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Chapter 1: Introduction 

Abstract:

Chapter 1 serves as a means to introduce many of the topics discussed within this thesis. We begin with a discussion on the importance of ruthenium and osmium based metal complexes in supramolecular chemistry and their properties, electronic, photophysical and photochemical, which have attracted great interest over the last 40 years.  We then examine the “parent” complexes of many of the compounds synthesized in this thesis, [Ru(bpy)3]2+and [Os(bpy)3]2+ and their importance to the area of inorganic chemistry is highlighted. 

We continue with a discussion on the primary concern of this thesis, the controlled synthesis of supramolecular species using homo-  and hetero- coupling reactions such as, Suzuki and Ni(0) cross-coupling. From this view point we look at the types of synthetic techniques currently available within inorganic syntheses. The development of this chemistry is charted and its relevance to this body of work outlined. 
1.1 Supramolecular Chemistry

As chemistry has developed over the centuries from the science of matter and its transformations, to the science of communications centers and a relay between simple and complex molecules, it is been defined by its interdisciplinary relationships. For more than 150 years chemistry has developed a vast library of sophisticated and powerful approaches for the construction of increasingly complex molecular structures by forming and breaking covalent bonds between atoms in a controlled manner. 
 
Covalent bonding and molecular chemistry has been at the heart of this evolution but in more recent years we have turned our attention to non-covalent interactive forces. Beyond molecular chemistry based on the covalent bond there lies the field of “supramolecular chemistry”, where the goal is to gain control over the intramolecular bonds present. This concept is concerned with the next step in increasing the complexity beyond the single molecule towards the supermolecule and organized polymolecular systems held together by non-covalent interactions. 
The definition of supramolecular chemistry has evolved since its conception by J. M Lehn
 in 1978, but today it is defined as “the chemistry beyond the molecule” and deals with organized entities of higher complexity that results from the association of two or more chemical species held together by interactive forces. 1, 
, 
 This definition is very generous and covers a broad area of chemical phenomena and structures, and extends to biological systems, coordination chemistry and new materials. Having said this, the objective of supramolecular chemistry is very specific in its creation of “supramolecular species” which are characterized by both the definite spatial arrangement of the individual components and by the nature of the interaction of the intermolecular bonds that hold these components together. In order to achieve these criteria specific component units must be utilized within the supramolecular aggregate. This type of system is quite different to a large molecule, as it will not just be a supposition of the individual component units, as shown in figure 1.1, but new intercomponent interactions will also arise from the linking of these individual units. 
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Figure 1.1: (A) Covalently linked supramolcules and (B) large molecules
In a supramolecular entity, such as a dinuclear species as shown in figure 1.2, it is possible, that upon irradiation with light or application of a voltage, processes involving two or more components may take place, such as intercomponent transfer processes (for example electron or energy transfer). 
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Figure 1.2: Illustration of the photochemical and electrochemical criteria used to classify a complex as a supramolecular species or as a large molecule
In this example, if compound D~A is radiated with light and one of its subunits (D or A) is excited rather than the whole molecule, it can be classed as a supramolecular species. For the system shown above, regardless of whether D or A is excited, the supramolecular system has two option: (1) It may relax back to the ground state (energy dissipated as light/heat) or (2) charge transfer may occur, in which case D+~A- is formed. Charge recombination usually occurs very quickly unless a quenching molecule is present to oxidize/reduce the charge separated species D+~A-. The fundamental difference that lies between supramolecules and large molecules is the level of interaction between the intercomponent subunits. For a large molecule, charge and excitational energy are delocalized throughout the whole system whereas for a supramolecular species, charge and energy are localized on one of the molecular subunits. 

The new processes observed from figure 1.2 may result in the appearance of completely new properties of the supramolecule while other intrinsic properties of individual components may disappear. These overall changes constitute new photophysical and photochemical properties of the supramolecule and these processes are known as supramolecular photochemistry. This definition of a supramolecule can be further extended whereby components with specific properties, such as spectroscopic or redox properties are incorporated into the supramolecule which may, to a large extent, determine the behaviour of the supramolecule. This is the primary aim within supramolecular chemistry - the design and construction of supramolecular species from component units with specific properties which may be tailored to perform new functions depending on the desired application. 
Having recognized the requirements for the construction of supramolecular species it becomes important to use building blocks which have well understood properties which may be exploited for such functions. For this reason transition metal complexes such as those based on ruthenium and osmium have become ideal candidates as they posses interesting photophysical and photochemical properties which have been well studied. These photophysical and photochemical properties will be examined in more detailed in section 1.2. 
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An example of utilizing transition metal complexes as building blocks in such supramolecular species is shown below in figure 1.3 which illustrates how a trinuclear ruthenium cyano complex may act as an artificial antenna system
, similar to those observed in nature. 

Figure 1.3: An example of antenna made of a trinuclear compound6
In this cyano-bridged complex of the d6 ruthenium metal, the lowest energy excited state is that of the central unit because of the combined effects of the N-bonded bridging cyanides and the carboxylate groups on the ligands. Light energy absorbed by the peripheral units is efficiently funnelled to the central metal, as demonstrated by emission measurements. Many examples of such supramolecular systems exist but for brevity reasons they will not be discussed here but can be found in a number of comprehensive reviews.
, 
, 
, 10
This ability to combine molecular components into a supramolecular system has led to a great increase into the research within this area.
 Our research has concentrated on the use of ruthenium and osmium metal complexes in these supramolecular systems and it is therefore important to examine their individual properties and those of their parent compounds [Ru(bpy)3]2+ and [Os(bpy)3]2+. These photophysical and photochemical properties will determine the overall properties of the systems which are synthesized. We shall also examine the effect varying ligands types have on the properties of the complexes. The next section will deal with these matters in greater detail.
1.2 Metal (II) Polypyridyl Complexes
Ruthenium (II) / Osmium (II) polypyridyl complexes are widely used as photosensitizers in supramolecular systems. As note above, this increasing interest is due to their potential to serve as building block in the design of supramolecular assemblies and molecular devices. However before discussing the reason for such an interest, we must first look at the ligand and metal orbitals of these systems and how they are affected upon coordination, as they can determine to a great extent many of the characteristics observed. We will then move on to discuss the parent compounds [Ru(bpy)3]2+ and [Os(bpy)3]2+. 

