+[b]  +869  ‐1706  ‐1915  ‐2227 

C1  +892  ‐1676  ‐1882  ‐2132 
C2  +924  ‐1641  ‐1874  ‐2136 
C3  +829  ‐1755  ‐1942  ‐2152 
C4  +849  ‐1758  ‐1948  ‐2214 

[a] As PF6‐ salt [b] tbpy = 6‐thiophen‐2‐yl‐2,2'‐bipyridine. 
 
The CV results for the fused pyridyl thienopyridine systems C1-C4 fell in two 
groups. The systems where the thiophene unit was fused to the b face (C1, C2) were 
more difficult to oxidize and easier to reduce than [Ru(bpy)3]2+, while the systems 
where the thiophene unit was fused to the c face (C3, C4) were more easily oxidized 
and slightly harder to reduce than [Ru(bpy)3]2+

. Within the two groups there is a 
small difference in oxidation potential depending on the orientation of the thiophene, 
for the pair C1/C2, Δ = 32 mV and for the pair C3/C4 Δ = 20 mV.  
 
It is somewhat difficult to explain the results from complexes C1 and C2. The 
addition of an electron-rich thiophene (even more so since it is fused to the pyridine) 
should increase electron density and consequently result in a shift of the 
Ru(II)/Ru(III) couple to lower potentials. It could be argued that the rigid geometry 
of ligands L1 and L2 result in a greater disturbance of the inner coordination sphere, 
resulting in poorer overlap with the metal dπ-orbitals, thus diminishing any effect 
from the fused electron-rich thiophene ring. Ligands L1 and L2 may actually 
represent a greater steric challenge than ligands based on 6-thiophen-2-yl-2,2’-
bipyridine (See section 7.3, complexes C40-C42) where the thiophene unit/s are free 
to rotate in order to find an energy minimum which is not possible for the pyridyl 
thienopyridine ligands. However, this line of reasoning is contradicted by the 
luminescence results since both complexes C1 and C2 display quite long-lived red 
luminescence while complexes with ligands based on 6-thiophen-2-yl-2,2’-
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bipyridine  (se section 7.5) display no or very short-lived luminescence (less than 30 
ns). 
 
The c face pair, C3/C4, display the properties expected from a Ru complex of a 
pyridyl thienopyridine species. The increased electron density decreases the 
oxidation potential of the Ru(II)/Ru(III) couple, and increases the values of the 
ligand-centered reduction. The fusion of the thiophene ring onto the c face does not 
introduce the same steric strain to the inner coordination sphere, resulting in less 
positive Ru(II)/Ru(III) couples. 

Table 4: Redox Potentials of complexes C5‐C7 (mV vs. Fc+/0). Experimental conditions: 1 mM 
complex in CH3CN with 0.1 M Et4NClO4 as supporting electrolyte T = 298 K, glassy carbon 

working electrode (3 mm), Pt auxiliary electrode and Ag/Ag+ (MeCN) reference electrode, ν = 
200 mV s‐1. 

Complex[a]  2nd oxidation  1st oxidation  1st reduction  2nd reduction 
[Ru(tpy)2]

2+[111]    +920  ‐1580  ‐1820 
[Ru(tpy)(ttpy)]2+[b]    +851  ‐1613  ‐1881 
C5  +1081, +854 (irr.)  +137  ‐1846  ‐2193 
C6S    +888  ‐1557  ‐1898 
C6C  +913 (irr.)  +133  ‐1846  ‐ 
C7    +848  ‐1567  ‐1860 

[a] As PF6
‐ salt. [b] ttpy = 4'‐(2‐thienyl)‐2,2':6',2''‐terpyridine, data collected during this study. 

 
The CV results for complexes C5-C7 can be found in Table 4. As expected the 
cyclometallated C5 displays a reversible oxidation at +137 mV which can be 
assigned as RuN5C. The irreversible overlapping oxidations occurring at +854 and 
+1081 are likely ligand-centered, where +1081 would be consistent with oxidation 
of the thienopyridine unit. The ligand-centered reductions were shifted to lower 
potential compared to [Ru(tpy)2]2+, this is due to a combined effect of the fused 
thiophene moiety (which increases electron density) and the presence of a negatively 
charged C- donor. 
 
The C-bonded C6C display very similar electrochemistry to the other 
cyclometallated complex C5. The Ru(II)/Ru(III) oxidation is lowered to +133 mV 
and the difference between C5 and C6C is within the margin of error (±5 mV). 
Likewise the ligand centered reduction is increased by +266 mV compared to 
[Ru(tpy)2]2+. Constable et al. reported a value for the oxidation of a RuN5S-center of 
+660 mV.110 However, the oxidation potential of the non-cyclometallated C6S is 
only decreased slightly (-32 mV) compared to [Ru(tpy)2]2+ and the ligand reductions 
are only slightly affected, which would suggest a RuN6 system. The electrochemistry 
supports that C6S is not S-bonded but rather the data is consistent with coordination 
with a solvent molecule such as CH3CN. This is further corroborated by the X-ray 
structure of the Ru(tpy)-complex of the ligand 6-(5-methylthiophen-2-yl)-4-
(thiophen-2-yl)-2,2'-bipyridine where a coordinating CH3CN is clearly seen, for 
further discussion see Section 8.4. 
 
The oxidation potential of C7 is a close match to the structurally related complex 
[Ru(tpy)(ttpy)]2+ (where ttpy = 4'-(2-thienyl)-2,2':6',2''-terpyridine). C7 displays a 
reversible oxidation at +848 mV while [Ru(tpy)(ttpy)]2+ has a reversible oxidation at 
+851 mV, which is within the margin of error. The effect on the ligand reductions 
are smaller for C7 than [Ru(tpy)(ttpy)]2+.  
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6.9 Luminescence properties 
 

Table 5: Luminescence maxima, lifetimes and quantum yields for the Ru(II) complexes C1–C4. 

Complex  Luminescence peak (nm)  Quantum yield (φ)  τ[b] (ns) 

[Ru(bpy)3]
2+  610  0.042[112]  1745 

[Ru(bpy)2(tbpy)]
2+[a]  620  <0.001  ‐ 

C1  620  0.0047  275 
C2  622  0.013  1040 
C3  612  0.014  1420 
C4  614  0.0097  1510 
[a]  tbpy  =  6‐thiophen‐2‐yl‐2,2'‐bipyridine.  [b]  Luminescence  lifetimes  at  610  nm,  in 
CH3CN under continuous Ar purge, 17.5°C. In all cases, excitation is at 337 nm from an N2 
laser. 
 

The Ru(II) complexes C1 (τ = 275 ns) and C2 (τ = 1040 ns), which incorporated 
pyridyl thienopyridines with a thiophene unit fused to the b face (ligands L1 and 
L2), both show red-shifted luminescence with much longer lifetimes than the 
corresponding complexes where one or more thiophene units were covalently bound 
to the 6-position of the 2,2’-bipyridyl unit (section 6.2.4, complex C40-C42). This 
was expected since ligands 1 and 2 should result in less steric interaction with the 
auxiliary bipyridyl ligands of the complex compared to ligands based on 6-thiophen-
2-yl-2,2'-bipyridine. 
 
