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Abstract 

This thesis presents work that has been performed in the synthesis of a range of 

mono and bimetallic organometallic complexes. The electronic and structural 

characteristics of these complexes have been investigated. Of particular interest is the 

intramolecular communication between metal centres that can be observed for the 

bimetallic complexes. Understanding electronic communication is a fundamental 

concern for the growing field of molecular electronics. The introduction presents a brief 

background to the field of molecular electronics. This is followed by an overview of 

mixed valence complexes and the application to the study of electronic communication. 

The introduction concludes by presenting the ligands that were studied in this thesis, 

along with a summary of spectroelectrochemistry and theoretical studies as they were 

applied to the complexes synthesised here. 

The majority of the complexes studied in this thesis contained a ruthenium σ-

alkynyl moiety. Chapter 2 begins with a summary of the properties and synthesis of 

transition metal σ-alkynyl complexes. The synthesis and characterisation of ruthenium 

σ-alkynyl complexes of the widely studied ligand 5-ethynyl-2,2’-bipyridine is presented 

along with a spectroelectrochemical and theoretical investigation of the complexes. 

Chapter 3 introduces the coordination chemistry of the 2,2’-bipyridine moiety. 

The complexes synthesised in Chapter 2 were used as metalloligands for the 

coordination of an additional metal centre to the bipyridyl moiety. The bimetallic 

complexes were characterised and studied by spectroelectrochemical and theoretical 

methods. The homobimetallic complexes that were synthesised showed Class II mixed 

valence behaviour resulting from weak electronic communication. 

Chapter 4 uses the less studied ligand 4-ethynyl-2,2’-bipyridine to synthesise 

and characterise a range of mono and bimetallic complexes that were analogous to those 

synthesised in Chapters 2 and 3. Evaluation of the electronic communication through 

this ligand by spectroelectrochemical and theoretical methods showed Class II mixed 

valence behaviour. Comparison of the electronic communication exhibited by 

complexes in Chapters 3 and 4 showed that there was better electronic communication 

through the 4-ethynyl-2,2-bipyridine isomer of the ligand. 

The synthesis of σ-alkynyl complexes of the {ClRu(dppm)2} metal centre  in 

Chapter 4 encountered difficulty. Chapter 5 explores the complexes that are obtained 

through halide abstraction from Ru(dppm)2Cl2. These complexes are of interest as the 
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synthesis of alkynyl complexes of {ClRu(dppm)2} proceeds through a 5-coordinate 

intermediate that has not been previously isolated or studied. 

Chapter 6 describes the synthesis and characterisation of mono and bimetallic 

complexes of the 4-ethynyl-benzonitrile ligand. Complexes of this ligand were 

anticipated to provide an interesting comparison to the symmetrical mixed valence 

complexes synthesised from 1,4-diethynyl-benzene ligand. A number of monometallic 

σ-alkynyl complexes were synthesised and characterised. Bimetallic complexes proved 

difficult to synthesise and characterise, with the labile ruthenium nitrile bond resulting 

in decomposition of many complexes. Spectroelectrochemical studies were performed 

on selected complexes. 

Chapter 7 presents a new compound, (4-ethynylphenyl)-5-tetrazole-1H as a 

ligand for the synthesis of photophysically active rhenium complexes. The synthesis of 

this new ligand is reported, along with several unexpected reaction products 

encountered during the development of a synthetic route. Several photophysically active 

rhenium tetrazolato complexes containing a pendant alkynyl moiety were synthesised 

from this ligand.  The fluorescent properties of these complexes were measured. 

Formation of bimetallic complexes through formation of σ-alkynyl complexes of the 

pendant alkyne was investigated.  
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1.1 Molecular electronics 

Molecular electronics involves the use of single molecules, or small groups of 

molecules, as the building blocks of an electronic circuit.1-3 In this situation, the 

molecules are replacing circuit components such as wires, resistors, diodes, switches and 

transistors that have until now been made from metal or inorganic semiconductor 

materials. While molecular electronics were initially proposed as a replacement for 

silicon based electronic devices, it is now expected that they will complement, rather than 

substitute silicon based electronics.4 

For the last 60 years the modern electronics industry has been based upon silicon 

semiconductor technologies. The exponential increases in computing power seen in this 

time have resulted from increasing miniaturisation of the transistors that make up 

integrated circuits. This has resulted in increased processing power, increased storage 

density, reduced cost per transistor and reduced power demand.5-7 Until recently this 

decreasing transistor size has followed Moore's Law;8 the observation by Intel founder 

Gordon Moore in 19659 that the number of transistors on a single silicon chip had been 

doubling every two years. This observation proved prophetic and this law has held for 

almost 50 years, as the number of transistors per chip increased from 50 to ≈ 109. 

However there have recently been problems with maintaining Moore's Law. The most 

recent release of Intel Chips (October 2014)10 are based on a 14 nm device size. These 

chips were released three years after the release of the previous 22 nm chip,11 and more 

than a year after the initially scheduled release.12 Device sizes on this scale are rapidly 

approaching the physical limits of silicon semiconductor technology. This limit is defined 

in part by the resolution limit of lithographic manufacturing techniques.13,14 Furthermore, 

the increasingly small size of the transistors results in increasing leakage currents.15,16 

The International Technology Roadmap for Semiconductors (ITRS), an industry 

body for semiconductor manufacturers,17 has accepted these difficulties inherent in 

continued reduction in transistor size, and in 2011 they proposed an adjustment to 

Moore's Law to reflect these difficulties. After 2013, the new expectation for the doubling 

in the number of transistors on a silicon chip is three years. The ITRS also suggested the 

investigation of molecular electronics in an attempt to offer novel device concepts that 

could complement, rather than replace, silicon based electronic devices.4 

The origin of molecular electronics2 is in the work of von Hippel in 1956.18 This 

work proposed ‘molecular engineering’, in which materials were built up from atoms and 

molecules for the required purpose. This sentiment was mirrored by Feynman in his 
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famous 1959 lecture “there’s plenty of room at the bottom,” in which he suggested that 

miniaturisation was just beginning and that building blocks on a molecular scale need to 

be considered.19 One of the early applications of this bottom-up approach to electronics 

was the proposal in 1974 of a molecular rectifier.20 The molecule consisted of an electron 

withdrawing and an electron donating group linked by a hydrocarbon bridge, as shown in 

Figure 1-1. Interestingly, despite over 2000 citations to date this molecule has not yet 

been synthesised. 

 
Figure 1-1: Representation of the molecular rectifier proposed in 1974.20 

After the early work in the area of molecular electronics, there was a lull in 

progress as the electronics industry became dominated by integrated circuits based upon 

semiconducting silicon. Interest returned to the field of molecular electronics in the 

mid-1990s1,2 as techniques were developed for the measurement of molecular 

conductance.21-24 This coincided with the emergence of nanotechnology and the renewed 

focus on the properties of materials at the molecular scale,25 evinced by the journal 

Science naming molecular electronics the breakthrough of the year in 2001.26 

Related to molecular electronics is a complementary, yet distinct field of research 

into molecular materials for electronics.27-31 In this field, the electrical properties of bulk 

organic molecules are used to form electronic devices. This is a well established field of 

research, with wide scale applications of molecular materials observed in commercial 

applications including liquid crystal displays (LCDs),32,33 organic light emitting diodes 

(OLEDs),34-36 organic photovoltaics (OPVs)37-39 and in printed and polymer 

electronics.27,40-42 

Continued development of molecular electronics requires understanding of the 

fundamentals of intramolecular electronic communication. The current focus of many 

researchers is measuring single molecule conductance to gain an understanding of the 

basics of conductivity at the molecular level. Conductance measurements on single 

molecules can be performed using a mechanical break junction technique21,43,44 or 
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through Atomic Force Microscopy (AFM) or Scanning Tunnel Microscopy (STM) 

measurements.22-24,45,46 These methods have demonstrated good success in measuring the 

conductance of a single molecule, however they are restricted to measuring the 

conductance of molecules that contain terminal functional groups that will form good 

contacts with the two metal surfaces between which the conductance is being measured.  

An alternative to measuring conductance across a single molecule, using the 

techniques described above, is to measure intramolecular electronic communication.47 

The field of mixed valence compounds looks at the intramolecular electronic 

communication between two or more redox centres in one compound. Mixed valence 

complexes provide information on intramolecular charge transfer that can enhance our 

understanding of the processes that occur in materials of interest for molecular 

electronics.48-50  

 

1.2 Mixed Valence Compounds 

While isolated examples of mixed valence complexes had been synthesised prior 

to 1960,51 an explosion in the number of mixed valence metal complexes synthesised in 

the early 1960s52-54 allowed for rapid growth in this field of research. These were 

followed in 1969 by the synthesis of the prototypical mixed valence complex 

[((NH3)5Ru)(μ-pyrazine)(Ru(NH3)5)]5+, the Creutz-Taube ion (see Figure 1-2).55 This 

complex is still widely used today when assessing new methods for analysing and 

describing mixed valence complexes.56,57 While organic mixed valence complexes have 

been synthesised,58,59 the majority of the work in the field has used mixed metal 

complexes, and metal complexes will be used as examples in the discussion below. 

 
Figure 1-2: Representation of the prototypical mixed valence complex, the 
Creutz-Taube ion.55 

Soon after the first syntheses of mixed valence complexes, a classification system 

was proposed by Robin and Day in 1967 based upon the level of communication between 

the redox centres in the mixed valence metal compounds.60 Class I complexes have 

negligible communication between the metal centres, Class II complexes have weak 

communication and Class III complexes have strong communication between the metal 
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centres.  

The simplest experimental method to determine the level of electronic 

communication in mixed valence complexes is cyclic voltammetry (CV). In a 

symmetrical bimetallic complex [MIIMII] (representative of a neutral bimetallic group 8 

complex) with no electronic communication, it is expected that the two metal centres will 

undergo oxidation at the same potential giving rise to a single, two electron redox wave in 

the CV that corresponds to formation of the oxidised complex [MIIIMIII]2+. In contrast, 

where there is a level of electronic communication between the metal centres, two 

separate one electron oxidation processes are seen in the voltammogram. This 

corresponds to initial oxidation to the mixed valence complex [MIIMIII]+ and subsequent 

oxidation to [MIIIMIII]2+. The difference between the two oxidation potentials is ∆Eox. The 

comproportionation equilibrium constant, KC, represents the stability of the mixed 

valence complex [MIIMIII]+ compared to the fully oxidised [MIIIMIII]2+ and fully reduced 

[MIIMII] species, as shown in Figure 1-3 a). KC can be determined from the 

experimentally determined value of ∆Eox, using the equation shown in Figure 1-3 b). The 

calculated values of KC and ∆Eox can be used to determine the level of electronic 

communication between metal centres.47,61,62 In asymmetrical systems, there is a 

difference in the two oxidation potentials due to the electronic communication as well as 

the difference in oxidation potential between the two metal centres. In this case, the best 

approximation of ∆Eox due to electronic communication is the difference between the 

oxidation potential of a precursor monometallic complex ([M1]L) and the first oxidation 

potential of the bimetallic complex ([M1]L[M2]).63 Care must be taken when quantifying 

KC, given the sensitivity of this term to solvation, magnetic and ion pairing effects.62,64,65 

a) 2 [MIIMIII]+ ↔ [MIIMII] + [MIIIMIII]2+   𝐾𝐶 =
[MIIMIII]2

[MIIMII][MIIIMIII]
 

b) 𝐾𝐶 = 𝑒
∆𝐸𝑜𝑥𝐹

𝑅𝑇 =  𝑒(38.92)∆𝐸𝑜𝑥 

Figure 1-3: a) Equilibrium reaction that represents KC, the comproportionation 
constant, b) Equation used to calculate KC from ∆Eox, F/RT = 38.92 at 298 K. 

Perhaps the easiest way to identify mixed valence complexes is through 

spectroscopic methods. Early studies of mixed valence complexes55 showed that the 

spectrum obtained for a mixed valence complex contained a NIR absorption band that 

was not seen in either the fully oxidised or fully reduced species. This absorption was 

assigned to an optically induced intervalence charge transfer (IVCT) transition for Class 

II and III complexes.60 The methods used to obtain spectra of mixed valence complexes 

are outlined below in section 1.4.  
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Figure 1-4 shows a representation of the potential energy surfaces for the electron 

transfer reaction for different classes seen for the Robin and Day system. The diabatic 

potential energy surfaces for situations in which there is no electronic coupling are 

denoted by the dotted parabolas. For Class I complexes these correspond to the fully 

localised redox isomers [MIIMIII]+ and [MIIIMII]+. The wavefunction mixing that occurs in 

Class II and III complexes gives rise to the two new adiabatic surfaces observed (solid 

lines). The separation of the adiabatic surfaces at X = 0.5 defines the electronics coupling 

parameter Hab. In Class II systems, the localised redox isomers can exchange through 

either thermal activation in the ground state (the energy barrier for this exchange is given 

by Eth) or by optical activation to the [MIIMIII]* excited state. This optical excitation is the 

IVCT band that is observed spectroscopically and is given by hν in the diagrams below. 

The energy difference between the two diabatic energy surfaces at X = 0 is given by λ; 

generally Class III complexes are those with 2Hab > λ.60,66  

 
Figure 1-4: Representation of the potential energy curves for the electron 
transfer reaction in a mixed valence complex.60,67 Class I has no electronic 
coupling, Class II has weak electronic coupling (Hab = λ/4) and Class III has 
strong electronic coupling (Hab = 3λ/4). Both symmetric (upper) and asymmetric 
(lower) situations are shown.  
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The assignment of a mixed valence complex to either Class II or III can be 

performed through a qualitative analysis of an observed IVCT band.60,66 In class III 

complexes, this band is intense (εmax > 5000 M-1cm-1), solvent independent and narrow 

(∆ν1/2 ≤ 2000 cm-1). The IVCT band observed for Class II complexes is less intense (εmax 

< 5000 M-1cm-1), solvent dependant and broader (∆ν1/2 ≥ 2000 cm-1). 

a)  ∆𝜈1
2⁄ =  √16𝑅𝑇 (ln 2)(𝜈𝑚𝑎𝑥 − ∆𝐸0)  

b) 𝐻𝑎𝑏 =  
2.06×10−2 √𝜀∆𝜈1

2⁄ 𝜈𝑚𝑎𝑥

𝑟𝑎𝑏
 

c) 𝐻𝑎𝑏 = |𝜇| 𝜈𝑚𝑎𝑥/𝑒𝑟𝑎𝑏 

 
Figure 1-5: Hush equations used in the analysis of IVCT bands.68,69 At 298 K, 
16RT(ln 2) = 2030 cm-1, rab is the through space distance between the redox 
centres. 

The IVCT band observed for Class II and III complexes can be quantitatively 

analysed using the equations developed by Hush.68,69 The bandwidth of the IVCT band, 

∆ν1/2, can be calculated using the equation shown in Figure 1-5 a). This equation includes 

the term ∆E0, which describes the difference between the two redox isomers, [M1
IIM2

III]+ 

and [M1
IIIM2

II]+, that are found in an asymmetric mixed valence complex.67,70 A good 

approximation for ∆E0 is the difference between the oxidation potentials of the two 

different metal centres, which can be found from ∆E1/2 for the two oxidation processes of 

the complex. However a better approximation is the difference between the oxidation 

potentials of model monometallic complexes containing the redox active metal centres, 

as these oxidation potentials are unaffected by electronic coupling between the metal 

centres.70 The electronic coupling parameter Hab can be calculated through the equation 

shown in Figure 1-5 b), where the IVCT band has a Gaussian shape. For non-Gaussian 

IVCT bands, Hab can still be calculated using the equation shown in Figure 1-5 c). Here |μ| 

is the transition dipole moment that can be calculated through integration of the IVCT 

band. 

Theoretical studies of mixed valence complexes can provide additional 

information about mixed valence complexes and the level of electronic communication 

between redox centres.57,71,72 Of particular interest is the level of delocalisation in the 

molecular orbitals and the calculated electronic transitions for comparison with the 

experimental IVCT band. A brief overview of this area is given below in section 1.5. 
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1.3 Complexes to be Studied 

This thesis will describe work that has been performed in the synthesis and 

characterisation of mono and bimetallic organometallic complexes containing 

asymmetric carbon rich bridges. By using asymmetric bridges with different binding 

modes, homo- and hetero-bimetallic complexes can be synthesised and subsequently 

investigated for their electronic communication. 