1.2.1 Examination of Ligand and Metal Orbitals
To completely understand the photochemical and photophysical processes occurring within these systems we must firstly examine the valence electrons involved. Much like valence metal electrons, valence ligand electrons must also be examined since their excitation energies are comparable to the metal electrons whose low-lying electronic states of the complexes are the ones controlling, to a large extent, the photochemistry of the inorganic system. In the case of many complexes the corresponding free ligand possesses non-bonding electrons that are easily excited and we must therefore examine the possible ligand transitions, as shown below in figure 1.4.
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Figure 1.4: Representation of the orbitals of a N-heterocycle ligand. Non-bonding (n) electrons in the free ligand are lowered in energy with respect to the (-system when coordination occurs
Firstly we will examine the ligand orbitals of a free ligand system which has a lone pair of electrons, denoted n, which are not involved in bonding. On the left hand side of figure 1.4 we observe the orbitals of the free ligand pyridine were it is evident that a non-bonding electron pair, n, on the nitrogen atom can:
(i) be promoted into the anti-bonding (π3*) orbitals of the free ligand on the aromatic ring. This n → π* transition lies at low energy and is the lowest energy transition possible

(ii) this transition is quickly followed by the a π → π* transition which is characteristic of the aromatic ring itself. 

However the situation becomes quite different upon coordination between the free ligand and a metal ion. Upon coordination of the pyridine ligand with a metal ion the lone pair of electrons on the nitrogen forms a coordination bond with the central ion. This results in a lowering of the energy of the n electron pair which can no longer be excited by low energy light, as seen on the right hand side of figure 1.4.  On the other hand the π → π* transitions are not greatly effected upon coordination and usually lie in the same energy as in the free ligand. 

This situation is further complicated when a ligand is coordinated to a d6 metal ion such as ruthenium or osmium. Here we have mixing of both ligand and metal valence orbitals, with the lowest lying excited state depending strongly on the nature of the ligand and metal ion present. 
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Figure 1.5: Schematic representation of orbital dispositions for strong field d6 complexes
From figure 1.5 above we can see there are three types of transitions possible with different low-lying excited states in each case. Case A and case B are both concerned with transitions between orbitals of the same nature, i.e. ligand to ligand transitions (π → π*) or metal to metal transitions (d → d*). However it is the inter orbital transitions of d → π* in case C which are of most significance. In this case the highest occupied molecular orbital (HOMO) is metal based (t2g), while the lowest unoccupied molecular orbital (LUMO) is ligand based anti-bonding orbital (π*). This orbital arrangement is of most relevance to this work. 
For instance the free ligand 2,2’-bipyridine is a colorless molecule with an absorption spectrum showing a prominent π → π* lowest lying excited state. However upon coordination with a ruthenium metal ion to form [Ru(bpy)3]2+, a whole new set of electronic transitions are observed which are neither purely ligand based nor metal based. 
 This intense transition band is charge transfer (CT) in nature and as the charge is relocated from the metal to the ligand it is known as metal to ligand charge transfer (MLCT). In a charge transfer excited configuration the complex has a hole in the t2g (HOMO) orbital set with the excited electron resting on the ligand, which is a different species to the ground state complex. The excitation energy can (1) be transferred to another molecule, (2) can undergo reduction by filling the hole or (3) act as a reductant by transferring the promoted electron on the ligand to another species. It is these possible transformations which are of interest and are the primary reason for investigation into such complexes.
In the construction of supramolecular species from photoactive components we must always be mindful of the possible types of transitions and of the excited state properties of these individual species. As discussed above the transitions may vary depending on the HOMO and LUMO arrangements of the metal ion and the ligand in question, so that different types of transitions, MLCT transitions or d → d* transitions, can occur. Therefore careful selection of the component units used in supramolecular systems is essential. 

This becomes more apparent as we now as we move on to investigate specific complexes in [Ru(bpy)3]2+ and [Os(bpy)3]2+. We will examine the molecular orbitals involved in these transitions from metal ion to ligand, and how the presence of different ligands may vary the types of transitions observed and therefore the properties of the supramolecular species.

1.2.2 Properties of [Ru(bpy)3]2+ and [Os(bpy)3]2+
[Ru(bpy)3]2+ has been one of the most widely studied compounds since the late 1950’s.
  The photophysical properties of [Ru(bpy)3]2+ are well established and it has become the reference to which other ruthenium(II) diimine complexes are compared. 
, 
, 
, 
, 
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Figure 1.6: Structure of [Ru(bpy)3]2+

It is the photophysical properties which [Ru(bpy)3]2+ and [Os(bpy)3]2+ exhibit that prove exceptionally interesting. The absorption spectrum of the free ligand bpy on its own shows the expected lowest energy π-π* transitions. However following our previous discussion we know that upon coordination with a ruthenium metal ion we expect to observe an entirely new set of spectral measurement, which are neither simply metal nor ligand in localized. As observed in figure 1.5 we now have a situation were the HOMO is the metal based (t2g) and the LUMO is the ligand based (π*). This means that upon absorption of a photon of light an electron is promoted from the t2g orbital of the Ru(II) metal centre to the π* orbital of the 2,2’-bipyridine system 

This species is now different from its ground state with the potential of possessing different properties. The resulting excitation energy can be (i) transferred to another molecule, (ii) it can undergo reduction by refilling the “hole” or (iii) act as a reductant by transferring the promoted electron on the ligand orbital to another species. These properties are very interesting and have the potential to be used in a number of processes, one such being to chemically convert the solar light it has absorbed into energy. However, despite these advantages [Ru(bpy)3]2+ possess other properties which render it not ideal for such applications. 