With the pyridyl thienopyridine ligands with the thiophene fused to the c face even 
longer lifetimes were achieved. Complexes C3 (τ =1420 ns) and C4 (τ = 1510 ns). 
This seems reasonable since a thiophene unit fused to the c face would be expected 
to interact even less with the other 2,2'-bipyridyl auxiliary ligands than a thiophene 
unit fused to the b face, thereby preserving symmetry. 
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6.10 X-ray structures of C6C and C7 

 
Crystals of C6C and C7 were grown by slow diffusion of diethyl ether into a 
solution of the complex in dichloromethane. The structure of C6C is shown in 
Figure 33 and selected bond lengths and angles can be found in Table 6. In C6C the 
plane of the thienyl ring is tilted very little (2.8o) from the Ru-C31 bond, and a 
closer inspection reveals that the whole ligand L6 is slightly twisted. The Ru-C31 
bond length (2.057 Å) is longer than the calculated bond length of Ru=CH2

+ (1.88 
Å), but shorter than single bonds reported for Ru-alkyl ligands (2.22 Å),66c 
indicating some double bond character. The central N5-Ru1 bond at 2.033(5) Å is 
very long compared to the corresponding bond in Ru(tpy)2-complexes in general 
which have a mean length of 1.976±18 Å.113 The bite angle of L6 is 155.9o, slightly 
less than the angle in [Ru(tpy)2]2+ (158o). This may have an unfavourable effect on 
the luminescence since one method for extending the luminescence lifetime of 
[Ru(tpy)2]2+ is to increase the bite angle by introducing a methylene group between 
the coordinating pyridines.48 

 
Figure 33: X‐ray structure of the RuN5C complex C6C.  

Table 6: Selected bond angles and bond lengths for complex C6C. 

Bond/s Angle (o) Bond/s Length (Å)

C31‐Ru1‐N5  80.5(3)  N1‐Ru1  2.053(5) 
C31‐Ru1‐N4  155.9(3)  N2‐Ru1  1.955(5) 
C31‐Ru1‐N1  93.9(2)  N3‐Ru1  2.062(6) 
C31‐Ru1‐N2 97.2(3) N4‐Ru1 2.142(5)
C31‐Ru1‐N3  89.0(2)  N5‐Ru1  2.033(5) 
N1‐Ru1‐N3  158.2(2)  C31‐Ru1  2.057(7) 
N2‐Ru1‐N5  177.7(2)     
N2‐Ru1‐N1 78.9(2)
N4‐Ru1‐N5  75.4(2)     
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The structure of C7 is shown in Figure 34, and selected bond lengths and angles can 
be found in Table 7. Overall the structure of C7 is very similar to the parent complex 
[Ru(tpy)2]2+. The bite angle of N1-Ru1-N3 is 158.0o and the bite angle of N6-Ru1-
N4 is 158.4o, in [Ru(tpy)2]2+ the bite angles are 158.4o and 159.1o respectively.46 The 
Ru-N bond lengths follow the same pattern as that of unsubstituted [Ru(tpy)2]2+ in 
that N2-Ru and N5-Ru are slightly shorter (1.972 and 2.004 Å respectively) than the 
Ru-N bonds of the outer pyridine rings. The close agreement in bond lengths and 
angles means that any differences in luminescence and redox properties should be 
due to inductive effects of the electron-rich thiophene fused to the central pyridine 
unit. 
 

 
Figure 34: X‐ray structure of the RuN6 complex C7. 

 

Table 7: Selected bond lengths and angles for complex C7. 

Bond/s  Angle (o)  Bond/s  Length (Å) 

N1‐Ru1‐N3  158.0(3)  N1‐Ru1  2.071(7) 
N6‐Ru1‐N4  158.4(3)  N2‐Ru1  1.972(7) 
N2‐Ru1‐N5  178.4(3)  N3‐Ru1  2.081(7) 

    N4‐Ru1  2.039(7) 
    N5‐Ru1  2.004(7) 
    N6‐Ru1  2.076(7) 
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7.0 The effect of bridge-ligand conformation 
upon metal-metal coupling in oligothiophene-
bridged Ru(II) tris-bipyridine complexes 
(paper II) 
 

7.1 Introduction 
 
As has been detailed in Section 2 and 3, *[Ru(bpy)3]2+ is at the same time a good 
energy donor, a good electron acceptor and a good electron donor. Thus Ru(II) 
polypyridyl complexes could potentially serve as electron source/sink in molecular 
electronic systems. In order to 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, oligo(phenylethylene)s and 
oligothiophenes. Due to their stability and ease of derivatisation, oligothiophenes 
have gained prominence within the field of molecular electronics and have found 
application in organic light-emitting diodes and organic field-effect transistors.52 
However, the attachment of a linker of any kind to one of the bipyridine ligands will 
affect the photochemistry 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 capacity for directed 
energy/electron transfer. 
 
In order to investigate the influence on luminescence and redox properties of the 
Ru(II) complexes due to the position and type of the oligothiophene bridge a range 
of Ru(II) polypyridyl complexes was synthesized. The relevant ligands are 
illustrated in Figure 35. Focus has been put upon systems with short thienyl bridges 
(in order to avoid the situation where the bridge oxidizes before the metal centres) 114 
and attachment points in the 4- or 6-position of the pyridine which will potentially 
allow for optimal mesomeric interaction between the bridging and chelating parts of 
the ligand.  
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7.2 Synthesis of ligands 
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Figure 35: The nine ligands prepared for complexation with ruthenium. 

 
In the first step the parent compounds 6-thiophen-2-yl-2,2'-bipyridine (L40) and 4-
thiophen-2-yl-2,2'-bipyridine (L43) were synthesized using Kröhnke methodology, 
see Scheme 32 and Scheme 33. 
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Scheme 32: Adding the Mannich salt N‐(3‐(2‐thienyl)‐3‐oxopropyl)‐N,N‐dimethylammonium 

chloride to 1‐(2‐oxo‐2‐pyridin‐2‐yl‐ethyl)‐pyridinium iodide (PPI) in the presence of an 
ammonium source yields 6‐thiophen‐2‐yl‐2,2´‐bipyridine (L40). 
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Scheme 33: Adding 3‐thiophen‐2‐yl‐propenal to PPI in the presence of an ammonium source 

yields 4‐thiophen‐2‐yl‐2,2´‐bipyridine (L43).  