The ligands studied here all contain an alkyne group to allow formation of metal 

σ-alkynyl complexes. The synthesis and properties of transition metal σ-alkynyl 

complexes are discussed in the introduction to Chapter 2. The ligands all incorporate an 

additional functional group to allow coordination of a second metal centre through a 

different coordination mode. Detailed discussion of the additional coordinating moiety is 

provided in the relevant chapters of this thesis. The ligands investigated in this project are 

5-ethynyl-2,2'-bipyridine, 4-ethynyl-2,2'-bipyridine, 4-ethynyl-benzonitrile and 

5-(4-ethynylphenyl)-tetrazole (see Figure 1-6). 

 
Figure 1-6: Representation of the ligands that will be studied in this thesis. 

The ligands shown above were used to synthesise a range of mono and bi-metallic 

complexes. The complexes were characterised using standard methods seen in 

organometallic chemistry; NMR, IR, UV-vis and Mass Spectrometry were routinely 

used, X-ray crystallography was used where possible. In addition, selected complexes 

were studied through electrochemical, spectroelectrochemical and theoretical techniques 

as detailed below in sections 1.4 and 1.5. Selected rhenium complexes were also studied 

by fluorescence spectroscopy. 
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1.4 Spectroelectrochemistry 

As described above, a key spectroscopic feature of Class II and III mixed valence 

complexes is an IVCT band in the visible or NIR spectral regions60,66 To observe this 

IVCT band and analyse it with the Hush equations,68,69 a spectrum must be obtained for 

this mixed valence complex. 

Early studies of mixed valence complexes required synthesis and isolation of the 

complex before spectroscopic analysis could be performed. In some cases this synthesis 

used precursors containing metal centres in the oxidation states observed in the final 

mixed valence complex.52 An alternative approach was the synthesis of a precursor 

complex containing the two oxidation centres in the same oxidation state followed by a 

chemical oxidation or reduction to give the mixed valence complex.55,63 The latter 

approach can be refined through the use of redox titration of a precursor complex 

allowing in situ spectroscopy of a mixed valence species without isolation of the 

species.73-75 These methods are limited by the stability of the mixed valence complex, the 

availability of appropriate chemical oxidants or reductants and potential spectroscopic 

interference of the chemical redox reagents. 

An alternative approach is to combine electrochemistry and spectroscopy to 

perform spectroelectrochemistry (SEC). This technique was developed in the early 1970s 

and allows electrochemical preparation of a mixed valence species from small sample of 

precursor complex and simultaneous spectroscopy of the species adjacent to an electrode. 

A wide range of spectroscopic techniques can be utilised in SEC experiments,76,77 

including UV-vis-NIR,78,79 IR,78-80 NMR,81,82 ESR (or EPR),78,83 fluorescence84 and 

Raman85,86 spectroscopy. A number of different cell designs are available based upon the 

requirements of the spectroscopic technique.77 An excellent summary of SEC techniques 

and applications is provided in a recent book.76 The practical considerations involved in 

SEC experiments undertaken in this thesis are presented below; a more general outline of 

the practical considerations involved in SEC has been presented previously.78 

In this thesis, SEC was performed using an optically transparent thin layer 

electrode (OTTLE) cell of Hartl design;80 a schematic of the cell construction is shown in 

Figure 1-7. There are many features which make this cell design perform excellently in 

SEC experiments. The polyethylene spacer in the cell provides a well-sealed sample 

chamber to allow recording of the spectra of highly air sensitive compounds. The 

construction resembles a standard solution cell, which allows the cell to be used in many 

transmission spectrometers with no modification. The electrode terminals allow the cell 
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to be connected to any potentiostat for oxidation or reduction of the substrate. The cells 

used in this thesis were constructed with CaF2 cell windows that were optically 

transparent for wavelengths from UV (200 nm) to IR (10 μm). The thin cell (ca. 200 μm) 

and small cell volume (ca. 300 μL) require only a small amount of analyte compound. To 

ensure the samples had an appropriate transmittance for the spectrometers, samples for 

UV-vis-NIR SEC contained 0.5-1 mM analyte, while samples for IR SEC contained 2-5 

mM analyte. 

 

 
Figure 1-7: Schematic representation of an OTTLE cell of Hartl design, diagram 
is adapted from the original report.80  

The complexes synthesised in this thesis were studied by UV-vis-NIR 

spectroelectrochemistry to observe the electronic structure of the neutral complexes and 

oxidised species. In addition, IVCT bands could be seen in the spectra of some bimetallic 

cations with this technique. The complexes were also studied by IR 

spectroelectrochemistry to observe any structural changes occurring in the complexes 

upon oxidation. 

The complexes being studied were oxidised using a stepwise linear sweep 

process. A spectrum of the complex was recorded at each potential step during the 

oxidation. The size of the potential step was regularly adjusted according to two factors: 

the current observed during the electrochemical process and the change between 
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successive spectra. Where little current and no change in the spectra were observed, large 

potential steps of up to 100 mV could be used. As larger currents were seen and changes 

were observed between spectra, potential steps were reduced to 10 - 20 mV. By reducing 

the potential step, spectra could be recorded for mixed samples of the initial and oxidised 

species, allowing a visualisation of the change in the spectra (a waterfall plot of the 

oxidation process). The smaller potential steps during the oxidation process also ensure 

that the electrochemical process has time to attain Nernstian equilibration.87 In addition, 

over oxidation of the complex is minimised by slowing the oxidation process. After 

complete oxidation, as determined by the observation of no change between sequential 

spectra, the direction of the linear sweep was reversed, and the oxidised species formed 

during the SEC experiment was reduced to probe the reversibility of the redox process. 

The sequential oxidation and reduction in these SEC experiments take several 

hours to perform. The radical cations that form upon oxidation of the complexes can be 

very air sensitive, so precautions need to be taken to exclude air and water from the 

samples. Samples for SEC experiments were made up in electrolyte solutions prepared 

from distilled solvents and recrystallised electrolyte under an inert atmosphere in a 

glovebox. The stability of the radical cations formed during a SEC experiment can be 

observed in several ways. The presence of isosbestic points in the spectra of the 

complexes during oxidation indicates a clean conversion between two species. The 

ability to recover the initial spectrum of the neutral complex upon return reduction of the 

oxidised species shows the reversibility, or otherwise, of the electrochemical process. 
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1.5 Theoretical Studies 

The study of mixed valence complexes through theoretical methods can provide 

additional information about the electronic structure to complement the spectroscopic 

studies described above.57,71,72<Parthey, 2014 #722> These theoretical calculations 

provide information on the ground and excited state structures, the molecular orbitals, 

vibrational frequencies and the electronic transitions of the complexes. Theoretical 

information on the delocalisation of molecular orbitals and the electronic transitions 

corresponding to an IVCT transition is particularly useful when classifying mixed 

valence complexes close to the Class II/III boundary in the Robin and Day classification 

system.57,88,89 

The theoretical studies performed here use Density Functional Theory (DFT) 

calculations. Previous studies have shown that DFT calculations can provide good results 

when applied to mixed valence complexes.57,71,72,89-92 Despite these results, recent 

publications have highlighted the importance of choosing appropriate basis sets, 

functionals and solvent models to ensure that the delocalisation of the frontier molecular 

orbitals is correctly estimated.88,89,93,94 This is particularly important around the Class 

II/III boundary,88,89,94 which is also where experimental evidence can provide conflicting 

information on the appropriate Robin and Day classification.56 In addition, around the 

Class II/III boundary, some complexes have recently been shown to move between these 

two classifications based on the conformation of the mixed valence complex.57,91,95 These 

cases show that where calculated structures contain multiple local minima with similar 

energy to a global minimum, then electronic transitions from all these conformations 

must be considered when calculating IVCT bands for the complex. 

The DFT computational models used in this thesis were chosen based on their 

previous success in matching computational and experimental data for mixed valence 

complexes.57,88,89,91,92,94 Calculations were performed using the Gaussian 09 suite of 

software,96 using the B3LYP functional, LANL2DZ (for metal atoms) and 6-31G** (all 

other atoms) basis sets and the CPCM-dichloromethane solvent model. In the systems 

studied in this thesis, comparison between the theoretical and calculated spectra showed a 

good agreement between the data, indicating that the theoretical model closely 

approximates the physical system. 
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2.1 Introduction 

2.1.1 Transition metal alkynyl complexes 

The utility of organometallic complexes for the production of molecular devices 

has been explored in previous studies.1,2 Prominent among these complexes are σ-

alkynyl complexes of the transition metals; the rigid, linear nature of the M-C≡C-R 

moiety and good electron transfer across the metal-carbon bond are the key properties 

utilised in these applications. The large body of work on σ-alkynyl complexes3 stems 

from the wide array of applications that have been found for these complexes. The 

application of σ-alkynyl complexes to the study of molecular wires is well established,4-

6 while σ-alkynyl complexes are also of interest due to electronic,7,8 electrochemical,9,10 

luminescent11,12 and non-linear optical properties.2,13 Examples of σ-alkynyl complexes 

are depicted in Figure 2-1. An excellent overview of the variety of transition metal 

acetylides available, synthetic routes to these complexes, their mixed valence properties 

and electrochemical treatment has recently been published by Inkpen and Long.6 

In most cases, synthetic routes to transition metal σ-alkynyl complexes are well 

established, with a wide variety of synthetic routes available and comprehensively 

reviewed and summarised1 (see Figure 2-2). Many routes allow the synthesis of a σ-

alkynyl complex directly from a terminal alkyne through the formation of a vacant 

coordination site on the metal accompanied by deprotonation of the terminal alkyne. 

Examples of this approach include: i) dehydrohalogenation (often CuI catalysed),14 ii) 

elimination of methane,15 iii) elimination of N2,16 iv) elimination of H2,17 v) vinylidene 

formation,18,19 vi) sodium methoxide method,20,21 and vii) the OAc-/acac method.22,23 

Other routes rely on the reaction of derivatised alkynes such as: viii) metathesis of 

trimethyl stannyl reagents (sometimes Pd0 catalysed),24,25 ix) displacement using alkali-

metal alkynyl complexes,26,27 x) use of R-C≡C+ reagents derived from alkynyliodinium 

triflates,28 xi) transmetallation from another transition metal σ-alkynyl complex,29 xii) 

C-C bond activation,30,31 and xiii) desilylation of Me3Si-C≡C-R with methanolic 

KF.32,33 The choice of synthetic route is generally based upon the type of metal centre 

that is being used to form the σ-alkynyl complex, with some routes applying quite 

specifically to select metal centres. In many cases the synthetic route can also be chosen 

to selectively form mono- or di- alkynyl complexes where relevant. 
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Figure 2-1: Examples of different σ-alkynyl complexes that have been studied 
for a) molecular wires,5 b) electronic communication,7 c) electrochemistry,10 d) 
luminescent11 and e) non-linear optical properties.2 For all complexes, (P∩P) = 
dppe.  
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Figure 2-2: Synthetic routes to σ-alkynyl complexes; left) from a terminal 
alkyne and right) from derivatised alkynes. Adapted from Inkpen,6 Roman 
numerals in the figure refer to descriptions in the text above. 

Despite the large number of possible synthetic routes shown above, only a few 

were utilised in the course of this project, with the choice determined by the metal 

centre.  σ-Alkynyl complexes synthesised for this thesis utilised the following synthetic 

routes described above: {Cp(*)Ru(P∩P)} complexes by (v) or (xiii), {ClRu(P∩P)2} by 

modified versions of (v),34,35 {Cp(*)Ru(CO)2} by (i) and {(PPh3)Au} by (vi). 

In addition to σ-alkynyl complexes described above, higher order polyyne         

(-C≡C-)n complexes have also been synthesised. While the stability of complexes with a 

terminal proton, [M]-(C≡C)n-H, rapidly decrease with length of the carbon chain,36,37  

protection of the terminal alkyne with a trialkyl silyl group stabilises a chain of up to 14 

carbon atoms (C≡C)7
37. Longer polyynes can be synthesised by capping each end of the 

molecule with a metal centre (see Figure 2-3), this has allowed the synthesis of 

polyynes up to C14 capped by ruthenium38 and up to C20 capped by rhenium.39 The 

record for longest stable polyyne is a platinum capped C28 chain.37
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Figure 2-3: Long polyyne chains capped with metal centres, a) ruthenium,38 b) 
rhenium39 and c) platinum.37 (P∩P) = dppe 

While polyynes of this length are achievable, work on molecular electronics and 

electronic communication has focused on σ-alkynyl complexes, and to a limited extent 

shorter butadiyne and hexatriyne complexes.40 These polyynes can either be used as 

direct links between metal centres,5,41 as part of a longer unsaturated bridge between 

metal centres42,43 or to link to a functional group that will allow subsequent coordination 

of an additional metal centre.44 An alternative to polyynes in extending linear alkynyl 

linkers is the oligo(phenylene)ethynylene (OPE) type system which has been utilised in 

many cases.45
 

 

2.1.2 Electronic Behaviour of Ruthenium Alkynyl Complexes 

Of the number of transition metals used in the study of electronic 

communication in σ-alkynyl complexes, perhaps the most attractive and widely studied 

metal is ruthenium. Beyond the widely established synthetic protocols for synthesis of 

ruthenium σ-alkynyl complexes,6 several characteristics of the metal contribute to this 

appeal. These include the readily accessible reversible  Ru2+/Ru3+ redox couple46 and 

the strong interaction between Ru d orbitals and the alkynyl π system.47,48 A 

representation of the molecular orbital diagram for CpRu(PH3)2(C≡C-H) (Figure 2-4) 

shows the strong σ-donor and π acceptor nature of the alkyne ligand.47 
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Figure 2-4: Molecular orbital diagram for the model compound 
CpRu(PH3)2(C≡C-H), adapted from Humphrey et. al.47 

A particularly appealing feature of ruthenium alkynyl complexes derived from 

aryl ethynyl ligands is the good electronic communication across the alkynyl bridge 

between the metal centre and aromatic ligand. This has previously been shown for both 

half-sandwich ruthenium complexes32,46 and bis-diphosphine ruthenium complexes,49 

while aryl alkynyl complexes of bis-diphosphine systems were the basis of one of the 

earliest DFT studies in this area.47 In these molecules, the oxidation of the ruthenium 

centre results in formation of a radical cation with strong alkynyl ligand character.32,46 

The benefits of ruthenium for investigating electronic communication in σ-alkynyl 

complexes were highlighted in the study of half sandwich ruthenium aryl alkynyl 

complexes by Paul,46 with a series of analogous iron complexes50 revealing a greater 

delocalisation of the unpaired electron in radical cations of the ruthenium complexes. 
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Electronic communication through the ruthenium σ-alkynyl group is also 

observed in a number of homo-bimetallic complexes linked by either polyyne41,51 or 

oligo(phenylene)ethynylene52,53 bridges (Figure 2-5). These complexes giving rise to 

mixed valence complexes upon oxidation to the cation, with delocalisation of the charge 

across the molecule observed through electrochemical, spectroelectrochemical and 

theoretical methods. A further example of electronic communication in ruthenium σ-

alkynyl complexes is the incorporation of ruthenium bis-diphosphine fragments in 

linear molecules being investigated for single molecule conductance measurements.54-56 

 
Figure 2-5: Representative ruthenium σ-alkynyl complexes from previous 
electronic communication studies; a) half sandwich complexes,32 b) bis-
diphosphine complexes,49 c) butadiynyl linked bimetallic complex, 32 d) di-
ethynylbenzene linked bimetallic complex52 and e) Ru(dppe)2 bridged 
molecular wire.55 For all complexes (P∩P) = dppe 
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2.1.3 5-ethynyl-2,2’-bipyridine Complexes 

Work on this project began with the well studied bifunctional ligand 5-ethynyl-

2,2-bipyridine (1) (Figure 2-6), which is able to form both σ-alkynyl and κ2-N,N' 

coordination complexes. This ligand is readily synthesised from brominated pyridines 

and trimethylsilylacetylene in a series of palladium catalysed coupling reactions.57,58 

This bifunctional nature allows the stepwise synthesis of bimetallic complexes for the 

investigation of electronic communication through this ligand. Since its first report in 

1994,59 this ligand has been utilised in the synthesis of alkynyl complexes of a range of 

transition metals, such as ruthenium,60 iron,61 platinum62 and gold,63 including a 

previous study by this research group.35 Many of these compounds were utilised as 

metallo-ligands, undergoing further reactions to form bimetallic complexes through 

coordination of an additional metal centre to the bipyridyl moiety including 

lanthanides,62,64 palladium,35 iridium,65 ruthenium66 and rhenium.67 This ligand has been 

used by the group of Lang in the formation of large multimetallic complexes,60,67-70 with 

up to 7 different metal centres present in discrete molecules containing ligand 1.69  

 
Figure 2-6: Depiction of the ligand 5-ethynyl-bpy (1) along with the two 
coordination modes it employs, where [M1] and [M2] are two different metal 
centres with associated ligands. 