Upon excitation of [Ru(bpy)3]2+ we get a 1MLCT band occurring at 452 nm. However, due to the small energy gap between 3MC (eg) and the 3MLCT in this complex thermal population of the 3MC level occurs through internal conversion leading to deactivation of the excited state back down to the ground state. 
, 
, 
 In [Os(bpy)3]2+ this occurs less readily due to the larger gap between the deactivating 3MC level and the 3MLCT, making it more difficult to thermally populate this level.
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Figure 1.7: Absorption and Emission spectra of [Ru(bpy)3]2+ in Acetonitrile.
A secondary weakness associated with the [Ru(bpy)3]2+ complex is its failure to efficiently utilize the solar spectrum as it only absorbs in a very narrow range. Consequently investigations have been carried out to develop a system capable of demonstrating photo-properties based on those of the parent complex [Ru(bpy)3]2+ without the related disadvantages. By substituting one or more of the 2,2-bipyridine ligands it is possible to improve the parent complex and generate a system which may undergo more efficient supramolecular processes. This substitution may have the affect of altering the energy gap between the excited state (3MLCT) and the deactivation pathways within the system. 
The photo-redox properties of [Ru(bpy)3]2+ also generates interest. Normally oxidation of [Ru(bpy)3]2+ involves a metal centered orbital, with formation of Ru(III) centers, which are inert to the ligand substitution. The oxidation potential of [Ru(bpy)3]2+ falls in a narrow range around +1.25V vs. SCE, with the reduction potential at around -1.35V vs. SCE. Yet, substitution of one or more of the bpy rings in [Ru(bpy)3]2+ can dramatically alter these redox potentials. The presence of a strong σ-donating ligand within the complex increases the electron density on the metal centre through back-bonding thereby lowering the oxidation potential / higher the reduction potential. 

[Ru(bpy)3]2+  + e-  → [Ru(bpy)3]+

E0 = -1.35 V

[Ru(bpy)3]+   + e-  → [Ru(bpy)3]2+  

E0 = +1.26 V

[Os(bpy)3]2+  + e-  → [Os(bpy)3]+

E0 = -1.28 V

[Os(bpy)3]+   + e-  → [Os(bpy)3]2+  

E0 = +0.83V

However, [Os(bpy)3]2+ provides better options in terms of photo-redox properties due to their lower lying oxidation potentials, allowing them to be used more readily on surfaces such as gold or platinum.  

So far we have observed that the properties of the ruthenium (II) complexes are largely governed by the ligands present and whether they have π-accepting or σ-donating ability. The strong π-acceptor ligands, apart from 2,2’-bipyridine, include 2, 2’-bipyrazine, 2, 2’-bipyrimidine, 2, 2’-biquioline and their derivatives, shown in figure 1.8.7(b), 
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Figure 1.8: Examples of (acceptor ligands
These types of ligands result in the removal of electron density from the metal centre, thereby stabilizing the filled d-orbitals and causing higher oxidation and lower reduction potentials. However, as noted before the thermally accessible 3MC can lead to photodecomposition of the metal complex. Much work has been carried out on systems with these types of ligands especially by Balzani et al 
, 
 in the formation of polynuclear and even tridecanuclear complexes.
 These dendrimers may be seen as ordered assemblies which are recognized to exhibit (i) intense ligand-centered absorption bands in the UV region and moderately intense metal-to-ligand charge transfer bands in the visible region and (ii) relatively long-lived luminescence in the red spectral region originating from the lowest 3MLCT. 

On the other hand we have the possibility of using strong σ-donor ligands which include imidazole, pyrazole, and 1, 2, 4-triazole.21, 
 These ligands have increased electron density within their systems and donate this onto a metal centre through backbonding. This results in a blue shift of the absorption and emission spectra compared with [Ru(bpy)3]2+ due to their empty π* orbitals being higher in energy than that of bpy as they are weak π-acceptors. 

[image: image7.wmf]N

N

4

N

1

N

2

H


Figure 1.9: Structure of σ-donor ligand 3-(pyridine-2-yl)-1, 2, 4-triazole (Hpytr)
This increased electron density also lowers the oxidation potential / increases the reduction potential and their stronger σ-donor property results in a larger ligand field splitting which helps stop decomposition. A noticeable characteristic of such ligands is the chemical non-equivalence of the N2 and the N4 of the triazolate ligand. 
, 
 The N4 site is known to be a stronger σ-donor than the N2 site, as shown in figure 1.9. This difference in σ-donor strengths observed between the two sites has been proven to affect their electronic and electrochemical properties. 
, 
 However the most favorable coordination mode depends on whether there are substituents present. This ligand will be discussed in greater detail in chapter 3 were we will examine the specific ligands used within one of our supramolecular systems. 
By discussing the properties of both types of ligands it is easily recognizable they both have significant advantages and disadvantages. It is therefore thought that by generating a complex of the type [Ru(bpy)2(L)]n+, where L = ligand which is not bpy, in a mixed ligand system we may be able to overcome any problems associated with specific ligands. By combining these 2 systems, e.g. a compound containing two bpy ligands and one triazole ligand, the lowest π* level is still bpy based, but the filled metal d orbitals are stabilized by the strong  σ-donor property of the triazole ligands.  Therefore overall the system has become more photo-stable while still maintaining the useful photophysical and electrochemical properties. 
It is with this in mind that the supramolecular entities synthesized and discussed in later chapters are of a mixed ligand nature. However this throws up possible associated synthetic difficulties in the formation of asymmetric systems and bridging ligands. For this reason we will now discuss the synthetic methods currently in use and the alternative approaches available in the synthesis of asymmetric supramolecular systems.