Bromination followed by Stille cross-coupling with commercially available tributyl-
thiophen-2-yl-stannane then yielded 6-[2,2']bithiophenyl-5-yl-[2,2']bipyridinyl 
(L42) and 4-[2,2']bithiophenyl-5-yl-[2,2']bipyridinyl (L45). The synthesis of L42 is 
representative, see Scheme 34. 
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Scheme 34: Synthesis of 6‐[2,2']bithiophenyl‐5‐yl‐[2,2']bipyridinyl (L42) via bromination and 

Stille cross‐coupling. 

The bis-bidentate ligands 5,5'-bis(2,2'-bipyridin-6-yl)-2,2'-bithiophene (L46), 5-
(2,2'-bipyridin-4-yl)-5'-(2,2'-bipyridin-6-yl)-2,2'-bithiophene (L47) and (5,5')-
bis[2,2']bipyridin-4-yl-[2,2']bithiophenyl (L48) were likewise synthesized by 
bromination, conversion to Stille reagents and subsequent cross-coupling. The 
synthesis of L48 is representative, see Scheme 35. 
. 
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Scheme 35: The synthesis of the symmetric bis‐bidentate L48 via a Stille cross‐coupling. 

The bis-bidentate ligands L46, L47 and L48 are all very sparingly soluble in organic 
solvents. L48 was completely insoluble in CDCl3, DMSO-d6, benzene-d6, acetone-d6 
and CD3CN. The only solvent that could dissolve L48 sufficiently to obtain a 1H 
NMR spectrum was acetic acid-d4. 
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7.3 Complex preparation 
 
The ruthenium complexes C40-C48 (see Figure 36) were all synthesized by heating 
(120oC) the appropriate ligand with 1.05 equivalents of [Ru(bpy)2Cl2] (2.1 
equivalents in the case of bis-C46, bis-C47 and bis-C48) in ethylene glycol until 
TLC showed complete consumption of the ligand (usually after 4-5 hrs). The 
complex was then precipitated with aqueous NH4PF6 and subsequently purified by 
repeated precipitation from acetonitrile/diethyl ether. If deemed necessary further 
purification was conducted by column chromatography (silica, CH3CN:satd. 
KNO3(aq.):H2O 14:2:1). 
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Figure 36: The Ru(II) complexes C40‐C48, synthesized from ligands L40‐L48.



69 
 

The complexes mono-C47 and mono-C48 were synthesized by Stille cross-coupling 
of the brominated parent complex.71 The synthesis of mono-C48 is representative, 
see Scheme 36. The synthesis was monitored by TLC and was stopped when no 
further product appeared to be formed. After precipitation as the hexafluoro-
phosphate salt mono-C48 was dissolved in the minimum amount of acetonitrile and 
purified by preparative TLC. The yield of mono-C47 and mono-C48 after 
purification were lower than that of the other complexes. This is attributed to the 
purification step, where it is believed that some of the product bound irreversibly to 
the silica gel. Further experiments have shown that better yields can be achieved if 
purification is performed by column chromatography (with the same mobile phase) 
rather than of preparative TLC. 
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Scheme 36: Synthesis of monometallic bis‐bidentate Ru(II) complex mono‐C48 by Stille cross‐

coupling on C44 in dry acetonitrile. 

The electrochemical and photophysical properties of complexes C40-C48 were 
examined using UV, CV and luminescence spectroscopy. The results are 
summarized in Table 8 and Table 9. 
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7.4 Electrochemistry 

 
Substitution of a hydrogen by a thiophene unit in the 4- or 6-position of the 2,2'-
bipyridinyl system should increase electron density within the bipyridine π system 
and facilitate oxidation, consequently leading to less positive values for the 
Ru(II)/Ru(III) couple. Both C40 (Δ = -5 mV) and C43 (Δ = -26 mV) are indeed 
easier to oxidize than the parent [Ru(bpy)3]2+. By introducing a (5-bromo-thiophen-
2-yl) substituent the couple increases by 25 mV and 15 mV (with respect to C40 and 
C43). Surprisingly, introduction of the electron-rich 2,2'-bithiophenyl unit increases 
the metal couple, both C42 (Δ = +26 mV) and C45 (Δ = +15 mV) were more 
difficult to oxidize compared to [Ru(bpy)3]2+. This effect was not observed with the 
doubly bipyridyl-capped ligand systems where the Ru(II)/Ru(III) couple occurred at 
the same or lower potentials, compared to [Ru(bpy)3]2+. 

Table 8: Redox potentials (V vs. Fc+/0) of complexes C40‐C48 measured by cyclic voltammetry. 
Experimental conditions: 1 mM complex in CH3CN with 0.1 M Et4NClO4 as supporting electrolyte 
T = 298 K, glassy carbon working electrode (3 mm), Pt auxiliary electrode and Ag/Ag+ (MeCN) 

reference electrode, ν = 200 mV s‐1. 

Complex[a]  Dithiophene+/0  Ru3+/2+  Ru2+/+ 

[Ru(bpy)3]
2+    +0.874  ‐1.728 

C40    +0.869  ‐1.706 
C41 +0.894 ‐1.700
C42  +1.120  +0.900  ‐1.687 
C43    +0.850  ‐1.694 
C44    +0.865  ‐1.687 
C45 +1.086 (irr.) +0.891 ‐1.788
       

bis‐C46    +0.878  ‐1.684 
bis‐C47  +1.290  +0.867  ‐1.670 

mono‐C47  +1.094  +0.854  ‐1.679 
mono‐C48  +1.193  +0.874  ‐1.636 
bis‐C48  +1.260  +0.839  ‐1.608 

(a) as PF6
‐ salt.   

 
The systems containing a bithiophenyl unit, except bis-C46, all displayed an 
oxidation centered on the bithiophene unit. Such oxidations have been previously 
noted with ter-, tetra- and sexithiophene bridged bis-bipyridine systems,114 however 
no thiophene oxidation has been observed within the solvent limit in bis-bidentate 
systems containing a single thiophene unit. This may indicate that the bithiophene 
unit of bis-C46 is not planar and that the thiophene units act relatively 
independently. This is not supported by molecular modelling96 which indicates that 
bis-C46 is heavily distorted with large inter-annular angles (over 40o) between the 
thiophene moieties and the bipyridyls, but the bithiophene unit itself remains flat. 
 
The bithiophene-centered oxidations of complexes C42 and C47-C48 were 
reversible. The only exception was in the case of the uncapped complex C45. 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 electrochemical dimerisation) sets a 
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limitation to the incorporation of such motifs within a molecular electronic device, at 
least in solution phase. 
 
The Ru(II)/Ru(III) couples for the bimetallic complexes reflect the characteristics of 
their monometallic building blocks. The two metal oxidations occurred at the same 
potential in all cases  (or at least could not be resolved under the experimental 
conditions), suggesting that the Ru cores are not strongly coupled. In general, one 
can say that the 4-thiophen-2-yl-[2,2']-bipyridyl motif tends in all cases to cause a 
greater electron donation towards the metal centres than those of the corresponding 
6-thiophen-2-yl-2,2'-bipyridine motif, with a resulting decrease in the potential of 
the Ru(II)/Ru(III) couple while at the same time adopting a more planar 
bithiophenyl structural unit, leading to easier oxidations of the bridgehead unit itself. 