This chapter of the thesis will focus on the synthesis and characterisation of a 

series of ruthenium σ-alkynyl complexes of 1, while Chapter 3 will focus on the use of 

these complexes as metallo-ligands for formation of bimetallic complexes. The 

introduction of Chapter 3 will provide more information about the coordination 

compounds that can be formed from the 2,2'-bipyridyl moiety. 

Despite the amount of previous work utilising this ligand, little work has been 

carried out on the electronic communication through the ligand. Some previous efforts 

have focused on the photophysical properties of the complexes formed,62-65 while other 

studies have had a simple synthetic focus.60,67 As a result, complexes of this ligand 

remain an attractive target for the thorough electronic investigation undertaken here. 
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2.2 Results and Discussion 

2.2.1 Synthesis 

Ligand 1 is readily synthesised from 2,5-dibromo-pyridine, 2-bromo-pyridine 

and trimethylsilylacetylene through a series of cross coupling reactions.56,57 The ligand 

1 has been used previously by our group to synthesise the bis-diphosphine complexes 2 

and 3.35 The half sandwich ruthenium alkynyl complexes 4 and 5 have been 

successfully synthesised by well established methodology,71,72 through a convenient 

one-pot reaction (Scheme 2-1). Reaction of 1 and an appropriate ruthenium halide in 

refluxing methanol containing NH4PF6 produces an intermediate vinylidene species. 

After formation of the intermediate vinylidene species, addition of DBU to the reaction 

mixture precipitates 4 or 5 in a high yield. While 4 has been previously reported,60 this 

one-pot procedure simplifies the synthesis and produces a higher yield.  

 
Scheme 2-1: Outline of the synthetic routes to Ruthenium alkynyl complexes of 
1. 

During the course of this project, a new synthetic route to alkynyl complexes of 

the {Ru(dppe)2Cl} metal core was described.34 This reaction was attempted as a 

possible alternative route to 3. The reaction of [Ru(dppe)2Cl]OTf with 1 in 

dichloromethane was performed, and an attempt to isolate the expected vinylidene 

complex [ClRu(dppe)2(=C=C(H)-5-bpy)]OTf instead produced the protonated 

bipyridine complex [ClRu(dppe)2(C2-5-bpyH)]OTf (6) (Scheme 2-2). The molecular 

connectivity was confirmed by single crystal X-ray crystallographic and spectroscopic 

techniques. The deprotonation of 6 (KOtBu) was performed in a qualitative manner on 

an NMR scale, giving a compound that spectroscopically (1H &31P NMR) matched 3 as 

expected. This result was interesting given previous reports of difficulties isolating 

vinylidene species containing basic moieties, namely 135,60 and 4-ethynyl-aniline.34 This 
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is in contrast to other work that has synthesised ruthenium alkynyl complexes 

containing basic aniline46 or pyridyl73 groups with no reported difficulties. 

 

 
Scheme 2-2: Synthesis of 6, along with the targeted vinylidene product. 

The previously established route for the synthesis of 2 and 335 (Scheme 2-1) was 

devised in an attempt to avoid this vinylidene to protonated bipyridyl rearrangement, as 

the ruthenium bis-diphosphine alkynyl complex is capable of undergoing further 

reaction to form bis-alkynyl complexes which proved inseparable from the desired 

mono-alkynyl complex. Lang and coworkers60 reported a similar issue during attempted 

isolation of a vinylidene intermediate during their synthesis of 4. The isolation of 6 in 

good yield from the above reaction rather than the expected vinylidene illustrates the 

basic nature of the bipyridine moiety and its impact upon the synthesis of ruthenium 

alkynyls containing the bipyridine moiety. 

 

2.2.2 Spectroscopy 

The complexes were identified using a variety of spectroscopic methods. The 

infrared spectra of all alkynyl complexes showed a C≡C stretch between 2067 and 

2070 cm-1 for 2, 4 and 5. Complex 6, with the protonated bipyridine, showed the same 

alkynyl stretch at a lower wavenumber, 2031 cm-1. For comparison, the C≡C stretch of 

1 is 2097 cm-1.  

The ν(C≡C) band of all these complexes appears to have several components, 

with shoulders in the peaks being observed for 2, 4 and 5. It is proposed that this band is 

split by either Fermi resonance40,46 or the presence of different rotamers in solution.74 IR 

spectra of 2 were obtained in different solvents to investigate this effect, shown in 

Figure 2-7 below. In addition, spectra were recorded in the electrolyte solution (0.1M 
nBu4NPF6 in CH2Cl2) used for spectroelectrochemical experiments to see if there was a 

change in the spectra observed. The slightly different peak shapes obtained in different 

solutions indicate that there is an impact of solvent on the distribution of the 

components that contribute to this peak. It is worth noting that using THF resulted in 

partial decomposition of the complex, with the presence of a peak at 1970 cm-1 
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indicating formation of a ruthenium carbonyl complex75 (in the case of 2, this is 

[ClRu(dppm)2(CO)]+). It was thought that the low energy shoulder observed may be 

produced by the protonated bipyridine, as seen in the shift in ν(C≡C) between 3 and 6 of 

-30 cm-1. A sample for IR spectroscopy was also prepared in CH2Cl2 that had been 

acidified with HCl (ca. 1x10-3 M). The ν(C≡C) band of this sample shifted to 2032 cm-1, 

outside of the peak seen for the neutral complex, indicating that trace acid in the sample 

or solutions was unlikely to be responsible for the complex peak shape. 

 
Figure 2-7: IR spectra of 2 under different conditions; (top to bottom) i) CH2Cl2 
solution ii) 0.1 M nBu4NPF6 in CH2Cl2 solution iii) acidified CH2Cl2 solution iv) 
THF solution and v) MeCN solution. Transmittance has been normalised for 
these spectra, which are offset for clarity. 

 
Figure 2-8: Atom numbering for the assignment of NMR spectra discussed 
below. 

The trans configuration around the [Ru(P∩P)2] core in 2 and 6 was consistent 

with the singlet present in the 31P{1H} NMR spectra, while the single peak observed in 

the spectra obtained for 4 and 5 helped confirm the isolation of a single product. The 
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proton and carbon NMR spectra contained the expected resonances for the bipyridine 

moiety (where not obscured by phosphine ligand proton signals); the spectra were 

readily assigned with the assistance of 2D correlation experiments (notably 1H-13C-

HMBC and 1H-13C-HSQC experiments), see Figure 2-8 for atom numbering. 

Resonances attributable to phosphine and cyclopentadienyl ligands were readily 

assigned and are typical of ruthenium alkynyl complexes.18,32 Alkynyl carbon 

resonances were assigned, with Cɑ shifted well downfield from the free alkyne, while Cβ 

were also shifted downfield, but to a lesser extent. The identification of the Cɑ peak was 

complicated by the 2JC,P coupling observed, which split the already weak resonance of 

the quaternary carbon into either a triplet (4 and 5) or a theoretical pentet (2 - not 

observed, and 6 multiplet observed). The shift of Cɑ has previously been shown to 

correspond to the electron density at the metal centre.76
 

Complex Cɑ Cβ 

2 - 110.0 
4 128.7 112.2 
5 141.0 107.7 
6 160.2 110.8 

 
Table 2-1: 13C{1H} NMR shifts for the alkynyl carbons. 

UV-vis spectra were obtained for 2, 4 and 5 as CH2Cl2 solutions, with all 

complexes giving very similar spectra. The main feature is an MLCT band at ca. 400 

nm, while a higher energy band is observed at ca. 270 nm, corresponding to a bipyridyl 

π to π* transition,  consistent with previous reports on ruthenium alkynyl complexes.32  

  
Figure 2-9: UV-vis spectra of 2, 4 and 5 as CH2Cl2 solutions. 
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2.2.3 Structural Determinations 

Crystals suitable for single crystal X-ray diffraction studies were obtained for 2 

and 4-6. The structures obtained are shown in Figure 2-10 and Figure 2-11, while 

selected interatomic parameters are collected in Table 2-2. Two structures were 

determined for 2, with an initial sample mounted on a fibre under an atmosphere of cold 

CO2 to avoid any solvent loss resulting in the solvated structure 2●2PhMe (or 2'). A 

second dataset (2) on the same batch of crystals several days later showed that they had 

retained crystallinity, despite a marked decrease in the b cell length of 12%, while the 

other cell parameters showed almost no change. A comparison of the unit cells shows 

that this decrease in cell volume can be explained by the loss of the toluene solvent 

molecules, as seen in Figure 2-12. The geometries of the ruthenium complexes in 2 and 

2' are extremely similar (see appendix), differing in rotation along the Ru-C≡C-C axis 

of the molecule, with the plane of the bpy moiety only 6° away from bisecting the dppm 

ligands in 2, but the bpy in 2' is 14° away. Due to this similarity, only the structure of 2 

will be considered. There are three crystallographically distinct molecules of 4 in the 

unit cell. The geometries of each molecule are very similar; further discussion will only 

consider molecule 1. Complex 6 crystallised with one dichloromethane solvate per 

molecule.  

 
Figure 2-10: Representation of the molecular structure of 2, with hydrogen 
atoms omitted to aid in clarity and ellipsoids drawn at 50% probability. 
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Figure 2-11: Representations of the molecular structures of 4 (molecule 1), 5 
and 6, with hydrogen bonds shown for 6. Non H-bonding hydrogen atoms and 
solvent molecules omitted for clarity and ellipsoids drawn at 50% probability. 
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Figure 2-12: View along the c axis of the unit cell of 2' (top) and 2 (bottom), 
showing the 12 % contraction along the b axis (horizontal) upon desolvation. 

The bond lengths and angles about the ruthenium cores of 2 {trans-

RuCl(dppm)2}, 4 {CpRu(PPh3)2}, 5 {Cp*Ru(dppe)} and 6 {trans-RuCl(dppe)2} are 

consistent with previous examples of alkynyl complexes;18,46,77 see Table 2-2 for values. 

The Ru-C≡C-C alkynyl moiety is linear in all these complexes, while there is no 

significant difference in Ru-C and C≡C bond lengths across the series (see Table 2-2). 

In addition the uncoordinated C≡C-bpy moiety in 2, 4 and 5 are analogous to previously 

published complexes incorporating this ligand,35,67,69,78 showing that the bipyridine rings 

are essentially co-planar (dihedral angles of 2.1, 10.5 and 13°) with the nitrogen atoms 

in a trans arrangement. In contrast, the bpy moiety in 6 lies with the nitrogen atoms in a 

cis arrangement. This can be rationalised by considering the coordinated proton as 
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forming a hydrogen bond to the nitrogen atom of the other pyridyl ring, where this 

interaction has a distance of only 2.202 Å. The triflate anion also exhibits hydrogen 

bonding to the coordinated proton, with a H-O distance of 2.111 Å. Further discussion 

about the solid state structure of 6 is provided in Chapter 4, with the relative orientation 

of the bipyridyl ring and the phosphorus atoms discussed in comparison to 3 and other 

ClRu(dppe)2-C≡C-R complexes in light of a recent study on the effects of ligand 

orientation on the electronic properties of metal centres.77
 

 2 3 4 5 6 
Cl-Ru 2.449(1) 2.4871(15) - - 2.503(1) 
Cp(*)-Ru - - 1.883 1.899 - 
Ru-C(1) 1.979(5) 2.007(6) 1.995(7) 2.023(2) 1.980(5) 
C(1)-C(2) 1.227(8) 1.183(8) 1.204(10) 1.188(3) 1.202(7) 
C(2)-C(15) 1.418(8) 1.444(9) 1.452(10) 1.439(3) 1.403(7) 
Cl-Ru-C(1) 173.2(2) 197.26(17) - - 173.9(2) 
Ru-C(1)-C(2) 173.0(5) 175.4(6) 177.1(6) 177.5(2) 178.3(5) 
C(1)-C(2)-C(15) 178.5(6) 172.3(7) 172.6(7) 175.9(2) 176.0(6) 
N(1)-C(12)-C(22)-N(2) 177.9(6) 178.77 169.5(6) 167.0(2) 2.0(7) 

 
Table 2-2: Selected bond lengths (Å) and angles (°) for 2, and 4-6. The N-C-C-
N torsion angle represents the angle between the pyridyl rings. Ru-Cp distance 
is calculated from the Cp centroid. Data for 3 comes from published data.79 
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2.2.4 Electrochemistry 

Cyclic voltammetric studies of 2, 4 and 5 show a single, apparently reversible 

oxidation (see Figure 2-13). The potential of this process changes with the electron 

density at the ruthenium core. The electron rich {Cp*Ru(dppe)} core in 5 exhibited the 

lowest oxidation potential, see Table 2-3. This oxidation matches those seen previously 

for both half sandwich and bis-diphosphine ruthenium alkynyl complexes.73,80
 

 
Figure 2-13: Plot of the CVs for 2, 4 and 5 showing the single reversible 
oxidation. Current has been standardised for these plots. 

Compound E1/2 (V) ΔE (mV) Ia/Ic 

2 0.14 73 0.92 
4 0.26 79 0.80 
5 0.00 77 0.92 

 
Table 2-3: Summary of electrochemical data obtained for monometallic alkynyl 
complexes. 
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2.2.5 Spectroelectrochemistry 

The alkynyl complexes 2, 4 and 5 were investigated through both IR and UV-

Vis-NIR spectroelectrochemical studies to examine the redox chemistry, structural 

information and electronic structures of the complexes. Representative plots are shown 

below in Figure 2-14 and Figure 2-18, while Figure 2-15, Figure 2-16 and Figure 2-17 

highlight key points of the spectra. Remaining plots are displayed in the appendix and 

details of the experimental procedures are given in the experimental section. 

 
Figure 2-14: Plot of the IR spectra of 2 during oxidation in an OTTLE cell. 

Oxidation of the complexes 2, 4 and 5 results in the shift of ν(C≡C) from ca. 

2070 cm-1 to ca. 1920 cm-1 consistent with the formation of the ruthenium alkynyl 

radical cations [2]+, [4]+ and [5]+,32 together with the appearance of a second ν(C≡C) 

band near 2050 cm-1, that was subsequently consumed upon further oxidation. Upon 

reduction of [2]+, [4]+ and [5]+, the ν(C≡C) band associated with the neutral complex 

grew back into the spectrum, together with the transient band at 2050 cm-1 that appeared 

during oxidation. These two bands had similar intensities (for 2 and 5, the low energy 

band of 4 was less intense). The band at 2050 cm-1 appears to overlap the shoulder seen 

in the neutral spectra of all the alkynyl complexes (see Figure 2-7 and Figure 2-15). 
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Figure 2-15: Comparison of IR spectra of neutral 2, 4 and 5 before and after an 
oxidation/reduction cycle in an OTTLE cell. Plots are offset for clarity. 

Further examination of this additional feature in the IR spectra was performed 

through repeated oxidation and reduction cycles of a sample of 2. Figure 2-16 shows 

that, with an additional oxidation and reduction cycle, it can be seen that the additional 

ν(C≡C) band at 2050 cm-1 has increased in intensity, while the parent alkynyl band at 

2077 cm-1 has decreased in intensity. However there appears to be little change in the 

bands corresponding to the oxidised species. 

 
Figure 2-16: IR spectra of neutral 2 during repeated oxidation and reduction 
cycles in an OTTLE cell. 
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The identity of the species responsible for the ν(C≡C) band at 2050 cm-1 could 

not be determined, despite investigating several different possibilities. Initial theses 

centred on the possibility of ionisation of the remaining chloride in 2, with these studies 

seen above in Figure 2-7 and related discussion, although the presence of similar 

features in the spectra of 4 and 5 discounted this idea. The possibility of protonation of 

the complexes was also discounted through comparison with protonated forms of itself 

(see Figure 2-7). Solvation effects were discounted through a SEC study of 2 in THF, 

with no difference observed in the behaviour of the complex relative to a CH2Cl2 

solution (see Figure A-15). 

In the spectroelectrochemical experiments discussed so far, back reduction of the 

radical cation was deemed complete upon loss of the ν(C≡C) band at ca. 1930 cm-1. At 

this point the spectra of the neutral complexes contained more of the undetermined 

species, putatively associated with the 2050 cm-1 band, than the initial neutral complex. 

In several later experiments, a continued reduction of the species in the OTTLE cell was 

performed at a potential 500 mV lower than that required for reduction of the radical 

cation for more than an hour. It was discovered that the band at 2050 cm-1 decayed, 

accompanied by growth in the parent alkynyl band (ca. 2070 cm-1), with the resulting 

spectrum matching the spectrum of the initial neutral species. This indicates that the 

band at 2050 cm-1 is associated with a species that is both harder to oxidise and harder 

to reduce than the alkynyl complex that has been synthesised. In order to check that the 

shoulder observed in the neutral complex was not due to an oxidised species in the 

samples initially prepared for spectroelectrochemical experiments, a fresh sample of 4 

was subjected to reduction in an OTTLE cell, however no change in the IR spectra was 

observed until decomposition of the complex began at a potential of ca. -1.2 V. 