1.3 Introduction to Synthetic Strategies
Great attention is currently being paid to the synthesis of mono- / di- / poly-nuclear transition metal complexes and the subsequent study of their photochemical, photophysical and electrochemical properties. 
 As discussed above this interest is based on the development of supramolecular species obtained by assembling molecular components. When the components exhibit suitable properties and are assembled according to appropriate patterns, the resulting supramolecular system may perform useful functions in several fields, such as information storage devices 22, 
, 
, 
 and conversion of light into chemical energy.7(b),  

Transition metal complexes, such as those based on ruthenium and osmium may be used as building blocks in the synthesis of mono-/di-/poly-nuclear compounds. Investigations into mononuclear transition metal complexes have shown that several families of these compounds are of particular interest from the electrochemical, photochemical and photophysical viewpoints.9, 12 Their metal-to-ligand interaction is often weak enough to allow expression of intrinsic properties of the metal and ligands (e.g. ligand centered and metal centered absorption bands and redox waves), while at the same time, strong enough to cause the appearance of new properties, characteristic of the entire molecule (e.g. metal-to-ligand or ligand-to-metal charge transfer bands).

On progressing from mononuclear to di- / poly- nuclear transition metal complexes, the situation becomes even more interesting. Besides the properties related to each metal-centered component, new properties related to the structure and composition of the whole di-/poly-nuclear array may also be observed. The choice of suitable mononuclear building blocks and bridging ligands, along with the design of an appropriately structured supramolecular array, may result in the occurrence of potentially useful processes. 

The synthesis of such compounds is however not without difficulty. The increased size and complexity of the ligands can lead to the formation of many unwanted and difficult to remove isomers. Consequently this work will look at the synthetic routes available for the formation ruthenium (II) and osmium (II) multi-component supramolecular species with the aim to minimize the formation of isomers.

Ruthenium and osmium polypyridyl compounds have been at the forefront in the design of supramolecular systems due to their extensive synthetic chemistry, as well as their interesting photochemical properties. The ability to exploit this broad synthetic chemistry has allowed researchers to design and assemble complex molecular structures, a proposition that was impossible with a first row transition metal ion, such as iron. Many approaches have been explored in the synthesis of thousands of ruthenium metal complexes from various precursors. The preparation of tris-heteroleptic compounds is considerably more challenging but there are a numerous strategies available that have further expanded the possibility of multinuclear systems with even great complexity, as shown in figure 1.10. 
, 
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Figure 1.10: Methods for the synthesis of tris-heteroleptic compounds
The development of novel synthetic methods has proved even more important recently with the preparation of increasingly more intricate multi-component metal complexes. The synthesis of supramolecular arrays with appropriately spaced molecular components can prove a difficult prospect due to the vast possible structural combinations of the building blocks. Firstly the system may be either homonuclear / heteronuclear in nature, with a further option of having either a symmetric / asymmetric bridging ligand. As there are so many varying structural possibilities, different synthetic pathways must be used to prepare the desired supramolecular array.
, 
 With these difficulties in mind we will examine the synthetic pathways currently available in the synthesis of supramolecular systems and discuss how successful they have proved to date.
1.3.1 “Complexes as Metals / Complexes as Ligands” Strategy
The classic approach used to prepare dinuclear complexes is the so-called “complexes as metals / complexes as ligands” strategy. 
, 
, 
 This is the most widely used method for the production of both simple and complex metal compounds. The pathway is an example of “structure-directed” syntheses 
 which allows complicated compounds to be prepared with high yields and satisfactory purity through relatively simple procedures. This strategy has become so successfully it is also possible to obtain polynuclear complexes containing up to 22 metals 411 and has been modified by many groups to develop many divergent complexes. 

1.3.1.1 Using Symmetrical Bridging Ligands
In the formation of metal complexes with symmetrical bridging ligands the approach is relatively straight forward. Using the above mentioned strategy the mononuclear complexes are synthesized first by combining a metal ion and free ligands. In this strategy the place of the metal (M) and / or the ligand (L) will be taken by various building blocks. In the synthesis of a mononuclear complex a precursor compound with easily replaceable ligands take the place of M while the position of L will be taken by ligands with free chelating sites, as shown in figure 1.11. 
In the formation of dinuclear complexes the strategy may become a little more diverse. If the target dinuclear complex is a symmetrical homometallic compound, the synthesis is relatively straightforward. It is sufficient to react the mononuclear metal precursor with the bridging ligand in 1:2 ratio, as illustrated in figure 1.11A.
A

B







Figure 1.11: Schematic representation of the synthetic pathway involved in the formation of a homodinuclear complex (A) and a heterodinuclear complex (B), using a symmetrical
If the desired product is a dinuclear heterometallic complex the synthesis involves 2 steps, as shown in figure 1.11. Firstly the mononuclear complex-ligand is prepared by reacting excess ligand with the metal precursor.  Care must be taken in this step to reduce the formation of dinuclear by-products. In most cases the desired mononuclear-ligand complex can be isolated by using column chromatography
, however when this is not possible an alternative synthetic pathway must be developed. If purification via column chromatography is successful the next step involves the addition of the second metal ion to allow for the formation of the dinuclear heterometallic complex. 