7.5 Luminescence properties 
 

Table 9: Results from the investigation of the luminescence properties of complexes C40‐C48.  

Complex[a]  Absorption[b] 
  λmax (nm)  (log ε) 

Emission[c]   
  λmax (nm) τ (ns) 

[Ru(bpy)3]
2+  452  4.16[d]  610  1745 

C40  448  4.04  628, 731[e]  ‐ 
C41  ‐  ‐  378  ‐ 
C42  448  4.04  Quenched  ‐ 
C43  457  4.37  627  3000 
C44  458  4.25  634  3800 
C45  ‐  ‐  642  4300 
         

bis‐C46  448  4.20  Quenched  ‐ 
bis‐C47  457  4.24  Quenched  ‐ 

mono‐C47  463  4.40  633  1920 
mono‐C48  ‐  ‐  620  2260 
bis‐C48  ‐  ‐  624  2910 

(a) As PF6
‐ salt.  (b) Aerated acetonitrile.  (c) Acetonitrile solution under continuous Ar 

purge,  17.5  oC.  (d)  Absorption  data  for  [Ru(bpy)3]
2+  from  ref.  35b.  (e)  The  blue 

fluorescence at 628 nm and the near‐IR fluorescence at 731 nm were too weak to be 
quantified, τ < 30 ns. 
 

The results, shown in Table 7,  suggest that the longest lifetimes for the red emission 
(λmax = 614-642 nm) is achieved if the bridge is attached in the 4-position of 
pyridine. In complexes C40 and C41 a very short-lived emission was observed and 
in complex C42 it was completely quenched. This was also the case for the 
bimetallic complexes that incorporated 6-[2,2']bithiophenyl-5-yl-[2,2']bipyridinyl 
(bis-C46 and bis-C47).  These results matched our expectations. Molecular 
modelling indicates that in complexes where the oligothienyl bridge is attached at 
the 6-position of the bipyridines, interaction between the oligothienyl bridge and the 
auxiliary bipyridine ligands results in significant distortion of the complex. In 
complexes where the oligothienyl bridge is attached in the 4-position of bipyridine 
molecular modelling indicates no distortion of the inner coordination sphere at all, 
which is reflected in the excellent lifetimes, longer than for [Ru(bpy)3]2+, for 
complexes C43-C45, mono-C47, mono-C48 and bis-C48. The excitation spectra 
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were all very similar showing only small shifts from the spectra observed for 
[Ru(bpy)3]2+ and indicating that the emissions arise from similar 3MLCT transitions.  
 
An interesting detail is that the presence of the second metal centre in bis-C48 did 
not cause quenching as it did in bis-C46 and bis-C47. These results strongly suggest 
that the position of attachment has important consequences as to the establishment 
of a stable excited electronic state, beneficial for subsequent electron or energy 
transfer through the bridging ligand. It was for this reason that the fused pyridyl 
thienopyridine ligands 1-4 (complexes C1-C4, see section 6.1) in which the 
thiophene ring is fused to either the b or c face of one of the pyridine rings, thereby 
ensuring a completely planar interface between the chelator and the conjugation-
extending aromatic ring, were synthesized. 
 
However, complex C43 (3000 ns) and C45 (4300 ns), in which the oligothienyl 
bridge was attached in the 4-position of pyridine by a σ-bond, displayed the longest 
luminescence lifetimes, even longer than the thienopyridine complexes C1-C4. If 
luminescence lifetimes can serve as an indication of the ability to act as an 
energy/electron-donor then it would appear that complexes in which the oligothienyl 
bridge is attached to the pyridine by a σ-bond in the 4-position would be superior to 
complexes where the first thiophene unit of the bridge is fused to the pyridine (see 
section 6.1). However, this comparison is complicated by the different absorption 
characteristics of these complexes due to the variations in the extent of conjugation 
in the unique bipyridine system in each case. 
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8.0 A prototype of a pH-activated molecular 
switch (paper V) 

8.1 Introduction 

 
At the core of the effort to create molecular electronic devices are the synthesis and 
characterization of molecular switches. In July 2001, Fraser Stoddart and his co-
workers announced that they had built an electronic switch consisting of a layer of 
several million molecules of the organic substance [2]rotaxane.115 A rotaxane is a 
mechanically-interlocked molecular architecture consisting of a dumbbell-shaped 
molecule that is threaded through a macrocycle or ring-like molecule. The two 
components trapped as the two end-groups of the dumbbell, called stoppers, are 
larger than the internal diameter of the ring, and thus prevent dissociation since this 
would require significant distortion of the covalent bonds. When subjected to 
external stimuli the macrocycle can move from its initial position along the axis to 
stop in another position, see Figure 37.  
 
By linking a number of [2]rotaxane switches Stoddart et al. produced a rudimentary 
molecular version of an AND gate, a device that performs a basic logic operation. 
With well over a million molecules apiece, the switches were far larger than would 
be desirable, and they could only be switched once before becoming inoperable. 
Recently Stoddart et al. have managed to improve their [2]rotaxane system and 
produce a molecular memory that could be switched up to ten times before failing.25 
 
The systems devised by Stoddart compromised of mechanically interlocked 
components, such as rotaxanes and catenanes, designed such that the internal 
movements of one component with respect to the other were readily controllable. 
The weak noncovalent bonding interactions between the constituent parts allows the 
activation of these components such that they can move in a linear fashion 
(rotaxanes) or a rotary fashion (catenanes). These molecules can be activated by 
switching the recognition elements on and off either chemically, electrically or 
optically, such that they perform motions reminiscent of the moving parts in 
macroscopic machines. 
 
The molecular motions required in the Stoddart switching process are substantial, 
leading to long response times and the need for inter-molecular cooperativity in 
condensed matter. The template-based syntheses utilized for the generation of these 
systems are also low-yielding and not amenable to the construction of more complex 
molecular circuitry 
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Figure 37: A chemically controllable molecular shuttle based on [2]rotaxane. When the 

dumbbell is in its unperturbed state the cyclophane ring preferentially encircles the more 
electron‐rich benzidine site. When the benzidine nitrogen atoms are protonated it moves to the 
biphenol site. Deprotonation causes it to move back to the benzidine site. The same motion can 

be achieved electrochemically by oxidation of the benzidine unit to its radical cation.116 

Following the principles laid out by Constable et al.,110 our group have developed 
reversible molecular switches based on cyclometallated Ru(tpy)-complexes, which 
can be activated both by changes in pH and irradiation with light and may also be 
amenable for integration with solid state devices. While the ability to switch the 
complex using pH or light is interesting there is currently no foreseeable way these 
methods can be applied in the environment of an integrated circuit, but they might 
be applicable in sensor technology.  
   