It was thought that the new band observed in the IR SEC studies may be due to a 

chemical process involving the radical alkynyl cation that was occurring on the longer 

timescale of SEC experiments when compared to CV measurements. In an attempt to 

gain an insight into the nature of this unidentified species, a chemical oxidation of 5 was 

performed using the acetylferricenium cation in CH2Cl2. The reaction was monitored by 

IR spectroscopy as shown in Figure 2-17, and showed the formation of the radical 

alkynyl cation at 1931 cm-1, along with the unknown band at 2030 cm-1after just 10 

minutes. After leaving this solution in an inert atmosphere for 16 hours, the radical 

alkynyl cation had decomposed to the carbonyl cation, [Ru(CO)(dppe)Cp*]+, giving a 

new band at 1972 cm-1. The band at 2030 cm-1 attributed to the unknown complex 

gained slightly in intensity. 



-39- 

 

 

 
Figure 2-17: IR monitoring of the chemical oxidation of 5, experimental details 
are given in the experimental section. 

The nature of the species present in the solution was probed by mass 

spectrometry and analysis of the spectra obtained was inconclusive, apart from expected 

daughter ions related to the [Ru(dppe)Cp*]+ core and ions related to the carbonyl cation. 

However, there was a doubly charged ion observed at m/z of 1249 which displayed a 

characteristic Ru2 isotope pattern. This led us to suggest that the oxidation of 5 leads to 

some oligomerisation of the alkynyl radical cation complex, most likely dimerization. 

Oxidation of alkynyl complexes leading to oligomerisation has been demonstrated in 

many systems.81-84
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Figure 2-18: Plot of the UV-vis-NIR spectra of 2 during oxidation in an 
OTTLE cell. 

UV-vis-NIR SEC experiments were performed on 2; the spectra from the 

oxidation process are shown in Figure 2-18 above. During oxidation of this complex, 

the MLCT band attributed to the metal to π* orbitals seen at 390 nm was red shifted to 

420 nm, while a new low energy band at 845 nm (11 800 cm-1) appeared. This lower 

energy band can be assigned to either; a second MLCT band attributed to the metal to π 

orbitals, consistent with the theoretically and experimentally determined data for the 

complex CpRu(PPh3)2(C2-p-tol),32 or a LMCT band as determined for the complex 

ClRu(dppe)2(C2Ph).49
 

 

2.2.6 Theoretical Studies 

To aid in the interpretation of the electrochemical and spectroelectrochemical 

results, and arrive at a more comprehensive description of the electronic structure of the 

complexes described here, a series of DFT calculations (B3LYP / LANL2DZ Ru and 

Re / 6-31G** all other atoms / CPCM-dichloromethane solvent model) were carried out 

on the representative complex [4′]n+ (n = 0, 1), where the prime (′) notation is used to 

distinguish the computational systems from the physical samples. 

Optimised bond lengths and angles for 4′ were in good agreement with the 

crystallographically determined structure (see Table A-4 in the appendix); Ru-P, Ru-Cl 

and Ru-Cp bond lengths were overestimated by ca. 4%. Calculated vibrational 
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frequencies for ν(C≡C) (scaled here by 0.95)85 allow comparison of computational 

model and physical systems in both redox states, as shown below in Table 2-4. The 

close agreement of these data gives confidence in the conclusions drawn from this 

computational work. 

 n = 0 n = 1 
4 2065 cm-1

 1914 cm-1
 

4′ 2034 cm-1
 1922 cm-1

 

 
Table 2-4: Comparison of computed and measured ν(C≡C) for 
[CpRu(PPh3)2(CC-5-bpy)]n+ (n = 0,1). 

Compound 4′ is another member in the now well-studied family of complexes 

Ru(C≡CR)(PR3)2Cp,32,47,48,86 and the electronic structure is, not surprisingly, similar to 

the many other examples of this family described earlier at various levels of theory. Of 

the various minima of 4′ that can be identified, that differ in the relative orientations of 

the N atoms relative to the {Ru(PPh3)2Cp} fragment and each other, the structure with 

the bpy plane approximately bisecting the P-Ru-P angle is the global minimum. The 

analogous structure with the bpy fragment oriented as found in the crystallographically 

determined structure (bpy plane rotated 90° along the C≡C axis relative to its position at 

the global minimum), lies some 2.3 kJ mol-1 eV higher in energy. This small difference 

in energy between the calculated and experimental structures may be either a 

consequence of crystal packing or the limitations of the theoretical model in assessing 

very small differences in energy. 

 
Figure 2-19: Plots of selected molecular orbitals of 4′, left) LUMO right) 
HOMO (isocontour value ±0.04 (e/bohr3)1/2). 

The HOMO is distributed over the Ru-C≡C-bpy back-bone (Ru 33%, C≡C 29%, 

bpy 24%) whilst at the level of theory employed the LUMO is essentially (88%) 

comprised of the bpy π* system, as shown in Figure 2-19 above. In comparison with 4′, 

the 17-e compound [4′]+ offers the usual pattern32 of elongated Ru-P and Ru-Cp bond 

lengths, which reflects decreases in metal-ligand π-backbonding. The shorter Ru-C1 and 
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C2-C3 bond lengths and longer C1-C2 bond in [4′]+ are consistent with the composition 

and nodal structure of the β-LUSO (Ru 38%, C≡C 26%, bpy 21%), which has the 

obvious similarities with the HOMO of 4′. The calculated ν(C≡C) frequencies in 4′ and 

[4′]+ track the geometric changes and orbital structure, decreasing from 2034 cm-1  (4′) 

to 1922 cm-1 ([4′]+) as the C≡C character decreases on oxidation, and are in very good 

agreement with the IR spectroelectrochemical results. The substantial ethynyl-

bipyridine ligand character in the radical cation [4′]+ also supports the notion of inter-

ligand coupling proposed above to explain the chemical behaviour of the closely related 

complexes [2]+, [4]+ and [5]+.  
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2.3 Summary and Conclusion 

A number of ruthenium alkynyl complexes containing a pendant bipyridine 

moiety have been synthesised using established procedures and fully characterised, 

including solid state structure determinations. These complexes can now be used to 

coordinate an additional metal centre to the bipyridine moiety to allow synthesis of 

bimetallic complexes. 

These complexes were then examined through spectroelectrochemical 

techniques, and the expected shift32 of ca. 150 cm-1 to lower energy of the alkynyl 

stretch was observed. However an additional band in the IR spectra of all complexes 

was observed during the spectroelectrochemical experiments. The nature of the species 

that gives rise to this band could not be unequivocally determined, despite an in depth 

investigation of the alkynyl complexes in both IR-SEC and chemical oxidation 

experiments. However, it is proposed that the species giving rise to this band arises 

from coupling of the radical cations. 

UV-vis-NIR spectroelectrochemical behaviour of 2 was investigated, with the 

radical cation [2]+ showing two different MLCT bands: a high energy Ru-C≡C to π* 

band, and a lower energy Ru-C≡C to π band. These results matched those observed 

previously for oxidation of aryl ruthenium alkynyl complexes. The results of both IR 

and UV-vis-NIR SEC experiments were supported by a DFT theoretical study of the 

complexes.  
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2.4 Experimental 

2.4.1 General Considerations 

All reactions were performed under an atmosphere of high purity Argon or 

Nitrogen using standard Schlenk techniques. Reaction solvents were either purified and 

dried using an Innovative Technology SPS-400 (THF, Diethyl ther, Hexane and 

Toluene) and degassed prior to use, or were purified and dried by appropriate means87 

prior to distillation and storage under Argon. Chromatography solvents were distilled 

prior to use. Unless otherwise mentioned, no special precautions were taken to exclude 

air or moisture during work-up and crystallisation. The compounds ClRu(dppm)2CC-5-

bpy,35 CpRu(PPh3)2Cl,88 Cp*Ru(dppe)Cl,80 [ClRu(dppe)2]OTf 34 and HCC-5-bpy 

(1)57,58 were synthesised according to literature procedures. All other materials were 

obtained from commercial suppliers and used as received. 

The NMR spectra were recorded on 400 MHz Bruker Avance, Bruker AV-500 

or Bruker AV-600 spectrometers. 1H and 13C{1H} spectra were referenced to residual 

solvent signals, while 31P{1H} and 19F spectra were referenced to external Phosphoric 

acid and hexafluorobenzene respectively. IR spectra were recorded using a Thermo 

Scientific Nicolet 6700 or a Perkin Elmer Spectrum 1 spectrometers as: CH2Cl2 

solutions in a cell fitted with CaF2 windows; nujol mulls on NaCl plates; or solid 

samples utilising an ATR module fitted to the Spectrum 1 spectrometer. UV-vis spectra 

were recorded on a Perkin-Elmer Lambda 25 UV-vis spectrophotometer as CH2Cl2 

solutions in a quartz cell, or on a Thermo Array UV-vis spectrophotometer as CH2Cl2 

solutions in a cell with CaF2 windows.  MALDI-mass spectra were recorded using an 

Autoflex II TOF/TOF mass spectrometer with a 337 nm laser. Samples in CH2Cl2 (1 

mg/mL) were mixed with a matrix solution of trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]malononitrile (DCTB) in a 1:9 ratio, with 1 μL of mixture spotted onto 

a metal target prior to exposure to the MALDI ionization source, FAB-mass spectra 

were acquired on a VG autospec spectrometer, utilising NOBA as the matrix for CH2Cl2 

solutions of the analyte, ESI-mass spectra were recorded on a Waters LCT Premier TOF 

spectrometer. Elemental analyses were performed by Microanalytical Services, 

Research School of Chemistry, Australian National University, Canberra, Australia or 

London Metropolitan University, London, United Kingdom. 

Electrochemical analyses were carried out using either an EcoChemie Autolab 

PG-STAT 30 or a Palm Instruments EmStat potentiostat. Unless otherwise mentioned, 

the following conditions were used for all electrochemical analyses; A platinum disc 
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electrode with platinum counter and platinum pseudo reference electrodes, CH2Cl2 

solutions containing 0.1 M nBu4NPF6 electrolyte and ca. 10-4 M analyte, scan rate of 

100 mV/s at room temperature. The decamethylferrocene/decamethylferricenium 

(Me10Fc/Me10Fc+) couple was used as an internal reference, with all potentials reported 

relative to the ferrocene/ferricenium couple (FcH/FcH+) (Me10Fc/Me10Fc+ = -0.48 V in 

CH2Cl2).89  

Spectroelectrochemical measurements were made in an OTTLE cell of Hartl 

design,90 from CH2Cl2 solutions containing 0.1 M nBu4NPF6 electrolyte. The cell was 

fitted into the sample compartment of the Thermo 6700 or Cary 5000 UV-vis-NIR 

spectrophotometer, and electrolysis in the cell was performed with either a PGSTAT-30 

or EmStat potentiostat. 

See Figure 2-8 in the body of this chapter for the atom numbering used in the 

assignment of NMR spectra below. 

Crystallographic data for the structures was collected on an Oxford Diffraction 

Gemini diffractometer fitted with Cu Kα radiation (2, 2’, 4 and 6) or Mo Kα (5). 

Following analytical absorption corrections and solution by direct methods, the 

structures were refined against F2 with full-matrix least-squares using the program 

SHELXL-97.91 Except where mentioned below, anisotropic displacement parameters 

were employed throughout for the non-hydrogen atoms. All H atoms were added at 

calculated positions and refined by use of a riding model with isotropic displacement 

parameters based on those of the parent atom. Geometries of disordered atoms were 

restrained to ideal values. Non-hydrogen atoms within the disordered atoms were 

refined with isotropic displacement parameters only. Crystal data and structure 

refinement details are tabulated below.  

 

2.4.2 Synthesis of Complexes 

ClRu(dppm)2CC-5-bpy (2): The synthesis of this complex has been previously 

reported by our group.35 The X-ray crystal structure has been obtained for the first time 

during this study. Crystals suitable for X-ray analysis were obtained through the slow 

evaporation of a CH2Cl2/PhMe solution of the complex. 

CpRu(PPh3)2CC-5-bpy (4): This complex has been previously reported,60 but a 

simplified synthesis without isolation of a vinylidene intermediate and new 13C{1H} 

NMR assignments from extensive 2D experiments are presented here. CpRu(PPh3)2Cl 

(400 mg, 0.551 mmol), 1 (150 mg, 0.826 mmol) and NH4PF6 (200 mg, 1.23 mmol) 

were refluxed in MeOH for 2 hours during which the yellow suspension became a deep 
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red solution. The solution was cooled to room temperature before the addition of DBU 

(0.5 mL), followed by 30 min stirring resulting in the formation of a yellow precipitate. 

The mixture was cooled to 0°C and the yellow ppt was collected on a glass frit and 

washed with MeOH (2 x 5 mL) to give the product as a yellow powder (348 mg, 73 %). 

Crystals suitable for X-ray analysis were obtained through the layer diffusion of n-

hexane into a CH2Cl2 solution of the complex. This complex matches the spectroscopic 

data presented previously,60 with the exception of the 13C{1H} assignments, a revised 

assignment of this spectrum is presented here; 13C{1H} (CDCl3, 151 MHz): δ 85.5 (s, 

Cp), 112.2 (s, Cβ), 120.3 (s, C3), 120.8 (s, C3'), 122.7 (s, C5'), 127.2 (s, C5), 127.3 (t, 
2JCP = 4.4 Hz, Cortho), 128.4 (t, 2JCP = 25.7 Hz, Cα), 128.7 (s, Cpara), 133.9 (t, 3JCP = 4.8 

Hz, Cmeta), 136.8 (s, C4'), 138.0 (s, C4), 138.8 (t, 1JCP = 21.0 Hz, Cipso), 149.2 (s, C6'), 

149.7 (s, C2), 151.2 (s, C6), 156.9 (s, C2'). 

Cp*Ru(dppe)CC-5-bpy (5): Cp*Ru(dppe)Cl (200 mg, 0.298 mmol), 1 (65 mg, 

0.360 mmol) and NH4PF6 (100 mg, 0.613 mmol) were suspended in dry MeOH (40 mL) 

and heated to reflux for 2 hours during which a yellow suspension became a deep red 

solution. The solution was cooled to room temperature before the addition of DBU (0.5 

mL), followed by 30 min stirring resulting in the formation of an orange precipitate. 

The mixture was cooled to 0°C and the orange ppt was collected on a glass frit and 

washed with MeOH (2 x 3 mL) and Et2O (3 mL) to give the product as an orange 

powder (214 mg, 88%). Crystals suitable for X-ray analysis were obtained through the 

vapour diffusion of n-pentane into a CH2Cl2 solution of the complex. Anal. Calcd for 

C48H46N2P2Ru1: C, 70.83; H, 5.70; N, 3.44. Found: C, 70.77; H, 5.64; N, 3.52. 1H NMR 

(CDCl3, 400 MHz): δ 1.57 (s, 15H, Cp*), 2.01-2.15 (m, 2H, PCH2CH2P), 2.63-2.73 (m, 

2H, PCH2CH2P), 7.05 (d, 1H, H5'), 7.19 (m, 1H, H4'), 7.22-7.26 (m, 8H, Hmeta), 7.29-

7.40 (m, 9H, Hortho & H3') 7.73-7.76 (m, 4H, Hpara) 8.02 (s, 1H, H6), 8.08 (d, 3JHH = 8 

Hz, 1H, H4) 8.25 (d, 3JHH = 8 Hz, 1H, H3), 8.61 (dd, 1H, H6'). 13C{1H} NMR (CDCl3, 

100 MHz): δ 10.0 (s, Me5Cp), 29.4 (m, PCH2CH2P), 92.8 (s, Me5Cp), 107.7 (s, Cβ), 

120.1 (s, C3), 120.6 (s, C3'), 122.5 (s, C5'), 127.4 (t, Cmeta), 127.6 (t, Cmeta), 129.2 (s, 

Cpara), 133.3 (t, Cortho), 136.4 (s, C5), 136.8 (s, C4') 137.4 (s, C4), 138.7 (dd, Cipso, 1JCP = 

39.7 Hz, 4JCP = 6.4 Hz), 141.0 (t, Cα, 2JCP = 24.4 Hz), 149.0 (s, C2), 149.1 (s, C6'), 151.0 

(s, C6), 157.0 (s, C2'). 31P{1H} NMR (CDCl3, 162 MHz): δ 79.72 ppm (s). IR (CH2Cl2 

solution): νC≡C 2067 cm-1 (2044 cm-1 shoulder). M.p. = 238-240°C. MS (MALDI): m/z 

814 ([M]+, 100%), 663 ([Cp*Ru(dppe)CO]+, 90%), 635 ([Cp*Ru(dppe)]+, 30%). UV-

vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 399 [2.37]. 
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 [ClRu(dppe)2(CC-5-bpyH)]OTf (6): [Ru(dppe)2Cl]OTf (150 mg, 139 mmol) 

and 1 (26 mg, 140 mmol) were dissolved in CH2Cl2 (20 mL) and stirred overnight. 