This synthetic strategy has been the basis for the majority of syntheses within inorganic chemistry and has had a very influential role in the synthesis and development of many transition metal complexes based on parent ligands such as, bipyridines, terpyridines, triazoles, and their derivatives. As mentioned previously in section 1.3 Balzani et al have used this strategy extensively in the synthesis of supramolecular species ranging from large dendrimer systems to chiral
 metal complexes, with bipyridine type ligands.7, 
 The work of Balzani in the synthesis of bipyridine based supramolecular species extends far beyond the scope of this survey and will only be discussed here briefly. For a more comprehensive overview please consult the references herein.45, 

In the synthesis of dendrimers and oligonuclear compounds where suitable components occupy specific and well-defined sites within the supramolecular array Balzani and co-workers have synthesized exceptionally large compounds with up to 22 metal ions present with 24 terminal ligands and 21 bridging ligands, as shown on figure 1.12.
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Figure 1.12: Schematic representation for the formation of a decanuclear complex
These dendrimers may be seen as ordered assemblies which are recognized to exhibit (i) intense ligand-centered absorption and (ii) relatively long-lived luminescence originating from the lowest 3MLCT. 

In addition Balzani and co-workers developed protection and de-protection methods to prepare new building blocks for the synthesis of supramolecular systems based on Ru(II) / Os(II) 2,3-  and 2,5-diphenylphenanthroline (dpp) as bridging ligands , with bpy and/or biquinoline as ancillary ligands. 
 By selective methylation of one of the nitrogen’s of the pyridine ring in (2,3-dpp) they have reduced the possibility for the formation of the dinuclear complex upon reaction with a metal ion. 
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Figure 1.13: Reaction scheme for the formation of monoprotected ligand (2,3-Medpp)+.478 
As can be seen from figure 1.13 the presence of the methyl group has created steric hindrance at the reaction centre leading to the formation of the mononuclear complex only. The deprotected mononuclear species was then obtained by treating the compound with DBA-CO as a demethylation agent. 

The work highlighted above demonstrates that even with slight modifications the “complexes as metals / complexes as ligands” strategy has allowed huge progress in the synthesis of complicated metal complexes based on polypyridine ligands. However this method is once again stretched when synthesizing complexes based upon terpyridine (tpy) type ligands.421 Although in the same class of ligands as 2,2-bipyridine this strategy must be altered if it is to deal with synthesizing metal complexes with (tpy) type ligands.
In the synthesis of dyads and triads based on [Ru(tpy)2]2+ type complexes the method used depends on the type of substituent(s) present. When an electron donating substituent (ED-tpy) is present a sequential manner is used to synthesis the complex as shown in Eq 1.1-1.2. This method is very similar to the one discussed above for the synthesis of (bpy) type complexes. Here we firstly react the metal starting material with an appropriate ligand to form a “complex metal”, which is then reacted with the ED-tpy ligand to form a dinuclear complex. 

RuCl3  +  ttpy

→
Ru(ttpy)Cl3


    (Eq 1.1)


Ru(ttpy)Cl3  +  D-tpy
→
[(ttpy)Ru(tpy-D)]2+

    (Eq  1.2)

However when it is a triad that is to be synthesized or there is an electron withdrawing substituent (EW-tpy) present on a dyad the complex must be prepared via a statistical method, as shown in Eq 1.3. This is achieved in a one pot reaction between the ruthenium starting material and the different ligands, L1 and L2, with the mixture of products is then separated via column chromatography. 

“ruthenium blue”  + L1  + L2 →[Ru(L1)2]2+ + [Ru(L1)(L2)]2++ [Ru(L2)2]2+      (Eq 1.3)
The synthetic pathway shown in Eq. 1.1 and 1.2 has been utilized by many groups421 but here in figure 1.14 we illustrate an example from Constable et al
 in the formation of rod-like ruthenium and osmium terpyridine type complexes. This procedure involves the preparation of a labile solvated ruthenium precursor in the first step which then reacts with an excess of bridging ligand in the second step. This results in the formation of a second chelating site to which another metal ion may be coordinated. 
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Figure 1.14: Synthetic scheme for the formation of a ruthenium terpyridine complex. 
In the case of triazole based ligands this traditional strategy has been used by Hage and co-workers 7(a) to synthesis dinuclear complexes of osmium and ruthenium containing substituted 1,2,4-triazole ligands, with the aim of investigating the physical properties of the resulting complexes. This work is based primarily on the synthesis of 3-(pyridine-2-yl)-1,2,4-triazoles (Hpytr) and 3-(pyrazin-2-yl)-1,2,4-triazoles (Hpztr). As shown in figure 1.15 the “complex metal” is formed by reacting excess triazolate ligand with the appropriate metal in stoichiometric ratio and the extensive column purification to obtain pure metal complex. 277, 49 
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Figure 1.15: Schematic representation for the formation of [Ru(bpy)2(Hpztr)](PF6) .7(a)Error! Bookmark not defined.
Despite this extensive use of column chromatography in the synthesis of the complexes the strategy described in figure 1.11 proved the most efficient pathway for their formation. In this strategy by using an excess of ligand, the formation of the dinuclear complex was minimized. As noted previously in this chapter due to the non-equivalence of the N2 and the N4 coordination sites of the triazole ligand we generate both mononuclear complexes in the reaction also. This then leaves us to separate the N2 and the N4 isomers of the mononuclear complexes from each other, which was achieved using neutral alumina with firstly acetonitrile (N2) and secondly ethanol  (N4) as eleunt. 