The most important feature of these systems lies in the relatively small amount of 
molecular movement which is required to switch between the two states when 
compared to the Stoddart system. Furthermore, the utilization of metal complexes 
allows the construction of intricate molecular architectures using supramolecular 
assembly techniques. 
 
As discussed previously (in Sections 4.1 and 6.7) 6-thiophen-2-yl-2,2'-bipyridine 
(L40) is capable of acting as a terdentate ligand. The complex [Ru(tpy)L40] (see 
Figure 25 and Figure 38) can exist in two forms, cyclometallated N,N,C and a 
proposed S-coordinated N,N,S. Switching between the two modes can be achieved 
by treating with acid or base.110 
 
It has been established that, unlike pyridine, when thiophene coordinates to 
ruthenium (and several other metals) via the S atom the Ru lies out of the thiophene 
plane such that the sulfur adopts trigonal pyramidal coordination (i.e. it is roughly 
sp3 hybridized).117 As a result, in the N,N,S-mode of  [Ru(tpy)L40]  the dihedral 
angle between the thiophene and the bipyridyl moiety can be predicted to be about 
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40o. In the cyclometallated form on the other hand the thiophene is coplanar with the 
bipyridyl. As has been mentioned previously (Section 6.1), increases in the dihedral 
angle between rings will result in a reduction of the inter-annular conjugation as the 
orbital overlap is decreased between the ring systems. 
 

 
Figure 38: Energy minimized model of the N,N,S mode of the complex [Ru(tpy)L40]2+ (hydrogens 
have been omitted for clarity). Ruthenium lies out of the thiophene plane, molecular modelling 

predicts a dihedral angle of 44o between the thiophene and the bipyridyl moiety. 

 
This fact could be utilized in a molecular switch. If the thiophene moiety capable of 
reversible cyclometallation is the first unit of an oligothienyl bridge between two 
metal cores the twisted N,N,S conformation would constitute the "OFF" position 
while in the coplanar N,N,C conformation energy/electron transfer could occur 
between the chromophores and constitute the "ON" position. 
 
In order to investigate this methodology the dinuclear complex 
[Ru(tpy)L47Ru(bpy)2] (C47C: cyclometallated, C47S: S-bonded) with the bridging 
ligand 4,6''-(2,2'-bithiophene-5,5'-diyl)di-2,2'-bipyridine (L47) have been 
synthesized, see Scheme 37. 

8.2 Synthesis 
 
The parent complex, monometallic mono-C47 was synthesized by Stille cross-
coupling on the complex71 by reacting C44 with  6-(5-(tributylstannyl)thiophen-2-
yl)-2,2'-bipyridine. The desired complexes were then synthesized by treating mono-
C47 with one equivalent of [Ru(tpy)Cl3] in refluxing AcOH/EtOH (C47S) or 
ethylene glycol at 120oC (C47C), see Scheme 37. The complexes were purified by 
column chromatography (silica, CH3CN:KNO3 (satd.):H2O, 14:2:1) and precipitated 
from diethyl ether. The yield of the purple C47C was moderate (58%) while that of 
the red/orange C47S (24%) was low. It was suspected that some of the product 
C47S  bound irreversibly to the silica. Also, in the case of C47S almost as much of 
the non-metallated complex [Ru(tpy)Cl(L47)Ru(bpy)2], see Figure 39, as of the 
desired C47S could be isolated.  
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An optional better method for producing C47S was to start from the cyclometallated 
complex. C47C was dissolved in a small volume of CH3CN and a single drop of 
sulfuric acid was added. The solution instantly turned red. After dilution with water, 
extraction with CH2Cl2 and precipitation with NH4PF6 C47S was recovered almost 
quantitatively (98%). 1H NMR and UV-vis spectra were identical to those obtained 
from C47S synthesized previously.  
 
Switching from C47S to C47C proved more difficult. Just adding a pellet of KOH 
to an NMR-tube with a solution in of C47S in CD3CN produced no colour change 
after standing in the dark for several days. Heating C47C in a mixture of 
CH3CN/KOH(aq.) produced the desired colour change, but 1H NMR and TLC 
revealed that the product was a mixture. After column chromatography C47C was 
obtained in low yield (19%). This did not come as a complete surprise, since 
previous experiments had shown that the N,N,S to N,N,C switching becomes more 
sluggish as the length of the oligothienyl bridge increases, and now an entire 
Ru(bpy)3-center is attached to the far end. The difficulty in interconversion most 
likely arises from the rotational inertia required to twist one metal centre 180° in 
order to adopt the N,N,C mode.  
 
The need for heating and the low yield in switching from C47S to C47C is of course 
detrimental for the ability of C47S/C47C to operate as a molecular switch. It would 
appear that once toggled our switch is essentially stuck in the "OFF" mode. 
 

N

N S

Ru(tpy)
NN

N

N N

N

Ru
S

3+

Cl  
Figure 39: A major by‐product in the synthesis of C47S was the non‐metallated complex 

[Ru(tpy)Cl(L47)Ru(bpy)2]. 
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Scheme 37: General outline for the synthesis of C47C and C47S. Reagents and conditions: (i) 
[Ru(bpy)2Cl2], ethylene glycol, 120

oC, N2‐atmosphere; (ii) 6‐(5‐(tributylstannyl)thiophen‐2‐yl)‐
2,2'‐bipyridine, 5 mol% [Pd(PPh3)4], CH3CN, reflux 7 h, N2‐atmosphere; (iii) [Ru(tpy)Cl3], ethylene 

glycol, N‐ethylmorpholine, 120oC, 2h, N2‐atmosphere; (iv) [Ru(tpy)Cl3], N‐ethylmorpholine, 
AcOH:EtOH (5:1), reflux, 2h, N2‐atmosphere. 
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8.3 Electrochemistry 
 
C47C displays two well-separated oxidations, see Table 10. The first oxidation in 
C47C takes place at +0.190 V, a reasonable value for a RuN5C centre. The second 
oxidation at +0.890 V can then be assigned to the [Ru(bpy)3]-part of the bimetallic 
complex. This value is almost exactly the same as in the complex of 4-(2,2'-
bithiophen-5-yl)-2,2'-bipyridine, C45. This would suggest that no significant 
electronic coupling is taking place between the metal cores. 
 
The voltammogram of C47S is more complicated. Constable et al. reported a value 
of +0.660 V for the oxidation of a proposed RuN5S core, but in the voltammogram 
of C47S only a broad peak at +0.893 V, possibly two overlapping waves, can be 
distinguished. Switching between N,N,C and N,N,S mode certainly induces no 
significant difference in the oxidation potential of the remote RuN6 centre. The high 
oxidation potential for C47S raises some doubt whether the sulfur of thiophene is 
really coordinated to the ruthenium, +0.893 V would be more characteristic of a 
RuN6 donor set than a RuN5S set. No crystals of C47 suitable for X-ray 
crystallography have been obtained, so this question cannot be definitively 
answered, but in the X-ray structure of the Ru(tpy)-complex of the ligand 6-(5-
methylthiophen-2-yl)-4-(thiophen-2-yl)-2,2'-bipyridine, presented in Section 8.4, a 
coordinating molecule of CH3CN is clearly seen. Coupled with the high oxidation 
potential this suggests that a correct assignment of the structure of C47S would 
involve an uncoordinated sulfur and an acetonitrile molecule coordinated to the 
ruthenium. 
 