Hexane (10 mL) was added, and the volume was reduced to ca. 5 mL in vacuo. The 

precipitate was collected on a glass frit and washed with Et2O (2x3 mL) to give 6 as a 

red powder (156 mg, 89 %). Crystals suitable for X-ray analysis were obtained through 

the layer diffusion of n-hexane into a CH2Cl2 solution of the complex under an inert 

atmosphere. 1H NMR (600 MHz): δ 2.63-2.78 (m, 8H, PCH2CH2P), 6.77 (m, 2H, H4 & 

H5'), 6.97 (m, 24H, Hpara & Hmeta), 7.35 - 7.80 (m, 17H, Hortho & H3), 8.03 (m, 2H, H3 

& H4'), 8.22 (d, 1H, H6'), 8.86 (s, 1H, H6). 13C{1H} NMR (CDCl3, 100 MHz): δ 30.5 

(p, PCH2CH2P), 110.8 Cᵦ, 121.4 (s, C3), 122.0 (s, C5), 122.3 (s, C3'), 125.2 (s, C5'), 

127.4 & 127.6 (s, Cortho), 129.5 & 129.6 (s, Cpara), 131.4 (s, C4'), 133.6 & 134.6 (s, 

Cmeta), 135.0 &135.7 (m, Cipso), 139.6 (s, C4), 144.2 (s, C2'), 144.5 (s, C6'), 147.5 (s, 

C2), 149.0 (s, C6), 160.2 (m, Cɑ). 31P{1H} NMR (CDCl3, 162 MHz): δ 49.26 ppm (s). 
19F NMR (CDCl3, 470 MHz): δ -77.91 ppm (s). IR (nujol): νC≡C 2031 cm-1.  
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2.4.3 Crystal Data and Structure Refinement Tables: 
Compound 2 2●2PhMe 4 5 6●CH2Cl2 
Empirical formula  C62H51ClN2P4Ru C76H67ClN2P4Ru C53H42N2P2Ru C48H46N2P2Ru C66H58Cl3F3N2O3P4RuS 
Formula weight  1084.45 1268.72 869.90 813.88 1347.50 
Temperature/K  180(2) 100(2) 100(2) 100(2) 100(2) 
Wavelength/Å 1.54184 1.54184 1.54184 0.71073 1.54178 
Crystal system  Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group  P21/n P21/n P21 P21/c P21/c 
a/Å  10.1542(8) 10.1365(7) 18.3620(2) 10.61440(10) 20.3078(17) 
b/Å  30.981(3) 35.239(3) 14.8757(2) 37.50442(4) 16.9782(6) 
c/Å  17.6653(12) 17.7838(15) 23.7754(3) 9.89900(10) 18.2049(16) 
α/°  90.00 90.00 90.00 90.00 90.00 
β/°  95.988(8) 95.270(7) 105.4560(10) 96.5790(10) 106.082(9) 
γ/°  90.00 90.00 90.00 90.00 90.00 
Volume/Å3  5526.9(8) 6325.6(8) 6259.33(13) 3914.69(7) 6031.2(8) 
Z  4 4 6 4 4 
ρcalcmg/mm3  1.303 1.332 1.385 1.381 1.484 
m/mm-1  4.141 3.698 4.064 0.519 5.135 
F(000)  2232 2632 2688 1688 2760 
Crystal size/mm3  0.28 × 0.13 × 0.01 0.36 × 0.26 × 0.012 0.55 × 0.44 × 0.05 0.57 × 0.09 × 0.07 0.36 × 0.02 × 0.01 
Θ range for data collection  2.85 to 67.61° 2.79 to 68.41° 3.54 to 67.41° 3.42 to 34.00° 3.36 to 67.45° 
Index ranges  -12 ≤ h ≤ 12, -36 ≤ k ≤ 

37, -21 ≤ l ≤ 19 
-12 ≤ h ≤ 11, -40 ≤ k ≤ 

42, -21 ≤ l ≤ 21 
-21 ≤ h ≤ 17, -17 ≤ k ≤ 17, 

-28 ≤ l ≤ 27 
-16 ≤ h ≤ 16, -58 ≤ k ≤ 

58, -15 ≤ l ≤ 8 
-24 ≤ h ≤ 23, -19 ≤ k ≤ 20, -

19 ≤ l ≤ 21 
Reflections collected  68713 70628 65591 61807 33569 
Independent reflections  9855 [R(int)=0.1210] 11292 [R(int)=0.0786] 21907 [R(int)=0.0484] 15712 [R(int)=0.0436] 10756[R(int)=0.1129] 
Data/restraints/parameters  9855 / 12 / 616 11292 / 60 / 746 21907 / 19 / 1568 15712 / 0 / 483 10756 / 0 / 748 
Goodness-of-fit on F2  1.027 1.121 1.067 1.090 0.937 
Final R indexes [I>=2σ (I)]  R1 = 0.0582,  

wR2 = 0.1319 
R1 = 0.0685,  
wR2 = 0.1588 

R1 = 0.0694,  
wR2 = 0.1688 

R1 = 0.0441,  
wR2 = 0.0920 

R1 = 0.0550,  
wR2 = 0.1153 

Final R indexes [all data]  R1 = 0.0972,  
wR2 = 0.1460 

R1 = 0.0836,  
wR2 = 0.1663 

R1 = 0.0745,  
wR2 = 0.1762 

R1 = 0.0578,  
wR2 = 0.0968 

R1 = 0.1040,  
wR2 = 0.1334 

Largest diff. peak/hole / e Å-3  1.176/-0.532 1.518/-1.177 8.864/-0.738 1.894/-0.624 1.861/-0.574 
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3.1 Introduction 

3.1.1 Coordination compounds of 2,2-bipyridine 

Coordination compounds of 2,2'-bipyridine (bpy) have been widely studied1,2 

since the first synthesis of a bipyridyl coordination complex in 1898.3 The strongly 

chelating bipyridine ligand binds strongly to transition metal centres through both σ-

donating nitrogen atoms and π-accepting aryl molecular orbitals.4 The electronic and 

steric properties of the bpy ligand can be readily altered by substitution of each aryl ring 

within the ligand.5,6 Related bidentate, chelating, aromatic nitrogen donating ligands 

such as phenanthroline and 3,3'-biisoquinoline form coordination complexes in a similar 

manner to bpy (Figure 3-1). The use of these ligands in place of bpy can be used to 

affect the steric bulk of the coordination complex formed.2 Further discussion of these 

ligands is beyond the scope of this project. 

 
Figure 3-1: Structure of the ligand 2,2'-bipyridine (a) and related fused ring 
compounds b) 1,10-phenanthroline and c) 3,3-biisoquinoline.  

Coordination complexes containing the bipyridine moiety have been 

investigated for a wide range of properties, such as; electron transfer,5,7,8 supramolecular 

chemistry,9,10 catalysis,11-13 and medicinal chemistry.14,15 Example metal complexes 

from these studies are shown in Figure 3-2. The most studied application of bpy 

complexes is investigation of the photophysical properties of metal centres including: 

[Ru(bpy)3]2+,6,16 other [Ru(bpy)n(L)m]2+ complexes,17 [Ir(ppy)2(bpy)]+
 complexes18-20 

and (bpy)Re(CO)3X complexes.21-23 [Ru(bpy)3]2+ complexes are widely studied in 

fluorescence applications, while [Ru(bpy)n(L)m]2+ complexes are ubiquitous in the 

formation of dye sensitised solar cells (DSSC or Gratzel cells).24-26 Recently, 

applications of [Ru(bpy)n(L)m]2+  complexes have been extended to water oxidation 

catalysis27 and photoreduction of CO2.28
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Figure 3-2: Representative bipyridyl coordination complexes that have been 
investigated for a) electron transfer,8 b) supramolecular chemistry,9 c) 
catalysis,13 d) medicinal  chemistry,15 e) photophysics and f) DSSC.25

 

In addition to the monometallic complexes of bpy shown above, many studies 

have produced polymetallic complexes containing multiple metal centres coordinated to 

different bpy moieties within a ligand,7,29,30 examples of which are shown in Figure 3-3. 

Synthesis of homometallic complexes is achieved in many cases through simultaneous 

coordination of multiple metal centres to ligands containing multiple bpy moieties. 

Heterometallic complexes have been synthesised through either selective coordination 

of different metal centres, or the use of a 'chemistry on the complex' approach in which 

the ligands of two different metal complexes are coupled to form a multimetallic 

complex.30
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In addition to these discrete complexes, there is a significant body of work on 

the synthesis of polymers containing bpy units which are then able to coordinate metal 

centres. These bpy units can either be tethered to the polymer chain,10 or can be directly 

incorporated in the polymer backbone.31 Synthesis of these metal-containing polymers 

can proceed through several methods. One method is (co)polymerisation of metal 

containing monomers. Other methods involve grafting a metal complex to a polymer 

through coordination to a polymer containing free bpy ligand or a post synthetic 

functionalisation approach involving reaction between appropriate functional groups on 

both the polymer and metal complex.10 These polymers have found application in 

OLEDs32 (organic light emitting diodes) and DSSCs (Dye Sensitised Solar Cells).26
 

 
Figure 3-3: Examples of multimetallic complexes based upon the bpy 
moiety.7,29,30

 

In addition to the multimetallic complexes based upon multiple bpy coordinated 

metal centres, many multimetallic complexes are based upon ligands with different 

coordination modes. An example of this is the ligand 1, shown in Scheme 3-1, which 

will be used in this project to create bimetallic complexes to investigate electronic 

communication between metal centres as discussed below. 
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3.1.2 5-Ethynyl-2,2'-Bipyridine Complexes 

In this project, the σ-alkynyl complexes containing a pendant bipyridyl moiety 

described in Chapter 2 will be used as metallo-ligands in the synthesis of bimetallic 

complexes for the investigation of electronic communication between metal centres. As 

1 is a bifunctional ligand with very different coordination modes, it is possible to form 

bimetallic complexes in two ways, as shown in Scheme 3-1. A summary of the methods 

used to synthesise σ-alkynyl complexes was presented previously in Chapter 2. 

 
Scheme 3-1: Representation of the two routes to generate bimetallic complexes 
of ligand 1. 

In this work, synthesis of bimetallic complexes will be performed via the route 

depicted in Scheme 3-1 a) shown above, through coordination of an additional metal 

centre to a σ-alkynyl metallo-ligand. It is worth noting at this point that an alternative 

route to bimetallic complexes of 1 is available through a 'chemistry on the complex' 

approach, in which the ligand is formed through reaction of two metal complexes as 

illustrated for a similar ligand in Scheme 3-2.33
 

 
Scheme 3-2: Synthesis of [5,5'-{CpFe(dppe)-C≡C}2-(bpy(Mo(CO)4))] showing 
the chemistry on the complex approach to synthesising ligands similar to 1.33 
(P∩P) = dppe 

With the ready synthesis of σ-alkynyl complexes and the strong coordinating 
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ability of the bpy moiety, there are numerous previous studies of bimetallic complexes 

of 1;34 selected examples are shown in Figure 3-4. Many of these are gold and platinum 

alkynyl complexes with lanthanide or Ru(bpy)2 metal centres coordinated to pendant 

bpy moieties.35-37 In addition to bimetallic complexes of 1, larger complexes containing 

many metal centres can be synthesised, an example of this is the work of Lang and 

coworkers in synthesising large hetero-multimetallic organometallic complexes with up 

to seven different metal centres.38-41 During the course of this investigation, there were 

several reports42,43 which presented ruthenium σ-alkynyl complexes with Ln metal 

centres coordinated to pendant bpy moieties. These papers investigated the 

communication between metal centres by observing the quenching of the lanthanide 

fluorescence upon chemical oxidation of the ruthenium centre. 

 
Figure 3-4: Example multimetallic complexes of ligand 1.35-37,43
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The metal centres that will be coordinated to the bipyridyl moiety of metallo-

ligands 2 and 4-5 in this project are the {Re(CO)3Cl} and {CpRuCl} fragments. The 

{Re(bpy)(CO)3Cl} centre has been widely studied since it was first synthesised in 

197444 and is of interest for its fluorescent properties.45 In contrast to the abundance of 

literature on the rhenium fragment, the {CpRu(bpy)Cl} moiety is almost absent from 

the literature since the first report of its synthesis in 198646. This electron rich ruthenium 

centre is expected to be electrochemically active, allowing synthesis of bimetallic 

ruthenium complexes with two redox active centres. Bimetallic ruthenium complexes 

have been utilised in the investigation of mixed valence complexes and intramolecular 

electronic communication through carbon-rich ligands.47-49  

This project will focus on the synthesis and characterisation of bimetallic 

complexes through coordination of either {Re(CO)3Cl} or {CpRuCl} to the pendant 

bpy moiety of the metallo-ligands synthesised in Chapter 2. As part of this 

investigation, the first electrochemical investigation of the {CpRu(bpy)Cl} metal centre 

will be performed. To assist in the characterisation of the bimetallic complexes, 

monometallic coordination complexes will also be synthesised to provide spectroscopic 

references for the bimetallic complexes. 
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3.2 Results and Discussion 

3.2.1 Synthesis 

Coordination of an additional metal centre to the bipyridine moiety of our 

alkynyl complexes has been successful, with a number of bimetallic complexes 7-12 

containing the {Re(CO)3Cl} or {CpRuCl} moiety synthesised. Table 3-1 shows these 

complexes. Coordination to bipyridine was achieved through known ligand 

displacement reactions with Re(CO)5Cl50 and CpRu(COD)Cl46 respectively, as seen in 

Scheme 3-3. Monometallic coordination complexes 14-17 and 19 were synthesised via 

similar reactions from 1, Ph-C≡C-5-bpy (13) or 2,2'-bipyridine to give a reference point 

for the spectroscopic, electronic and structural properties of these metal centres within 

bimetallic complexes. Complex 14 has been synthesised previously,40 but as it was 

synthesised in the course of this project and is a useful reference point for discussion of 

the spectroscopic and structural characteristics of the other complexes presented here, it 

is included.  

The established procedures for these ligand displacement reactions utilised small 

organic bipyridine ligands, which resulted in the need for a subtle change in reaction 

conditions to accommodate the larger metal complexes containing the bipyridine moiety 

utilised here. The lower solubility of the metal complexes in comparison to an organic 

bipyridine necessitated the use of a larger volume of the reaction solvent (acetone for 

{CpRuCl} reactions and toluene for {Re(CO)3Cl} reactions). To ensure isolation of the 

product in good yield, these larger solvent volumes were reduced (to between 10 and 50 

% of the initial volume), followed by addition of a co-solvent (diethyl ether for 

{CpRuCl} reactions and hexane for {Re(CO)3Cl}) to complete precipitation of the 

reaction product, yet leave unreacted starting materials in solution. Under these 

conditions the coordination reactions were successful, giving high yields of the desired 

products, with no purification required after collection of the precipitate due to the 

highly selective nature of the reaction and the high conversion of starting material.  
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Scheme 3-3: Ligand displacement reactions used to synthesise bimetallic and 
coordination complexes.46,50 

 

 

Complex R [M] 
7 [ClRu(dppm)2] Re(CO)3Cl 
8 [ClRu(dppm)2] CpRuCl 
9 [CpRu(PPh3)2] Re(CO)3Cl 
10 [CpRu(PPh3)2] CpRuCl 
11 [Cp*Ru(dppe)] Re(CO)3Cl 
12 [Cp*Ru(dppe)] CpRuCl 
14 H Re(CO)3Cl 
15 H CpRuCl 
16 Ph Re(CO)3Cl 
17 Ph CpRuCl 
18 N∩N = bpy Re(CO)3Cl 
19 N∩N = bpy CpRuCl 

Table 3-1: Compound numbering for bimetallic and coordination complexes. 