1.3.1.2 Using Asymmetrical Bridging Ligands

The synthesis of dinuclear complexes with asymmetric bridging ligands generally proves less successful, than those described above for complexes with symmetrical bridging-ligands. These reactions usually lead to the formation of several isomers and unwanted by-products, as will be shown in figures 1.16 – 1.19. 

Despite this, the preparation of asymmetric homometallic complexes follows a similar synthesis as employed for symmetrical homometallic complexes as mentioned above. Although the coordination sites are chemically different from one another, as the 2 metal centers are the same it is irrelevant which metal ion occupies which coordination site. 


[image: image13]
Figure 1.16: Strategy for the synthesis of an asymmetrical homo-dinuclear complex.

However, as will be shown in figures 1.17 and 1.18 there are two possible strategies for the formation of heterodinuclear compounds via this strategy. In the first approach, in figure 1.17, if the bridging ligand is asymmetric and the 2 metals are added arbitrarily, two heteronuclear dinuclear complexes X and Y will be formed. 


[image: image14]
 Figure 1.17: The first strategy available for the synthesis of asymmetric heteronuclear complexes.

These 2 dinuclear complexes differ in the position of each metal ion (1-orange, 2-green) on the asymmetric bridging ligand. In the case of dinuclear complex X, metal 1 occupies position a (dark blue) of the chelating ligand, while metal 2 occupies position b (turquoise). In the dinuclear complex Y, the situation is vice-versa. Despite these 2 dinuclear complexes, X and Y, having different properties due to their different chemical environments, it generally proves problematic to separate them via conventional column chromatography. An example of such a reaction will be shown in figure 1.19 to demonstrate the difficulties associated with the number of isomers generated within the reaction.


[image: image15]
Figure 1.18: The second strategy available for the synthesis of asymmetric heterodinuclear.

The second approach for the formation of a heteronuclear complex with an asymmetrical bridging ligand using this synthetic route involves two reaction steps. Firstly the two different monomers are synthesized as normal, with the homonuclear dinuclear being formed as a by-product. The 2 monomers differ in the position of the metal ion, which may be bound to either of the chelating sites a (dark blue) or b (turquoise). The following reaction with the second metal ion leads to the formation of the complexes X and Y, as shown in figure 1.18. 

This strategy is once again synthetically complicated as the homonuclear dinuclear complex, created in the initial step of the reaction, has to be separated from the mononuclear side-products before the reaction can proceed. Another disadvantage is the preference for the formation of the homonuclear complex over the heteronuclear complex, which can lead to reactions with low yields. Additionally the two heteronuclear dinuclear complexes, X and Y have to be separated which can prove very complicated, as mentioned above for figure 1.18. From the overview of the two possible synthetic approaches for the formation of a dinuclear complex with an asymmetric bridge figure 1.17 and 1.18 have shown this strategy to be unspecific and especially complex. We will now look at an example of such a problem encountered in the synthesis of ruthenium mononuclear and dinuclear complexes with a H2bpzt (where H2bpzt = 5,5’-bis(pyrazin-2”yl)-3,3’-bis(1H-1,2,4-triazole)) bridge in figure 1.19 and 1.20.
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Figure 1.19: Schematic representation of the dinuclear product mixture observed with the formation of asymmetric homonuclear complexes using the “complexes as metals / complexes as ligands” strategy.33
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 Figure 1.20: Possible mononuclear coordination isomers formed by direct reaction of H2bpzt with cis-[Ru(bpy)2Cl2] 7 , 33
Due to the N2 and N4 coordination sites of the triazole ligand being nonequivalent 
 the direct synthesis of mononuclear and dinuclear species using this strategy from the bridging ligand shown above, H2bpzt leads to the formation of an ill defined mixture of products. In total we obtain 14 coordination isomers, 5 coordination isomers for the formation of the dinuclear complex (figure 1.19) and a possible 9 coordination isomers for the mononuclear complexes (figure 1.20). 

Examining the dinuclear complexes in more detail we observe that due to the binding mode of the five membered triazole ring, in three of these isomers (A – C in figure 1.19), the cis-[Ru(bpy)2Cl2] moiety is bound via a pyridine (or pyrazine) and a triazole ring. While the other two isomers (D - E in figure 1.19) are bound via the two central triazole moieties, neither pyridine nor pyrazine are involved in the coordination.
With regards to the mononuclear complexes in five of the isomers (F – J in figure 1.20), the cis-[Ru(bpy)2Cl2] is bound via the pyridine (or pyrazine) and the a triazole ring. While in the remaining 4 isomers (K – N in figure 1.20), the cis-[Ru(bpy)2Cl2] is bound via the two central triazole rings. If we wish to use any of these mononuclear complexes for further reaction with a second metal ion such as osmium, they must firstly be separated. This can prove very problematic with semi-preparative HPLC being one of the only possible methods form separation of the isomers. The possible formation of numerous isomers highlights the disadvantage associated with the use of the “complexes as metals / complexes as ligands” strategy, especially when large multi-coordination bridging ligands are used. 