In all, these results were somewhat disheartening. We had hoped to see a strong 
influence on the redox potential of the [Ru(bpy)3]-centre. Rather, these results 
suggests that there is very little electronic coupling in the ground state between the 
metal centres, regardless of the position (N,N,C or N,N,S) of the switch. 
 

Table 10: Redox potentials (V vs. Fc+/0) of C47C and C47S and some related complexes 
measured by cyclic voltammetry. Experimental conditions: 1 mM complex in CH3CN with 0.1 M 

Et4NClO4 as supporting electrolyte T = 298 K, glassy carbon working electrode (3 mm), Pt 
auxiliary electrode and Ag/Ag+ (CH3CN) reference electrode, ν = 200 mV s‐1. 

Complex[a]  2nd oxidation 
 

1st oxidation
 

1st reduction 
 

[Ru(bpy)3]
2+    +0.874  ‐1.728 

C43    +0.850  ‐1.694 
C45  +1.086 (irr.,  

(dithiophene) 
+0.891  ‐1.788 

mono‐C47  +1.094 
(dithiophene) 

+0.854 
(RuN6) 

‐1.679 

       
C47C  +0.890 

(q‐rev., RuN6) 
+0.190 
(RuN5C) 

‐1.649 

       
C47S    +0.893 

(broad, 
RuN6/RuN5S) 

‐1.607 (irr.) 

(a) as PF6
‐ salt.  
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assignment of the complex as S-coordinated was based primarily on electrochemical 
and 1H NMR data. Repeating the synthesis and CV analysis and performing X-ray 
crystallography would reveal if there is something special about the parent ligand or 
if another factor, perhaps even an incorrect structural assignment based on flawed 
electrochemical data, is responsible.  
 
The supposedly S-coordinated complexes were usually prepared by refluxing the 
parent cyclometallated complex in a mixture of CH3CN:HCl, obviously this is not a 
good method if coordination by CH3CN from the solvent is a problem. An 
alternative method would be to reflux the parent ligand with Ru(tpy)Cl3 in a mixture 
of AcOH:MeOH (this was the method used by Constable et al.). This synthesis has 
been utilized  in this work as well, but since it had a low yield it was abandoned in 
favour of reflux in CH3CN:HCl. However, it should be noted that after purification 
(which involves precipitation and column chromatography with CH3CN present) the 
complexes obtained by this method had identical NMR spectra compared to the ones 
obtained by reflux in CH3CN:HCl. It suggests that CH3CN will replace the sulfur as 
donor even under very mild conditions. The CH3CN used in the purification can be 
replaced with other solvents such as CH2Cl2, but the CH3CN used as solvent in CV 
analysis is harder to replace. 
 
Another option that must be considered when refluxing in AcOH:MeOH is the 
possibility of coordination with an acetate ion. If the sulfur of thiophene is fairly 
easy to replace, as seems to be the case, it is possible that the S-coordinated 
complexes presented by Constable et al. really were RuN5O systems with a 
coordinated acetate ion and a pendant thiophene moiety.  
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8.5 Towards a 2nd and a 3rd generation prototype 
 
In the work by Wolf et al.66 it was firmly established that a thiophene indeed can 
switch between two binding modes, one cyclometallated and one S-coordinated. 
However, an important difference between their systems and the ones presented in 
this thesis is the inclusion of a spacer. In our complexes the thiophene is part of a 
strained 5-membered system while in the systems presented by Wolf et al. a 
phosphine moiety is introduced, making the thiophene part of a less strained 6-
membered system. The synthesis and investigation of the binding characteristics of 
the proposed ligands in Figure 41 should be carried out to see if the S-coordinated 
form is too strained in a 5-membered ring chelate. 
 

N

N X

S

X = CH2, O, S

 
Figure 41: A proposed new set of ligands that includes a spacer between the central pyridine 

and the thiophene moiety in order to obtain a less strained 6‐membered ring chelate. 

 
One possible reason for the lack of any ground state electronic coupling in C47C 
may be that the metal-metal distance was too large.62 The solution would be to 
shorten the thienyl spacer between the Ru-complexes to bring the metal cores closer 
and facilitate coupling. Unfortunately C47C is not a suitable structure for this kind 
of approach. Molecular modelling indicates that shortening the thienyl spacer to a 
single thiophene moiety (which would also function as the switch) would produce an 
extremely strained assembly. This problem could be circumvented by moving the 
switching thienyl to the 2-position of the bpy and moving the attachment point of the 
spacer to the 4-position of the bpy. A 2nd generation prototype following these 
principles, similar in arrangement to the bimetallic cyclometallated systems in which 
Sauvage et al.67 found pronounced electronic coupling, was designed (see Figure 
42).  

N

N(bpy)2Ru N

N

S

S
n

Ru(tpy)

n = 1, 2...

3+

 
Figure 42: The cyclometallated version of the 2nd generation prototype. 

At the time of writing work was still in process to generate the first example (n = 2) 
of this 2nd generation prototype. The cyclometallating ligand 4-(5-bromothiophen-2-
yl)-6-(5-methylthiophen-2-yl)-2,2'-bipyridine (L49) was synthesized via a Kröhnke 
reaction with PPI, see Scheme 38. Complexation with [Ru(tpy)Cl3] was performed 
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as previously described, see Section 6.6, yielding the monometallic cyclometallated 
C49C.  

S S
O

Br N

O

N

I

+

N

N
S

S

Br

(i)

L49  
Scheme 38: Synthesis of L49. Reagents and conditions: NH4OAc, AcOH, reflux 27h. 

The next step was a Stille cross coupling with 4-(5-(tributylstannyl)thiophen-2-yl)-
2,2'-bipyridine to yield a monometallic bidentate complex that could be reacted with 
[Ru(bpy)2Cl2] to yield the final complex. However, when attempted only starting 
materials were obtained after work-up. The obvious way forward is to switch places 
for the aryl halide and the Stille reagent and make a [Ru(bpy)2LL]2+ complex of 4-
(5-bromothiophen-2-yl)-2,2'-bipyridine (L42) and a Stille reagent of L49 and then 
attempt the cross-coupling again. 
 