3.2.2 Spectroscopy 

The complexes were identified using a variety of spectroscopic methods. The 

infrared spectra of all bimetallic complexes showed a shift of approximately 30 cm-1 

towards a lower wavenumber for the C≡C stretch relative to the free bipyridine in 2, 4 

and 5, to around 2040 cm-1. Coordination compounds 14-17 all exhibit a C≡C stretch 

very similar to the respective ligand 1 or 13. A summary of these νC≡C is seen in Table 

3-2. The terminal alkyne proton stretch is also observed for 14 and 15 at 3185 and 

3133 cm-1 respectively. The {Re(CO)3Cl} containing complexes 7, 9, 11, 14 and 16 
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exhibit the expected three stretches for the fac-(N∩N)Re(CO)3Cl isomer. The fac-

isomer is the expected thermodynamic product of ligand displacement reactions of 

[Re(CO)5Cl], with the only report of a mer-(N∩N)Re(CO)3Cl isomer coming from the 

photochemical conversion of the fac-isomer.51
 

 

 [M] 
R Free bpy CpRuCl Re(CO)3Cl 

[ClRu(dppm)2] 2068 2048 2049 
[CpRu(PPh3)2] 2070 2045 2043 
[Cp*Ru(dppe)] 2067 2042 2038 

H 2097 2098 2121 
Ph 2216 2220 2222 

Table 3-2: Summary of C≡C stretches seen for complexes synthesised in 
Chapter 2 and 3. 

 
Figure 3-5: Atom numbering for the assignment of NMR spectra discussed 
below. 

In contrast to the monometallic complexes, the 31P{1H} NMR spectra of the 

bimetallic complexes exhibited multiple signals for the diphosphine ligand coordinated 

to the ruthenium alkynyl centre. This is most obvious for 7 and 11, as shown in Figure 

3-6, but is exhibited to some extent in the spectra of all bimetallic complexes. It is 

thought that the bulky metal centre coordinated to the bipyridine hinders the rotation 

along the axis of the Ru-C≡C bonds, resulting in the phosphorus atoms becoming 

inequivalent on the NMR timescale. The four phosphorus atoms in 7 and 8 exhibit a 

splitting pattern corresponding to an AA'BB' spin system, while the two phosphorus 

atoms in 9 to 13 reveal an AB spin system. 
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Figure 3-6: 31P{1H} NMR spectra of top) 7 showing the AA'BB' spin system 
and bottom) 11 showing the AB spin system. 

Similar to the alkynyl complexes in Chapter 2, the 1H and 13C{1H} NMR spectra 

of the bimetallic complexes 7 to 12 contained the expected resonances for the bipyridine 

moiety (where not obscured by phosphine ligand proton signals); the spectra were 

readily assigned with the assistance of 2D correlation experiments (notably 1H-13C-

HMBC and 1H-13C-HSQC experiments) (see Figure 3-5 for atom numbering). The most 

noticeable change in the signals from the bpy is the downfield shift in the resonance of 

the signals assigned to the protons in the 6 position by ca. 0.5 ppm upon coordination of 

a metal to the free bpy. A similar shift was observed in the monometallic coordination 

complexes 14 to 17, which had otherwise unremarkable spectra. 

As discussed above, the inequivalence of the phosphine ligands added 

complexity to the 1H and 13C{1H} NMR spectra of the bimetallic complexes, with 

multiple signals observed for the phenyl rings of the phosphine ligands. Despite this, 

resonances attributable to phosphine and cyclopentadienyl ligands were readily assigned 
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and correspond with previous reports of ruthenium alkynyl complexes.52,53 Notable is 

the upfield shift of the Cp ring in the [CpRu(bpy)Cl] moiety of the bimetallic complexes 

(indicated by the CpNN notation). The protons of this CpNN ring show a singlet at ca. 4.1 

ppm, shifted upfield relative to the monometallic coordination complex 19 (4.27 ppm) 

and the Cp ring in the [CpRu(PPh3)2] moiety (CpPP) observed in 4, 9 and 10 at ca. 4.4 

ppm (4.36 to 4.43 ppm). This is due to the higher electron density at the ruthenium 

centre in the diimine system. 

 Alkynyl carbon resonances were assigned for all complexes. It was observed 

that Cɑ was shifted downfield from the monometallic alkynyl complex by ca. 10 ppm 

upon coordination of [CpRuCl] and ca. 20 ppm upon coordination of [Re(CO)3Cl]. 

However Cβ was almost unchanged. The detection of the Cɑ carbon was complicated by 

the 2JC,P coupling observed (2JPC ≈ 20 Hz), which split the already weak resonance of 

the quaternary carbon into either a triplet (9, 10, 11 and 12) or pentet (7 and 8).  

Complex Cɑ Cβ 

7 153.5 111.5 
8 144.0 109.7 
9 146.6 113.7 
10 137.0 112.6 
11 160.0 110.2 
12 150.1 108.6 

 
Table 3-3: 13C{1H} NMR shifts for the alkynyl carbons. 

UV-vis spectra were obtained for the bimetallic complexes 7-12 as CH2Cl2 

solutions (Figure 3-7 and Figure 3-8). Upon coordination of the second metal, the 

MLCT band that was present at ca. 400 nm in the monometallic complexes (2, 4 & 5) 

had been red shifted by ca. 50 nm for the homobimetallic complexes (8, 10 & 12) and 

ca. 100 nm for the heterobimetallic complexes (7, 9 & 11). The higher energy bipyridyl 

π to π* transition observed at ca. 270 nm in the monometallic complexes were still 

observed in the bimetallic complexes.  
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Figure 3-7: UV-vis spectra of 7, 9 and 11 as CH2Cl2 solutions. 

 
Figure 3-8: UV-vis spectra of 8, 10 and 12 as CH2Cl2 solutions. 
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3.2.3 Structural Determinations 

Crystals suitable for single crystal X-ray diffraction studies were obtained for 

bimetallic complexes 7 and 9-11, the ligand 13 and coordination complexes 14, 16, 17 

and 19. The structures are shown below in Figure 3-9 and Figure 3-10, while selected 

interatomic parameters are collected in Table 3-4 to Table 3-7. The structure of 14 has 

been previously reported,40 but as the structure was also determined during the course of 

this investigation it is included here for completeness. All bimetallic complexes 

crystallised as solvates with either dichloromethane (7, 9 and 10) or chloroform (11), 

while none of the monometallic complexes crystallised as solvates. All metal complexes 

(except 19) possessed a chiral centre at the coordinated metal centre, but crystallised as 

racemates. Complex 16 had two crystallographically inequivalent enantiomers in the 

unit cell, while all other structures had the enantiomers linked by symmetry operations. 

The two molecules of 16 were extremely similar (see appendix); the major difference 

was a change in the dihedral angle between the phenyl ring and the bpy system (4.30° 

and 9.50°); discussions about the molecular structure of 16 will only consider molecule 

1. 

 
Figure 3-9: Representation of the molecular structures of 7 and 9-11, with 
hydrogen and solvent atoms omitted to aid in clarity and ellipsoids drawn at 50 
% probability. 
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Figure 3-10: Representation of the molecular structures of 14, molecule 1 of 
16, 17 and 19, with hydrogen atoms (except C≡C-H of 14) omitted to aid in 
clarity and ellipsoids drawn at 50 % probability. 

The bond lengths and angles about the ruthenium cores of 7 {trans-

RuCl(dppm)2}, 9 and 10 {CpRu(PPh3)2} and 11 {Cp*Ru(dppe)} are shown in Table 3-4 

and are very similar to the respective monometallic alkynyl complexes 2, 4 and 5 as 

seen in Table 2-2. It appears that coordination of these metal fragments ({Re(CO)3Cl} 

and {CpRuCl}) had very little impact on the electron withdrawing nature of the 

bipyridine ligand, with the Ru-C and C≡C bond lengths almost unchanged. There was a 

small change in the linear nature of the Ru-C≡C-C moiety, with deviations of up to 14° 

from linear observed in 9, 10 and 11. It is expected that this deviation is due to the 

packing in the solid state of the bulky metal fragments that are now coordinated to the 

bipyridine moiety. 
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 7 9 10 11 
Cl-Ru 2.4916(13) - - - 
Cp(*)-Ru - 1.905 1.882 1.893 
Ru-C(1) 1.972(5) 2.016(7) 2.004(4) 1.984(5) 
C(1)-C(2) 1.215(7) 1.225(8) 1.204(5) 1.219(5) 
C(2)-C(15) 1.417(7) 1.443(8) 1.429(5) 1.424(5) 
Cl-Ru-C(1) 179.21(15) - - - 
Ru-C(1)-C(2) 178.8(4) 177.0(5) 173.2(3) 176.9(4) 
C(1)-C(2)-C(15) 177.8(5) 166.1(7) 171.3(4) 173.0(4) 

Table 3-4: Selected bonds lengths (Å) and angles (°) for the ruthenium alkynyl 
cores of 7 and 9-11. Ru-Cp distance is calculated from the Cp centroid. 

The structure of a complex containing the {CpRu(bpy)Cl} moiety had not yet 

been determined and so a structure was obtained for the known complex 1946 to allow 

structural comparison with this moiety in 10 and 17. A comparison of the bond lengths 

and angles of this fragment is shown in Table 3-5. The distance of the Cp ring from the 

metal (as measured by the Ru-centroid distance) was around 1.78 Å, which was about 

0.1 Å shorter than that found in the [Ru(PPh3)2(Cp)] core of 4, and 0.6 Å shorter than 

[RuCl(PPh3)2(Cp)].54 The Ru-Cl distance was around 2.45 Å, which is consistent with 

other complexes.54 The binding of the bpy ligand was consistent across the three 

complexes, with Ru-N distances around 2.08 Å and N-Ru-N bond angles of 76°. These 

bond lengths were slightly longer, with a narrower bond angle than seen in 

[Ru(bpy)3](PF6)2 with a bond length of 2.056 Å and an angle of 78.7°.55 

 10 17 19 
Ru-Cl 2.4676(12) 2.4475(3) 2.4534(3) 
Ru-Cp 1.777 1.781 1.777 
Ru-N(1) 2.109(3) 2.0751(10) 2.0830(10) 
Ru-N(2) 2.089(3) 2.0850(11) 2.0805(10) 
Cl-Ru-N(1) 86.28(10) 85.64(3) 86.55(3) 
Cl-Ru-N(2) 90.63(10) 85.48(3) 85.48(3) 
N(1)-Ru-N(2) 76.09(13) 76.58(4) 76.24(4) 

Table 3-5: Selected bond lengths (Å) and angles (°) for the half sandwich 
ruthenium diimine core of 10, 17, and 19. Ru-Cp distance is calculated from the 
Cp centroid. 

The structure of the {(bpy)Re(CO)3Cl} cores found in complexes 7, 9, 11, 14 

and 16 were in the fac configuration, supporting the structure determined through 

spectroscopic means. The bond lengths and angles were consistent across these 

compounds, and very similar to the previously reported structure of (bpy)Re(CO)3Cl 

(18).56 Of note is the very similar Re-C bond lengths to the carbonyl ligands, 
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particularly Re-C(11), the carbonyl trans to the Cl- ligand, which shows no significant 

elongation of the Re-C bond as evidence of the structural trans effect.57
 

 7 9 11 14 16 18 
Re-Cl 2.450(1) 2.474(2) 2.480(1) 2.4827(5) 2.489(4) 2.460(2) 
Re-N(1) 2.178(4) 2.192(4) 2.166(4) 2.183(2) 2.20(1) 2.176(6) 
Re-N(2) 2.175(4) 2.183(5) 2.175(3) 2.175(2) 2.18(1) 2.173(6) 
Re-C(11) 1.979(7) 1.981(7) 1.932(6) 1.937(3) 1.95(1) 1.938(9) 
Re-C(21) 1.922(5) 1.926(7) 1.919(4) 1.934(2) 1.93(2) 1.919(7) 
Re-C(31) 1.903(6) 1.950(6) 1.923(4) 1.914(2) 1.94(1) 1.932(7) 
Cl-Re-N(1) 84.8(1) 87.2(1) 81.87(9) 85.76(5) 86.6(3) 85.7(2) 
Cl-Re-N(2) 85.2(1) 86.2(1) 83.65(9) 82.29(5) 81.9(3) 83.5(2) 
N(1)-Re-N(2) 75.0(1) 75.0(2) 74.9(1) 74.51(6) 75.3(4) 74.9(2) 

 
Table 3-6: Selected bond lengths (Å) and angles (°) for the rhenium diimine 
tricarbonyl chloride core of 7, 9, 11, 14 and molecule 1 of 16 along with the 
literature values for 1856 for reference. 

The chloroform solvate molecule of 11 is closely associated with the Cp ring, 

Cp* centroid...H-CCl3 distance is 2.378(3)Å, Figure 3-11. Hirshfeld surfaces, calculated 

using CrystalExplorer 3.1,58,59 provide a convenient method through which to 

investigate the nature of intermolecular interactions and are well-suited to the analysis 

of the interactions in solvated structures. This was demonstrated in previous work by 

our group on solvated ruthenium half sandwich complexes.60 Using this approach, as 

shown in Figure 3-11 below, we can observe a small area where the contact distance 

between the atoms of the Cp* ring and the solvate molecule is significantly less than the 

sum of the van der Waals radii (this region is shown in red on the Hirshfeld surface). In 

contrast, the rest of the solvent molecule shows intermolecular contacts longer than the 

sum of the van der Waals radii. The structure of 7 contains 3½ CH2Cl2 molecules of 

solvation, one of which participates in hydrogen bonding with the Ru bound chloride 

ligand at a distance of 2.333(1) Å. Close interactions between solvent molecules and the 

metal complex were not observed for 9 and 10. 
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Figure 3-11: Representations of the molecular structure of 11,  a) showing the 
proximity of the CHCl3 solvate and b) Hirshfeld surface of the solvate CHCl3 
with the normalised contact distance plotted. 

The structure of the ligand 13 contained three independent molecules in the unit 

cell, the structures of molecules 1 and 3 are shown in Figure 3-12, while a comparison 

of selected interatomic parameters is collected in Table 3-7. All three molecules were 

linear along the axis of the C≡C bond, and contained almost coplanar pyridine rings in 

the bipyridine moiety, with the nitrogen atoms in a transoid configuration. In molecules 

1 and 2, the phenyl rings were almost coplanar with the bipyridine moiety, while in 

molecule 3, the phenyl ring was considerably rotated from the plane of the bpy moiety, 

with a dihedral angle of 40.35(8)°. 

 
Figure 3-12: Representation of the molecular structure of Molecule 1 and 
Molecule 3 of 13,  with ellipsoids drawn at 50% probability, showing the 
significant change in the angle of the phenyl ring in molecule 3. 
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 Molecule 1 Molecule 2 Molecule 3 
C(1)-C(2) 1.202(3) 1.204(3) 1.203(3) 
C(31)-C(1)-C(2) 177.1(3) 179.0(2) 176.6(2) 
C(1)-C(2)-C(11) 175.0(3) 178.9(3) 179.5(2) 
Py-Py dihedral 5.40(8) 4.85(8) 8.42(8) 
Ph-Py dihedral 5.39(8) 3.37(8) 40.35(8) 

Table 3-7: Selected bond lengths (Å) and angles (°) for the three 
crystallographically independent molecules of 13.  

 

3.2.4 Electrochemistry 

The bimetallic complexes described in this chapter were investigated by cyclic 

voltammetry. Electrochemical processes were observed for all metal centres present in 

the complexes; the alkynyl ruthenium centre: {CpRu(bpy)Cl} and {(bpy)Re(CO)3Cl} 

moieties. Ruthenium centres exhibit a one electron oxidation process in the CV that in 

most cases was reversible, while the rhenium centres exhibit an irreversible reduction 

process in the CV. Representative cyclic voltammograms showing the various 

electrochemical processes are depicted below in Figure 3-13 to Figure 3-17, while a 

summary of the electrochemical experiments is shown in Table 3-8. 

 
Figure 3-13: Plot of the cyclic voltammograms of 5, 11 and 12 to highlight the 
electrochemical processes occurring at the different metal centres; current has 
been standardised for these plots.  
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 1st Oxidation 2nd Oxidation Reduction 

Compound E1/2 
(V) 

ΔE 
(mV) Ia/Ic 

E1/2 
(V) 

ΔE 
(mV) Ia/Ic Ep (V) 

2 0.14 73 0.92 - - - - 
4 0.26 79 0.80 - - - - 
5 0.00 77 0.92 - - - - 
7 0.32 127 0.94 - - - -1.95 
8 -0.16 83 0.96 0.26 119 0.83 - 
9 0.40 79 0.40 - - - -1.87 
10 -0.19 76 0.93 0.07 93 0.48 - 
11 0.14 73 0.70 - - - -1.91 
12 -0.16 76 0.91 0.09 74 0.63 - 
15 0.05 156 1.11 - - - - 
17 0.07 83 1.01 - - - - 
19 -0.02 85 0.93 - - - - 

 
Table 3-8: Summary of electrochemical data obtained for all metal complexes 
in Chapter 2 and 3. All CV data was collected with a Pt electrode, in 0.1M 
nBu4NPF6/CH2Cl2 at 100 mV/s with an internal Me10Fc reference (-480 mV) 
reported vs. [FcH]/[FcH]+. 