As can be seen from the traditional syntheses proposed above, and the example shown in figures 1.19 and 1.20, difficulties exist with regard to the unspecific chelating of metal ions to multi-coordination bridging ligands. These difficulties become enhanced with the use of asymmetrically bridging ligands or the requirement for heterodinuclear systems. Consequently coordination isomers can be formed as well as other possible reaction side-products which can prove problematic to remove. For these reasons an alternative synthetic approach has been investigated to synthesis asymmetric multinuclear aggregates of well-defined spatial and electronic structure. The synthetic strategies examined are cross-coupling reactions which will be discussed in the next section.
1.3.2 Cross-Coupling Reactions

Cross-coupling reactions involve carbon-carbon bond formation through a cyclic process of oxidative addition and reductive elimination. Such reactions have been shown to play a key role in the building of complex molecules from simple precursors.37, 38, 
, 
 With the discovery of metal-catalyzed cross-coupling reactions in the 1970’s, it became possible to create a carbon-carbon bond between unsaturated species in a simple and direct way.
 The most common active catalysts used are palladium (0) and nickel (0) complexes with organic halides as the electrophilic partner, while the nucleophile partners are various organometallic reagents such as organo-boron, -tin, -zinc, -silicon etc. The general mechanism for a Pd(0) and Ni(0) catalytic cycle is shown in figure 1.21, with an example of a Negishi coupling procedure in figure 1.22. Depending on the organic reagents chosen for the coupling reaction the product may be either symmetrical (R-R) or unsymmetrical (R’-R”).
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Figure 1.21: A general catalytic cycle for cross-coupling.
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Figure 1.22:  Negishi catalytic cycle for the formation of the ligand 5-Brbpy (5-Bromo-[2,2’]-bipyridyl) 

The reaction mechanism shown above has three main reaction steps:

1. The first reaction step is known as oxidative addition which involves the insertion of metal atoms into single bonds. As shown in figure 1.21 this involves the addition of an organohalide to the M(0) catalyst leading to the formation of a trans-M(II) complex.

2. The second step is known as transmetallation. This is the key rate determining step and is so called as the nucleophile is transferred from the metal in the organometallic reagent to the palladium and the counterion (halide) moves in the opposite direction. This step is very important as it allows the coupling of two different components. 

3. The final step is known as reductive elimination and involves the removal of metal atoms and the formation of a new single bond. In general this process is based on the reduction of the metal centre from higher oxidation state to lower. This step is the reverse of the oxidative addition and provides a simple route for the release of neutral organic products from the complex. To remove the ligands from the coordination sphere of the metal at the end of the reaction requires a more active process, but in general the reaction proceeds to a more stable product, i.e. cross-coupled product. 

Although the mechanism of oxidative addition and reductive elimination is well understood, less is known of the transmetallation step, due to the high dependence of this step on the organometallics or the reaction conditions used for coupling. 51 Carbon-carbon bond formation represents a key process in the building of complex molecules from simple precursors. We will now look at the how cross-coupling reactions may be used in the formation of complex metal compounds with both symmetrical and asymmetrical bridging ligands and how these techniques have been implemented for the synthesis for various transition metal complexes.  

The first type of cross-coupling reaction, shown in figure 1.23, involves the initial preparation of a precursor complex (step A). This precursor complex then undergoes cross-coupling in step B to generate a second coordination site. The creation of a new binding site now allows for the binding of a second metal ion.  


[image: image20]Figure 1.23: The strategy for the synthesis of hetero- / homo- dinuclear complexes via cross-coupling technique
An example of such a coupling process is shown in figure 1.24 and describes the synthesis of a symmetric heteronuclear dinuclear complex by Hanan et al.39 This Negishi cross-coupling reaction creates a new binding site in a ruthenium complex with high efficiency which then goes on to react with a second metal ion, in this case osmium.
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Figure 1.24: Schematic representation of the chemistry observed for the formation of the symmetric heteronuclear complex39
This type of Negishi cross-coupling reaction involves organozinc halides coupling with organohalides in the presence of a Pd(0) catalyst. This synthetic strategy has a great advantage over other the “complexes as metals / complexes as ligands” method as no by-products are formed and only one specific heteronuclear complex is generated. If this reaction was to be carried out using the more classical method discussed from section 1.3.1, four dinuclear products would be obtained rather than the desired product shown above. 
The second potential cross-coupling technique we will look at for the design of a heteronuclear dinuclear complexes, involves the initial synthesis of the individual mononuclear precursor complexes, each containing a separate part of the bridging ligand. These components are then linked via carbon-carbon bond formation, as demonstrated in figure 1.25
 
[image: image22]
Figure 1.25: The cross-coupling strategy for the synthesis of heteronuclear dinuclear complexes using asymmetrical ligands.

An example of this strategy is shown in figure 1.26 has been used to synthesis heteronuclear complexes with symmetrical bridging ligands. 
 Here Tor and co-workers synthesized stereochemically defined ruthenium architectures using a Sonagishira style coupling reaction. Previously these complexes had been constructed by a stepwise synthesis of multitopic ligands followed by metal complexation.
 However this type of cross coupling allowed for the reaction of the alkyne derivative starting material with the CuI in the presence of base to generate R-C-C≡Cu in situ.56 This then couples with the second starting material, in the presence of the Pd(0) catalyst to give the desired product, in less demanding reaction purification wise.
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Figure 1.26: Schematic representation of the chemistry observed for the formation of the symmetric homonuclear dinuclear complex.56
In an alternative approach to the one detailed in section 1.3.1 and shown in figure 1.19, Vos and co-workers
 have used Ni(0) to catalyze a homocoupling reaction to synthesis the ruthenium complex of the ligand Hpytr. This involved the coupling of the two bromine substituted mononuclear ruthenium precursors together, as shown in figure 1.27.
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Figure 1.27: Stepwise synthesis of dinuclear ruthenium complex by Ni(0) catalyzed coupling reaction58
The reaction involving Ni(0) as the catalyst rather than Pd(0) undergoes the same catalytic cycle as seen in figure 1.21 and leads to the formation of only one ruthenium dinuclear product rather than the 5 isomers which would have formed if the reaction was carried out under the conditions discussed in section 1.3.1. The use of the cross-coupling method removes the need for complicated purification procedures and allows for easy synthesis of a single product from a one pot reaction. It is also important to note that the presence of the bromo substituent on the 5-position of the triazole ring not only enables the coupling reaction, but also determines the coordination isomer formed for the mononuclear precursor since the presence of the bulky substituent at that position prevents coordination of the neighboring N4 atom due to steric constraints. 