Finally a 3rd generation prototype based on the fused ligands presented in Section 6 
is in the works. Utilizing the thienopyridine-based ligands should promote electronic 
coupling and energy transfer by optimizing π overlap and bringing the metal cores 
closer. Molecular modelling predicts that the bimetallic complex A in Figure 43 
would be a flat, undistorted assembly with a metal-metal distance of about 12 Å 
while the metal-metal distance in B would be about 14 Å. 
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Figure 43: Two examples of a 3rd generation prototype, based on the fused ligands presented in 

Section 6. 
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9.0 Bis-cyclometallated molecular switches 
based on 4,7-phenanthroline and 1,5-
naphthyridine (paper VI) 

9.1 Introduction 
 
The flexibility of systems based on reversible cyclometallation allows for the 
creation of a switching system based upon double cyclometallation that can 
theoretically be switched between three modes. This would open the way to ternary 
logic with its enormous increase in storage capacity.33 To put things in perspective, a 
16-bit microcomputer with on-board memory has access to more than 216 bits of 
directly accessible memory (~65 kbits), while the same microcomputer based on 
ternary logic would have access to 316 bits (~43 Mbits) of memory. As there are few 
solid state materials which display the required electronic characteristics for this 
purpose, an obvious opening for the application of molecular devices is created. 
 
The goal of the project is to create metal organic complexes capable of displaying 
binary/ternary computing logic using minimal power. We propose that this could be 
achieved by creating bimetallic systems incorporating cyclometallated units. In 
order to display ternary switching a strong electronic interaction must exist between 
the two metal centres, this can be achieved effectively if at least one ring from each 
of the chelating components is fused within the same aromatic subunit. Two fused 
bis-terdentate ligands have been synthesized, one based on 4,7-phenanthroline and 
one based on 1,5-napthyridine. 

9.2 Synthesis of ligands 

 
In order to synthesize the first ligand the pathway in Scheme 39 was created. The 
molecule 3,8-bis-(6-thiophen-2-yl-pyridin-2-yl)-[4,7]phenanthroline (L56) was 
chosen the first prototype since the synthesis appeared to be fairly straightforward. 
4,7-Phenanthroline (50) was synthesized from N,N'-(1,4-phenylene)diacetamide (49) 
by a Skraup synthesis in good yield (67%).118 Conversion to the methiodode salt 4-
methyl-4,7-phenanthrolin-4-ium iodide (51, yield 85%) and oxidation with 
K3[Fe(CN6)]/NaOH yielded 4-methyl-4,7-phenanthrolin-3(4H)-one (52) in 
acceptable yield (63%). Repeating the procedure yielded 4,7-dimethyl-4,7-
phenanthroline-3,8(4H,7H)-dione (54) in acceptable yield (63%) which upon reflux 
in POBr3/PBr3 yielded  3,8-dibromo-4,7-phenanthroline (55) in good yield (88%). A 
Stille cross-coupling with 2-thiophen-2-yl-6-tributylstannyl-pyridine then yielded 
the product L56 in moderate yield (45%) as an almost insoluble yellow powder. 
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Scheme 39: Pathway for the synthesis of bis‐terdentate 3,8‐bis‐(6‐thiophen‐2‐yl‐pyridin‐2‐yl)‐
[4,7]phenanthroline (L56). Reagents and conditions: (i) Glycerol, FeSO4×7H2O, boric acid, H2SO4 
(conc.), nitrobenzene, reflux 5 h; (ii) MeI, nitrobenzene, reflux; (iii) K3[Fe(CN)6], NaOH (aq.), H2O, 
r.t. (iv) MeI, nitrobenzene, reflux; (v) K3[Fe(CN)6], NaOH (aq.), H2O, r.t.; (vi) POBr3, PBr3, 180

oC, 
36 h; (vii) 2‐thiophen‐2‐yl‐6‐tri‐butylstannanyl‐pyridine, 5 mol‐% [Pd(PPh3)4], toluene, N2‐

atmosphere, reflux, 48 h. 

 
The second prototypic system 2,6-bis(6-(thiophen-2-yl)pyridin-2-yl)-1,5-
naphthyridine (L64) was based on 1,5-napthyridine, which in theory should 
facilitate electronic coupling between the metal cores due to their closer proximity 
and better orbital overlap between the chelating ligands.  
 
The synthesis of L64 (see Scheme 40) was basically an adaptation of the pathway 
used to synthesize L56. A Skraup synthesis gave 1,5-naphthyridine which then was 
turned into the methiodide (59) . Oxidation yielded 1-methyl-1,5-naphthyridine-2-
one (60). Repeating the procedure resulted in the dione (62) which was chlorinated 
by refluxing in a mixture of POCl3/PCl5. A Stille cross-coupling with 2-thiophen-2-
yl-6-tributylstannylpyridine using the new catalyst system [Pd2(dba)3]/[(t-
Bu)3PH]BF4,108 which allows for efficent coupling with aryl chlorides in the Stille 
reaction,70 yielded the product L64 in a low yield.  
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Scheme 40: The synthetic pathway towards L64 via a Skraup reaction and a Stille cross‐coupling 
utilizing the catalyst mixture [Pd(dba)3]/[(t‐Bu)3PH]BF4. Reagents and conditions: (i) Glycerol, 
FeSO4×7H2O, boric acid, H2SO4 (conc.), p‐nitrobenzenesulfonic acid, reflux 4.5 h; (ii) MeI, 

nitrobenzene, reflux, 24h; (iii) K3[Fe(CN)6], NaOH (aq.), H2O, r.t; (iv) MeI, benzene, reflux, 48h; 
(v) K3[Fe(CN)6], NaOH (aq.), H2O, r.t.; (vi) POCl3, PCl5, reflux, 24h; (vii) 2‐thiophen‐2‐yl‐6‐tri‐
butylstannylpyridine, 2 mol% [Pd2(dba)3], 4 mol% [(t‐Bu)3PH]BF4 (1:2 mixture), 2.2 eq. KF, 

dioxane, reflux, 32h. 

9.3 Synthesis of complexes 
 
The corresponding cyclometallated complex C56C  was synthesized by the same 
methods as the other N,N,C complexes, see section 6.3.2. The yield was poor (8%) 
due to the formation of a black insoluble by-product that resisted all attempts at 
identification. The non-cyclometallated complex C56S was synthesized by refluxing 
C56C in a mixture of CH3CN/HCl for 30 minutes, see Scheme 41. Precipitation 
with NH4PF6 yielded the pure complex in almost quantitative yield.  
 
The next step was to attempt to generate the mixed S,C-isomer of the switch, 
C56SC. This state would correspond to the third state of the switch, opening the 
path to molecular electronic devices based on ternary logic. However, attempts to 
generate this isomer have not yet been successful. The most promising possibility 
was the realization that C56C and C56S is basically an acid and its conjugate base. 
Two solutions of equal concentration were made of C56C and C56S in CD3CN and 
combined, however 1H NMR revealed only starting material, even after standing in a 
fridge (protected from light) for several weeks. 
 
Due to the low yield of L64 complexation of this ligand was not attempted. 
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Scheme 41: Synthesis of the cyclometallated complex C56C and non‐cyclometallated complex 
C56S. Reagents and conditions: (i) [Ru(tpy)Cl3], N‐ethylmorpholine, ethylene glycol, 120oC, 2h, 

NH4PF6(aq.); (ii) 1M HCl (aq.), CH3CN, reflux, 30 mins, NH4PF6(aq.). 