The bis-ruthenium complexes 8, 10 and 12 all contain two oxidation processes in 

the CV. The first oxidation is attributed to the {CpRu(bpy)Cl} moiety, with 19 showing 

a lower oxidation potential than the monometallic ruthenium alkynyl complexes. The 

second oxidation process in the bimetallic complexes is therefore attributed to the 

ruthenium alkynyl moiety. Further evidence for this assignment of oxidation processes 

is seen in the very similar first oxidation potential for all complexes, while the second 

oxidation exhibits the same trend in oxidation potential as the monometallic alkynyl 

complexes 2, 4 and 5. The lowest oxidation potential corresponded to the most electron 

rich {Cp*Ru(dppe)} alkynyl complex. The oxidations corresponding to the ruthenium 

alkynyl moiety have been shifted by ca. 0.2 V to a higher potential relative to the 

corresponding monometallic complex. This is due to the increased energy required to 

remove an electron from the positively charged cation formed upon initial oxidation of 

the {CpRu(bpy)Cl} metal centre. 
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Figure 3-14: Plot of the CVs  of 8, 10 and 12, showing the two reversible 
oxidations occurring at the ruthenium centres in the bis-ruthenium bimetallic 
complexes, current has been standardised for these plots. 

The CV of the rhenium containing bimetallics contained both a ruthenium 

alkynyl centred oxidation and an irreversible reduction that is attributed to the rhenium 

centre, as seen for 11 in Figure 3-16 below. The oxidation potential of the ruthenium 

alkynyl centre in these bimetallic complexes was shifted ca. 0.2 V higher than the 

corresponding monometallic alkynyl complex. It is proposed that this is due to the 

donation of electron density from the ruthenium centre to the rhenium centre, increasing 

the energy required to remove an electron. The ruthenium alkynyl oxidations were only 

poorly reversible for this series of complexes, as indicated by asymmetric peaks shapes 

(Figure 3-15) and the poor peak separation and Ic/Ia ratios observed (Table 3-8). 

Differential pulse voltammetry and square wave voltammetry experiments were unable 

to clarify the processes occurring during this oxidation. After multiple 

oxidation/reduction cycles, an additional irreversible reduction process was observed 

with a higher peak current than the ruthenium based oxidation as seen below (Figure 

3-16). This indicates that there is an additional compound forming in solution, possibly 

a polymeric species, or an electrode reaction occurring. 
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Figure 3-15: Plot of the CV of the oxidation process of 7, showing the 
asymmetric peak shape of the poorly reversible process. 

 
Figure 3-16:  Plot of CVs of 11 after a different number of scans, showing the 
additional irreversible reduction that grows in during electrochemical 
experiments on ruthenium-rhenium bimetallic complexes. 

To the best of my knowledge, there have been no previous electrochemical 

studies of [CpRu(bpy)Cl] or its derivatives. The electrochemical behaviour of 
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complexes 15, 17 and 19 was therefore investigated to allow comparison to the 

{CpRu(bpy)Cl} centre of 8, 10, and 12. In the monometallic complexes 15, 17 and 19, 

this ruthenium moiety appeared to undergo an electrochemically reversible oxidation 

process, at a potential of ca. 0 V vs. FcH/FcH+, approximately 0.1 V lower in potential 

relative to the corresponding phosphine half sandwich complex [CpRu(PPh3)2Cl] 61 

(E1/2 = 130 mV vs. FcH/FcH+).  This was expected, and a consequence of the greater 

electron density of the bipyridine ligand compared with an aryl phosphine ligand. While 

complexes 17 and 19 gave very clean voltammograms, the CV of complex 15 exhibited 

a larger peak potential separation (156 mV) and  an Ia/Ic ratio away from unity, 

indicating this is not an ideally reversible system. Presumably, the terminal alkyne in 

this complex is a likely cause of chemical reactivity of the oxidised species, resulting in 

the poor electrochemical reversibility observed. It was this observation that motivated 

the synthesis of the phenyl-ethynyl coordination complexes (16 & 17) to allow for 

spectroscopic, electrochemical and crystallographic comparison of monometallic 

coordination complexes with bimetallic complexes in the absence of a reactive terminal 

alkyne moiety. 

 
Figure 3-17: Plot of the CVs of 15, 17 and 19, showing the electrochemically 
reversible oxidation process for 17 and 19, current has been standardised for 
these plots. 
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3.2.5 Spectroelectrochemistry 

The bimetallic complexes 7 to 12 were thoroughly investigated with IR and UV-

Vis-NIR spectroelectrochemical studies to examine the redox chemistry, structural 

information and electronic structures of the complexes. Representative plots of these 

results are shown below in Figure 3-18 to Figure 3-21, with additional plots provided in 

the appendix. 

 
Figure 3-18: IR spectral changes accompanying the oxidation of complex 8 a) 8 
to [8]+ and b) [8]+ to [8]2+ in an OTTLE cell. 
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The IR SEC study of the homobimetallic ruthenium complexes 8, 10 and 12, (as 

shown above for complex 8) showed that there is a slight shift (ca. 5 cm–1) to lower 

wavenumber of the ν(C≡C) band on the first oxidation of the complex. This is 

consistent with the initial oxidation being localised on the {RuCl(bpy)Cp} moiety, as 

determined above through electrochemical techniques, and therefore not significantly 

affecting the triple bond character of the alkynyl complex. Upon further oxidation to the 

dication, the ν(C≡C) band lost intensity, becoming almost indistinguishable from the 

baseline in the case of [10]2+ and [12]2+, which suggests a limited dipole over the 

alkynyl moiety, consistent with the second oxidation being more associated with the 

{Cp(*)Ru(P)2-C≡C} fragment. However, in the case of [8]2+, the ν(C≡C) band had 

enough intensity to be observed at 1947 cm-1, with the shift in ν(C≡C) of ca. 100 cm-1  

to lower energy as seen for the monometallic complexes. However this ν(C≡C) band 

was significantly less intense than the neutral species, again reflecting the reduced 

dipole across the alkynyl moiety. This ν(C≡C) band of the dications may well be Raman 

active, but Raman spectroscopy is unavailable for SEC experiments. These features 

were found to be reversible on reduction under the conditions of the 

spectroelectrochemical measurements. 

 
Figure 3-19: Plot of the IR spectra of 7 during oxidation in an OTTLE cell, 
CH2Cl2/0.1M nBu4NPF6 electrolyte. 

The heterobimetallic complexes 7, 9 and 11 displayed consistent IR SEC 

behaviour as shown above for complex 7 in Figure 3-19. Oxidation occurs at the 
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ruthenium alkynyl centre, resulting in the shift to lower energy in ν(C≡C) of ca. 100  

cm-1 seen for the monometallic complexes in both Chapter 2 and previous studies.53 In 9 

and 11 this lower energy ν(C≡C) band was obscured by the ν(CO) bands of the 

complexes, while in 7, the ν(C≡C) band was observed as a shoulder at 1940 cm-1 on the 

ν(CO) band. There was very little change in the ν(CO) bands observed upon oxidation, 

confirming the assignment of the oxidation process to the ruthenium alkynyl moiety. 

These features of the IR spectra were found to be reversible under the conditions of the 

SEC measurements. These heterobimetallic complexes also exhibited an irreversible 

reduction process. Investigation of the reduction of 7 (see Figure A-16 in the appendix) 

showed that there is loss of all IR signals corresponding to the neutral complex, along 

with a growth in several new bands in the region 2000 to 1750 cm-1, tentatively 

assigned to new rhenium carbonyl species. 

The bimetallic complexes 7 - 12 were further investigated by UV-Vis-NIR 

spectroelectrochemical studies, seeking any additional evidence for interactions 

between the metallic centres mediated by the ethynyl bipyridyl bridging moiety. 

The homobimetallic ruthenium complexes 8, 10 and 12 all exhibited similar 

spectroscopic profiles, with the MLCT transitions associated with the ruthenium-

alkynyl fragment observed near ca. 450 nm. On oxidation, these bands were only 

slightly red-shifted to ca. 500 nm, together with a very low intensity IVCT band near 

1200 nm (8300 cm-1). These trends are consistent with the initial oxidation of the 

{RuCl(bpy)Cp} fragment, which leads to an inductive stabilisation of the bpy ligand π*-

system and hence lowering in the MLCT transition energy. Further oxidation to the 

dications [8]2+, [10]2+ and [12]2+ causes a collapse in the lowest energy feature, 

consistent with the IVCT assignment. New bands at ca. 700 - 800 nm and a 

characteristic blue-shift in the MLCT band were observed, consistent with the greater 

degree of Ru-C≡C character in the second oxidation event. In the case of [8]2+ (as 

shown in Figure 3-20), a Cl→{RuC≡C}+ LMCT transition, which is significantly 

narrower and more intense than the IVCT band, was also observed at 1280 nm   

(7800 cm–1).62 
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Figure 3-20: UV-vis-NIR spectral changes accompanying the oxidation of 
complex 8 a) 8 to [8]+ and b) [8]+ to [8]2+ in an OTTLE cell, CH2Cl2/0.1M 
nBu4NPF6 electrolyte. 
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Figure 3-21: UV-vis-NIR spectral changes accompanying the oxidation of 
complex 11 to [11]+ in an OTTLE cell. 

Investigation of the heterobimetallic complexes 7, 9 and 11 using UV-vis-NIR 

spectroelectrochemical methods also supported these assignments. In these complexes, 

the only accessible oxidation process caused a blue shift in the ruthenium-alkynyl 

MLCT band.  For [11]+, the dπ-dπ transition often associated with 

[Ru(C≡CR)(L2)Cp(*)]+ radical cations was observed clearly near 1500 nm (6650 cm–

1).53 A Re→{Ru(C≡CR)}+ CT band observed near 730 nm (13,700 cm–1); similar 

processes are known for related Re/Fe complexes.63,64
 

 Similar transitions were apparent on close inspection of the spectrum of the 

{Ru(PPh3)2Cp} derivative [9]+, although these features were rather less pronounced. 

The spectrum of [7]+ also featured low energy transitions at 1230 and 860 nm, assigned 

to Cl→{RuC≡C}+ LMCT and Re→{Ru(C≡CR)}+ CT bands. As oxidation proceeds, 

other features at 990, 640, 383 and 356 nm grow in, accompanied by a loss of isosbestic 

points and indicating a degree of decomposition of the sample over the timescale of the 

spectroelectrochemical experiment. In contrast, 9 and 11 showed fully reversible 

features under the conditions of these SEC experiments. 
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3.2.6 Theoretical Studies 

To aid in the interpretation of the electrochemical and spectroelectrochemical 

results, and arrive at a more comprehensive description of the electronic structure of the 

complexes described here, a series of DFT calculations (B3LYP / LANL2DZ Ru and 

Re / 6-31G** all other atoms / CPCM-dichloromethane solvent model) were carried out 

on the representative complexes [9′]n+ (n = 0, 1) and [10′]n+ (n = 0, 1, 2), where the 

prime (′) notation is used to distinguish the computational systems from the physical 

samples.  

Optimised bond lengths and angles for 9′ and 10′ were in good agreement with 

the crystallographically determined structures; see Table A-4 in the appendix. There 

was overestimation of the Ru-P, Ru-Cl and Ru-Cp bond lengths by ca. 4%. Calculated 

vibrational frequencies (scaled here by 0.9565), particularly the ν(C≡C) and ν(CO) 

modes, provided an excellent point for comparison of the model and physical systems in 

the various electrochemically accessible redox states (Table 3-9). The close agreement 

between these data gives confidence in the conclusions drawn from the computational 

work.  

The electronic structure of bimetallic 10′ allowed some useful comparisons of 

phosphine and bpy ligated {RuXL2Cp(*)} fragments:46,66,67 a comparison which has 

additional relevance given the extensive studies of {RuX(PR3)2Cp(*)} chemistry and 

recent proposals for water oxidation catalysts based on the less well explored 

{Ru(bpy)Cp(*)} moiety.68 The coordination of the CpRuCl fragment to the bpy moiety 

in 4′ had no discernible structural effect on the Ru(C≡Cbpy)(PPh3)2Cp fragment, whilst 

the various bond lengths and angles in the RuCl(bpy)Cp fragment in 10′ (Table A-4) 

were similar to those observed crystallographically for complexes 10, 17 and 19.  

Perhaps of greatest interest was the contraction of the Ru-Cp bond length in the bpy 

coordinated fragment vs the phosphine coordinated fragments which arose from the 

extremely efficient σ-donor properties of the bpy ligand and increased Ru-Cp back 

bonding. This back-bonding contribution was reflected in the structure of the HOMO of 

10′ which was localised on the {RuCl(bpy)Cp} fragment (Ru2 62%, Cp 14%). The Ru-

C≡C-bpy moiety that comprised the HOMO of 4′ features heavily in the HOMO-1 of 

10′ (Ru1 31%, C≡C 23%, bpy 16%) which lay some 0.18 eV lower in energy than the 

HOMO. The local coordinates most appropriate for describing the two {RuXL2Cp} 

fragments were approximately orthogonal (Ru(1)-C(1)-Ru(2)-Cl 99.99°) and 

consequently there was little mixing between the metal-based orbitals through the 

ethynyl-bipyridyl bridge. 



 

-83- 

 

Complex ν(C≡C) ν(C≡O) 
9 2043 2019, 1914, 1894 
9′ 2020 1979, 1878, 1864 

[9]+ under CO stretch 2023, 1922, 1899 
[9′]+ 1926 1984, 1887, 1872 
10 2044 - 
10′ 2027 - 

[10]+ 2036 - 
[10′]+ 2011 - 

Table 3-9: Comparison of computed and measured ν(C≡C) and ν(C≡O) for 
[CpRu(PPh3)2(CC-5-bpy[MLx])]n+ (n = 0, 1). 

The cation radical [10′]+ featured bond lengths at the Ru(C≡Cbpy)(PPh3)2Cp 

fragment that were essentially unchanged from those of 6′ and 10′. In contrast, there 

was a modest (0.01 - 0.02 Å) contraction of the Ru2-N bond lengths, and a more 

significant shortening of the Ru2-Cl bond, reflecting a greater electrostatic attraction 

between the formally d5, Ru(III) centre and the Cl atom. Furthermore, there was 

elongation of the Ru2-Cp' distance as the metal-ring back-bonding interactions are 

diminished. The orthogonal relationship between the HOMO and HOMO-1 and 

localisation on each of the two {RuXL2Cp} fragments was also evident in [10′]+. On the 

basis of the structural characteristics and the distribution of the β-HOSO (Ru1 40%, 

C≡C 25%, bpy 17%) and β-LUSO (Ru2 60% Cp2 13% Cl 10%) in [10′]+, and the 

observation of a low intensity IVCT band in each of [8]+, [10]+ and [12]+ (vide supra) 

these bis(ruthenium) radical cations can be accurately described as weakly coupled 

(Class II) d5/d6 mixed-valence complexes. This localised electronic structure description 

is entirely consistent with the IR spectroelectrochemical observations, with the limited 

shift in the ν(C≡C) frequency between 10 and [10]+ (Δν(C≡C) = –8 cm-1)  mirrored in 

the models 10′ and [10′]+ (Δν(C≡C) = –16 cm-1).   

Although [10]+ proved to be unstable under the conditions of the 

spectroelectrochemical experiment, the localisation of the β-LUSO and β-HOSO on the 

{RuCl(bpy)Cp} and {RuC≡Cbpy} fragments, respectively, in [10′]+ was consistent with 

the interpretation of the cyclic voltammogram of 10 in terms of sequential oxidation of 

the {RuCl(bpy)Cp} and {RuC≡Cbpy} moieties.   
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Figure 3-22: Plots of selected molecular orbitals of 9′ and 10′,  a) HOMO of 9′, 
b) HOMO-1 of 9′, c) LUMO of 10′ and d) HOMO of 10′ (isocontour value 
±0.04 (e/bohr3)1/2). 