De Cola and co-workers
 have also successfully used cross-coupling methods in linking two ruthenium bipyridyl units in an effort to determine the affect of bridge length on the luminescent properties of the complexes, as shown in figure 1.28.
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Figure 1.28: Synthetic scheme for the ruthenium dinuclear complexes containing three and four phenyl bridging ligands.59
This example demonstrates a Pd(0) catalyzed Suzuki cross-coupling reaction being used to synthesis a rod-like bimetallic ruthenium complex bridged by a varying number of phenyl spacers. The starting material for the ruthenium contained two unsubstituted bipyridine rings and one 4, 4’-bromine functionalized bipyridine ring. The coupling reaction of this precursor complex with 1,4-benzene-diboronic acid using Pd(0) as a catalyst, readily yields the desired ruthenium dinuclear complex. Although this coupling method differs from that used by Vos and co-workers its success proves the versatility of these reactions. This method has once again shown how a coupling reaction has been utilized to generate a complex ruthenium compound in a straightforward manner. 
Despite the listed examples of successful cross-coupling reactions discussed above, the synthesis of these metal complexes generally involves only symmetrical bridging ligands. The preparation of heteronuclear complexes with asymmetric bridging ligands using the cross-coupling strategies has not yet proved as fruitful. The difficulty in synthesizing such asymmetrically bridged complexes is partially due to the problems in determining the correct conditions for the coupling reactions, especially those associated with Suzuki cross-coupling, and generating the necessary reactive ligands / “ligand-complexes” for the formation of the cross-coupled product(s). Also the formation of homocoupled product can prove problematic as the separation and purification difficulties remain. 

From the previous discussion of the general strategies available for the synthesis of dinuclear complexes, it is observed that several straightforward pathways exist for the formation of homodinuclear complexes. These syntheses are basic and pose little difficulty with regards to purification. On the other hand for the formation of heterodinuclear complexes very few synthetic pathways are specific or clear-cut, and there are even fewer when asymmetric bridging ligands are involved. The formation of unwanted by-products, such as isomers, is unavoidable and the separation of such is often exceptionally difficult.  Consequently alternative strategies must be investigated for the generation of asymmetric complexes (either homo- or hetero-dinuclear complexes with asymmetric bridging ligands). 

The most efficient strategy for this involves using cross-coupling techniques. These techniques have been successful in organic chemistry for many decades now, especially in the syntheses of heteronuclear compounds. They are becoming increasingly popular within inorganic syntheses and have proved quite successful in the formation symmetric homonuclear complexes,56, 58, 59 their application to asymmetric homo- / hetero- nuclear complexes is an area of growing research. The technique allows for greater specificity of coordination between the metals and ligands, and increased purity of the dinuclear complexes. Its advantage over other strategies is the minimization for the production of isomers, by generating the asymmetric bridging ligand in situ and towards the end of the reaction through carbon-carbon bond formation.  

1.4 Scope of Thesis

As discussed in section 1.1 the movement towards supramolecular arrays has led to the requirement for larger and more complex transition metal aggregates as building blocks. Consequently the development of novel synthetic methods has become increasingly important in their preparation. Often the dinuclear / polynuclear systems can not be obtained easily in pure form by direct reaction of bridging ligands with metal centers, either because mononuclear complexes are needed in the case of heteronuclear complexes or due to the formation of isomers. Therefore the primary aim of this thesis is to investigate and develop new synthetic techniques for the controlled synthesis of novel heterodinuclear supramolecular species. We are primarily concerned with cross-coupling reactions, especially those structured for the formation of heterodinuclear products. 

Our initial aim is to use a hetero-coupling reaction, Suzuki cross-coupling, to achieve the synthesis of these dinuclear supramolecular complexes. This method is the most favorable for a variety of reasons, such as the convenient reagents available and the relatively mild reaction conditions which also tolerate a broad range of functionalities. However it is the formation of a single heterocoupled product from a one pot reaction that is most advantageous and the main reason for our interest. This would greatly benefit in the synthesis of large multinuclear metal complexes and would possibly eliminate the requirement for complex chromatography purification techniques. 

From here we move onto the second cross-coupling reaction to be investigated which is the homocoupling Ni(0) catalyzed reaction. While not as favorable as Suzuki coupling for the formation of heterodinuclear species, this reaction has previously proved successful in coupling transition metal complexes.33 Although this reaction will produce both homo- and hetero- coupled dinuclear metal products the ability to separate these complexes based on their respective charges allows for ease of purification. An additional benefit is the ability to produce three dinuclear complexes from a single pot reaction, thereby generating a series of metal complexes in a more efficient manner. 

To give a comprehensive comparison between the synthetic methods available, the classical synthetic strategy of “complexes as metals / complexes as ligands” is also investigated. This method has been central to the development of supramolecular compounds for many years now and is often very useful in the synthesis of smaller mononuclear metal complexes. These complexes are often exceptionally important as they act as precursor compounds for the development of more intricate metal complexes and therefore this method cannot be ignored as a viable option in the synthesis of metal complexes. 

As all these complexes are based on central transition metals (ruthenium and osmium) it is important to understand their photochemical, photophysical and electrochemical properties.  An understanding of the processes and mechanisms involved are outlined in the introduction section as they play a key role in assigning the properties of the novel synthesized complexes in later chapters. It is these properties which make ruthenium and osmium complexes so interesting and have lead to the widespread development and investigation into their applications as artificial antenna systems7, charge separation devices for photochemical solar energy conversion 1, and information storage devices.32, 33, 34
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