9.4 Electrochemistry  
 
C56C was found to display two oxidations, a reversible oxidation +0.249 V and an 
irreversible oxidation at +1.207 V, see Table 11. The irreversible oxidation at 1.207 
V is probably due to the phenanthroline while the reversible oxidation at +0.249 V 
was assigned to a RuII/III-centered oxidation that has been reduced by almost 0.7 V 
compared to [Ru(tpy)2]2+ (typically at ~0.950 V) because of the strong σ-donating 
character of the C-Ru bond.  

Table 11: Redox potentials (V vs. Fc+/0) of C56C and C56S as determined by cyclic voltammetry. 
Experimental conditions: 1 mM complex in CH3CN with 0.1 M Et4NClO4 as supporting electrolyte 
T = 298 K, glassy carbon working electrode (3 mm), Pt auxiliary electrode and Ag/Ag+ (CH3CN) 

reference electrode, ν = 200 mV s‐1. 

Complex  2nd oxidation  1st oxidation  1st reduction 

[Ru(tpy)2]
2+    +0.920  ‐1.250 

C56C  +1.207 (irr.)  +0.249  ‐1.545 (irr.) 
C56S    +0.987  ‐1.280 (irr.) 

 
Sauvage et al.67 reported strong electronic coupling in a symmetric bimetallic 
bicyclometallated complex with a Ru-Ru distance of 11 Å and found two anodic 
waves at +0.340 and +0.505 V, corresponding to two sequential RuII/III oxidations. 
However, the single anodic wave observed in C56C suggests simultaneous 
oxidation of the two metal centres, thereby indicating only weak (if any) ground 
state interaction between the Ru cores. This is somewhat disappointing since the 
short metal-metal distance (calculated to be 7.5 Å)96 and close contact between the 
chelating units afforded by the 4,7-phenanthroline backbone should facilitate 
electronic coupling. Further studies on cyclometallated complexes of L64, which 
should have an ever better orbital overlap between the chelating ligands, should 
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clarify if the lack of ground state interaction is a question of the connection between 
the ligands or is caused by some additional factor. 
 
The supposedly S-coordinated C56S displays a relatively high oxidation potential, 
+0.987 V. If the sulfur was coordinated to the Ru core, yielding a RuN5S donor set, a 
lower oxidation potential would be expected. The high oxidation potential suggest a 
RuN6 donor set and that a molecule of CH3CN, by analogy with the X-ray structure 
presented in Section 8.4, has coordinated to the ruthenium and blocked the 
coordination site. The true structure of C56S would then be as presented in Figure 
44. 
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Figure 44: The likely structure of non‐cyclometallated C56S, two molecules of CH3CN has 
coordinated to ruthenium, blocking the coordination sites. Th = thiophene. 
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Conclusions and future experiments 

Synthetic pathways to seven novel bi- and terdentate pyridyl thienopyridine ligands 
have been presented. Photophysical studies of the corresponding Ru(II) complexes 
show that the bidentate ligands, especially 5-pyridin-2-yl-thieno[2,3-c]pyridine and 
6-pyridin-2-yl-thieno[3,2-c]pyridine, promotes long-lived luminescence and are 
amenable for inclusion in supramolecular assemblies in energy/electron transfer 
studies. Further studies should incorporate the thienopyridines in bimetallic 
oligothiophene-bridged complexes in order to examine the luminescence properties 
and structural characteristics and determine whether the thienopyridines are more 
effective than related ligands in electron/energy transfer. 
 
The reversible cyclometallation of 6-(2-thienyl)-2,2'-bipyridine with Ru(tpy) was 
utilized to synthesize an oligothiophene-bridged bimetallic ruthenium complex that 
could act as a prototype for a molecular switch. The switching between the 
cyclometallated and non-cyclometallated modes were found to be sluggish, 
indicating that a ligand design which leaves the thienyl free to move instead of 
incorporating it into a longer oligothiophene chain, would be preferable. CV analysis 
indicated no or very weak electronic coupling in the ground state in both the 
cyclometallated and the non-cyclometallated complex. Luminescence studies will 
reveal if energy/electron transfer takes place in the excited state and whether the 
position of the switching thienyl  has any effect on the transfer characteristics. Based 
on the results a new prototype was designed. By moving the attachment point of the 
oligothienyl chain to the 4-position of the central pyridine of 6-(2-thienyl)-2,2'-
bipyridine (or fusing the first thienyl unit to the back of the central pyridine) the 
switching thienyl is freed, which should promote switching. 
 
The X-ray structure of the Ru(tpy)-complex of 6-(5-methylthiophen-2-yl)-4-
(thiophen-2-yl)-2,2'-bipyridine revealed that the sulfur of thiophene was not 
coordinated to the ruthenium, a molecule of CH3CN had taken its place. This 
explained the relatively high oxidation potentials, indicative of a RuN6 donor set,  
obtained for the supposedly S-coordinated complexes (C6S, C47S, C56S). In fact, 
none of the non-cyclometallated switches presented in this thesis agree with the data 
presented by Constable et al.110 While they found an oxidation potential of +0.66 V 
and proposed a RuN5S donor set, all the complexes in this thesis have had an 
oxidation potential between +0.88 and +0.98 V, making a RuN6 donor set likely. 
The only data published about the reversible cyclometallation and supposed S-
coordination of [Ru(tpy)(6-(2-thienyl)-2,2'-bipyridine)] is the original paper by 
Constable et al. The original work, both synthesis and electrochemical analysis, 
should be repeated in order to find out if there is something special about the 
original ligand. Despite the result of a new CV analysis another concerted effort to 
obtain crystals and an X-ray structure of the parent complex is warranted.  
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The work by Wolf et al.66 firmly establishes that thiophene indeed can switch 
between S-coordinated and cyclometallated, but an important difference between 
their systems and the ones presented in this thesis is that their oligothiophene-based 
ligand coordinates to ruthenium via an external phosphine moiety, forming a 6-
membered ring. This gives the S-coordinated thiophene greater flexibility and it is 
much less strained than it would be in a 5-membered system, like in our complexes. 
A future switching system (presented in Section 8.5) could introduce a methylene 
between the thiophene and the pyridine in order to relieve strain and promote S-
coordination. 
 
Two new bis-terdentate ligands, based on [4,7]phenanthroline and 
[1,5]naphthyridine, capable of bis-cyclometallation have been synthesized. 
However, CV studies indicate that at most very weak electronic coupling can be 
present in the cyclometallated Ru(tpy)-complex of the ligand based on 
[4,7]phenanthroline. Further studies of ligands based on [1,5]naphthyridine, where 
the metal-metal distance is decreased, are required in order to elucidate the 
properties of bis-cyclometallated complexes of this kind. 
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