Finally, turning attention to the mixed-metal complexes, 9′ and [9′]+ successfully 

modelled both the geometric properties of the crystallographically determined structure 

of 9 (Table A-4) and the ν(C≡C) and ν(CO) frequencies from the IR 

spectroelectrochemical experiments (Table 3-9). Importantly, the ν(C≡C) band in 9′ that 

was well removed from the three ν(CO) bands shifts by some –94 cm-1 in [9′]+ and fell 

within the  ν(CO) bands, which were only modestly shifted to higher wavenumbers, as 

seen in Table 3-9. Clearly, oxidation of 9 is associated with changes in the electron 

density in the RuC≡Cbpy moiety, which was reflected in the orbital structures of 9′ and 

[9′]+. Unsurprisingly, the HOMO of 9′ displayed the familiar RuC≡Cbpy character and 

nodal properties  (Ru 37%, C≡C 26%, bpy 20%) associated with the HOMO of 4′ and 

the HOMO-1 of 10′. Other {Ru(PPh3)2Cp} based orbitals contributed to the HOMO-1 

and HOMO-2. The {ReCl(CO)3(bpy)} fragment contributed mixed Re-Cl orbitals to the 

HOMO-3 and HOMO-4 which lay ca. 1 eV below the HOMO, whilst the LUMO is 

heavily bpy π* in character (84%). In [9′]+ the β-LUSO retained similar RuC≡Cbpy 

character (Ru 42%, C≡C 22%, bpy 19%) consistent with oxidation at this metal-organic 

fragment. This led to a degree of orbital re-ordering. Stabilisation of the occupied β-

orbitals was localised on the {Ru(PPh3)2Cp} fragment, which now lie below the Re-Cl 

based fragment orbitals. This supports the assignment of the Re→{Ru(C≡CR)}+ CT 

bands observed in the spectroelectrochemical experiments.  

a

) 

b

) 
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3.3 Summary and Conclusion 

A series of bimetallic complexes was synthesised through coordination of either 

a {Re(CO)3Cl} or {CpRuCl} moiety to the pendant bpy moiety of the alkynyl 

metalloligands synthesised in Chapter 2. In addition a number of monometallic 

coordination complexes were synthesised to assist in the elucidation of the 

spectroscopic and electrochemical properties of the bimetallic complexes. All these 

complexes were fully characterised spectroscopically and electrochemically, with solid 

state structure determinations in many cases. The {CpRu(bpy)Cl} metal centre was 

investigated electrochemically for the first time; the electron rich ruthenium centre 

showed a lower oxidation potential than similar phosphine coordinated centres. In 

addition, the {CpRu(bpy)Cl} moiety was structurally characterised for the first time, 

both as a simple coordination complex and as part of the bimetallic complex 10. 

These bimetallic complexes were then examined through spectroelectrochemical 

experiments; while IR SEC was limited in the ability to observe the expected 150 cm-1 

shift to lower energy of the alkynyl stretch, this feature was still observed for 7 and 8. 

UV-vis-NIR SEC revealed weak electronic communication between the metal centres. 

In the case of homo-bimetallic complexes, a weak IVCT band was seen in the radical 

cations, which collapsed upon further oxidation to the dications. In contrast, the 

ruthenium-rhenium bimetallic complexes revealed a Re→{Ru(C≡CR)}+ CT band in the 

radical cation. The assignment of these electronic transitions was supported through a 

theoretical study of these complexes using DFT. 
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3.4 Experimental 

3.4.1 General Considerations 

See Chapter 2 for general experimental and spectroscopic techniques. 

Monometallic alkynyl complexes 2, 4 and 5 were synthesised as described in 

Chapter 2, while 1,69,70 13,71 1872 and CpRu(COD)Cl73 were synthesised according to 

literature procedures. Re(CO)5Cl was purchased from Sigma Aldrich. See Figure 3-5 for 

atom numbering of the NMR assignments below. 

Crystallographic data for the structures was collected on the following 

instruments; an Oxford Diffraction Gemini diffractometer fitted with Cu Kα radiation 

(16) or Mo Kα (14 and 17), an Oxford Diffraction XCalibur diffractometer fitted with 

Mo Kα radiation (7, 13 and 19), on a Rigaku Saturn 724+ diffractometer at Station I19 

of the Diamond Light Source synchrotron (undulator, l = 0.6889 Å, w-scan, 1.0°/frame) 

(9 and 11) or a Bruker SMART CCD 6000 diffractometer fitted with Mo Kα radiation 

(10). The refinement process detailed in Chapter 2 was used for all complexes except 

for 9, 10 and 11 that were solved by direct methods and refined by full-matrix least-

squares on F2 for all data using SHELXTL74 and OLEX2.75 Crystal data and structure 

refinement details are tabulated below.  

 

3.4.2 Synthesis of the Complexes 

ClRu(dppm)2CC-5-bpyRe(CO)3Cl (7): 2 (50 mg, 0.046 mmol) and Re(CO)5Cl 

(22 mg, 0.061 mmol) were dissolved in toluene (50 mL) and refluxed for 1 hr, during 

which a bright yellow solution became deep red. The solvent volume was reduced to ca. 

5mL in vacuo, followed by the addition of hexane (25 mL) and cooling to 0°C. The 

precipitate that formed was collected and washed with hexane (3 x 5 mL) to give the 

product as red crystals (59 mg, 90%). Crystals suitable for X-ray analysis were obtained 

through the slow evaporation of a CH2Cl2/n-hexane (1:1) solution of the complex under 

an inert atmosphere. An analytically pure sample was obtained after recrystallization 

from CH2Cl2/hexane. Anal. Calcd for C65H51Cl2N2O3P4ReRu•3CH2Cl2: C, 49.65; H, 

3.49; N, 1.70. Found: C, 49.45; H, 3.41; N, 2.13. M.p. 185-188°C. 1H NMR (CD2Cl2, 

600MHz): δ 4.98 (m, 4H, PCH2P), 6.47 (d, 1H, H4, 3JH4,H3 = 8.6 Hz), 7.18-7.32 (m, 

16H, Hmeta), 7.35-7.46 (m, 8H, Hpara), 7.48-7.54 (m, 16H, Hortho), 7.65 (m, 2H, H4' & 

H5'), 7.95-8.02 (m, 3H, H3 & H3' & H6'), 8.93 (s, 1H, H6). 13C{1H} NMR (CD2Cl2, 

151 MHz): δ 49.6 (PCH2P), 111.5 (s, Cβ) 121.6 & 121.7 (s, C3 & C3'), 124.8 (s, C5), 

125.1 (s, C5'), 127.7 (m, Cmeta), 129.6 (m, Cpara), 132.8 (m, Cortho), 133.5 (m, Cipso), 
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138.2 & 138.4 (s, C4 & C4'), 146.6 (C2), 152.4 (s, C6'), 153.5 (p, Cα, 2JCP = 15 Hz),  

154.0 (s, C6), 156.4 (s, C2'), 197.6 & 197.8 (CO). 31P{1H} NMR (CD2Cl2, 243 MHz): δ 

-6.99 (m). IR (CH2Cl2 solution): νC≡C 2049 cm-1, νC≡O 2019 cm-1, νC≡O 1915 cm-1 and 

νC≡O 1894 cm-1. MS (MALDI): m/z 933 ([ClRu(dppm)2CO]+, 100%), 905 

([ClRu(dppm)2]+, 75%), 1390 ([M]+, 20%). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 

261 [4.93], 325 [1.64], 480 [2.35]. 

ClRu(dppm)2CC-5-bpyRuCpCl (8): 2 (85 mg, 0.078 mmol) and 

CpRu(COD)Cl (30 mg, 0.097 mmol) were dissolved in acetone (15 mL) and stirred at 

room temperature for 16 hrs. The solvent volume was reduced to ca. 5 mL in vacuo, and 

the precipitate was collected and washed with diethyl ether (3 x 3 mL) to give the 

product as a red powder (75 mg, 69%). An analytically pure sample was obtained after 

recrystallization from CH2Cl2/hexane. Anal. Calcd for C67H56Cl2N2P4Ru2•2CH2Cl2: C, 

56.92; H, 4.15; N, 1.92. Found: C, 56.79; H, 3.87; N, 2.06. M.p.  >300°C. 1H NMR 

(CD2Cl2, 600 MHz): δ 4.11 (s, 5H, Cp), 4.93-5.03 (m, 4H, PCH2P), 6.21 (d, 1H, H4, 
3JH4,H3 = 8.1 Hz), 7.17-7.26 (m, 16H, Hortho), 7.31-7.38 (m, 8H, Hpara), 7.40-7.55 (m, 

18H, Hmeta , H3' & H5'), 7.67 (m, 1H, H4'), 7.77 (d, 1H, H3, 3JH3,H4 = 8.1 Hz), 8.25 (s, 

1H, H6), 9.53 (d, 1H, H6', 3JH6’,H5’ = 5.2 Hz). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 49.8 

(m, PCH2P), 68.8 (s, Cp), 109.7 (s, Cβ), 120.3 & 120.4 (s, C3 & C3'), 123.1 (s, C5'), 

127.2 (m, Cortho), 129.7 (m, Cpara), 133.3 (m, Cmeta), 134.2 (m, Cipso & C5), 134.8 (s, 

C4'), 135.3 (s, C4), 144.0 (p, Cα, 2JCP = 17 Hz), 148.3 (s, C6), 154.8 (s, C2), 156.0 (s, 

C6'), 156.3 (s, C2'). 31P{1H} NMR (CDCl3, 243 MHz): δ -6.32 ppm (s). IR (CH2Cl2 

solution): νC≡C 2048 cm-1. MS (MALDI): m/z 1251 ([M-Cl]+, 100%), 933 

([ClRu(dppm)2CO]+, 55%) 1286 ([M]+, 10%), 905 ([ClRu(dppm)2]+, 10%). UV-vis 

(CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 267 [4.09], 448 [1.72]. 

CpRu(PPh3)2CC-5-bpyRe(CO)3Cl (9): 4 (55 mg, 0.063 mmol) and Re(CO)5Cl 

(26 mg, 0.072 mmol) were dissolved in toluene (30 mL) and refluxed for 2 hrs, during 

which a bright yellow solution became deep red. The solvent volume was reduced to ca. 

5 mL in vacuo, followed by the addition of hexane (20 mL) and cooling to -15°C 

overnight. The precipitate formed was collected and washed with hexane (3 x 5 mL) to 

give the product as a red powder (38 mg, 51%). Crystals suitable for X-ray 

crystallography were grown through vapour diffusion of n-pentane into a CD2Cl2 

solution of the compound. An analytically pure sample was obtained after 

recrystallization from CH2Cl2/hexane. Anal. Calcd for 

C56H42ClN2O3P2ReRu•1.5CH2Cl2: C, 53.00; H, 3.48; N, 2.15. Found: C, 53.40; H, 3.25; 

N, 2.14. M.p. 172-175°C. 1H NMR: δ 4.43 (s, 5H, Cp), 7.10 (m, 1H, H5'), 7.15-7.18 (m, 
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12H, Hortho), 7.26-7.29 (m, 6H, Hpara), 7.38-7.45 (m, 13H, Hmeta & H3'), 7.89 (d, 1H, H4, 
3JH4,H3 = 8.5 Hz), 8.00 (m, 2H, H3 & H4'), 8.63 (d, 1H, H6), 8.94 (d, 1H, H6', 3JH6’,H5’ = 

5.6 Hz). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 86.4 (s, Cp), 113.7 (s, Cβ), 122.3 & 122.9 

(s, C3 & C3'), 125.5 (s, C5'), 127.9 (s, Cortho), 129.3 (s, Cpara), 130.8 (s, C4'), 131.6 (s, 

C4), 132.3 (s, C5), 134.0 (m, Cmeta), 138.8 (m, Cipso), 146.6 (t, Cα, 2JCP = 25 Hz), 147.8 

(s, C2), 153.0 (s, C6'), 154.6 (s, C6), 156.8 (s, C2'), 190.6 (s, CO), 198.4 (s, CO). 
31P{1H} NMR (CDCl3, 162 MHz): δ 49.1 (s). IR (CH2Cl2 solution): νC≡C 2043 cm-1, 

νC≡O 2019 cm-1, νC≡O 1916 cm-1 and νC≡O 1894 cm-1. MS (MALDI): m/z 719 

([CpRu(PPh3)2CO]+, 100%), 691 ([CpRu(PPh3)2]+, 20%), 1140 ([M-Cl]+, 5%). UV-vis 

(CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 302 [1.98], 481 [1.79]. 

CpRu(PPh3)2CC-5-bpyRuCpCl (10): 4 (100 mg, 0.115 mmol) and 

CpRu(COD)Cl (38 mg, 0.123 mmol) were dissolved in acetone (30 mL) and stirred at 

room temperature overnight. The solvent volume was reduced to ca. 10 mL in vacuo, 

followed by the addition of diethyl ether (30 mL) and cooling to -15°C. The precipitate 

that formed was collected and washed with diethyl ether (2 x 5 mL) to give the product 

as a purple powder (92 mg, 75%). Crystals suitable for X-ray analysis were obtained 

through layer diffusion of n-hexane into a CH2Cl2 solution of the complex. Anal. Calcd 

for C58H47ClN2P2Ru2: C, 65.01; H, 4.42; N, 2.61. Found: C, 64.89; H, 4.51; N, 2.53. 

M.p. 210-213°C. 1H NMR (CD2Cl2, 500 MHz): δ 4.18 (s, 5H, Cpbpy), 4.42 (s, 5H, 

CpPP), 7.13-7.21 (m, 13H, Hmeta & H5'), 7.26-7.30 (m, 7H, Hpara & H3'), 7.43-7.52 (m, 

12H, Hortho), 7.68 (dd, (1H, H4', 3JH4’,H3’ = 7.6 Hz, 3JH4’,H5’ = 7.2 Hz), 7.75 (d, 1H, H3, 
3JH3,H4 = 8.1 Hz), 7.84 (d, 1H, H4, 3JH4,H3 = 8.1 Hz), 9.29, (s, 1H, H6), 9.55 (d, 1H, H6', 
3JH6’,H5’ = 5.4 Hz). 13C{1H} NMR (CD2Cl2, 126 MHz): δ 69.3 (s, Cpbpy), 86.1 (s, CpPP), 

112.6 (s, Cβ), 121.0 (s, C3), 121.3 (s, C3'), 123.6 (s, C5'), 127.8 (m, Cmeta), 128.5 (s, 

C5), 129.2 (s, Cpara), 134.6 (m, Cortho & C4'), 135.7 (s, C4), 137.0 (t, Cα, 2JCP = 24 Hz), 

138.9 (m, Cipso), 149.3 (s, C2), 155.2 (s, C6'), 156.7 (s, C6), 156.7 (s, C2'). 31P{1H} 

NMR (CDCl3, 162 MHz): δ 49.29 (s), 49.26 (s). IR (CH2Cl2 solution): νC≡C 2045 cm-1. 

MS (MALDI): m/z 719 ([CpRu(PPh3)2CO]+, 100%), 1036 ([M-Cl]+, 15%), 774 ([M-

PPh3-Cl]+, 12%), 1072 ([M+H]+, 5%). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 295 

[2.43], 374 [1.31], 434 [2.36]. 

Cp*Ru(dppe)CC-5-bpyRe(CO)3Cl (11): 5 (70 mg, 0.086 mmol) and 

Re(CO)5Cl (33 mg, 0.091 mmol) were dissolved in toluene (40 mL) and refluxed for 2 

hrs, during which a bright yellow solution became deep purple. The solvent volume was 

reduced to ca. 10 mL in vacuo, followed by the addition of hexane (20 mL) and cooling 

to 0°C. The precipitate was collected and washed with hexane (3 x 3 mL) to give the 



 

-89- 

product as a purple powder (77 mg, 80%). Crystals suitable for X-ray analysis were 

obtained through layer diffusion of n-hexane into a CDCl3 solution of the complex.  

Anal. Calcd for C51H46ClN2O3P2ReRu: C, 54.71; H, 4.14; N, 2.50. Found: C, 54.78; H, 

4.12; N, 2.60. M.p. 268-271°C. 1H NMR (CD2Cl2, 600 MHz): δ 1.60 (s, 15H Cp*), 

2.11-2.21 (m, 2H, PCH2CH2P), 2.61-2.69 (m, 2H, PCH2CH2P), 7.06 (d, 1H, H3', 
3JH3’,H4’ = 5.7 Hz), 7.15 (m, 1H, H5'), 7.18 (d, 1H, H4, 3JH4,H3 = 7.4 Hz), 7.22-7.41 (m, 

12H, Hortho & Hpara), 7.41-7.46 (m, 4H, Hmeta), 7.67-7.73 (m, 4H, Hmeta), 7.89-7.94 (m, 

2H, H4' & H3), 8.18 (s, 1H H6), 8.88 (d, 1H, H6', 3JH6’,H5’ = 5.4 Hz). 13C{1H} NMR 

(CD2Cl2, 151 MHz): δ 10.03 (s, Me5Cp), 29.74 (m, PCH2CH2P), 93.88 (s, Me5Cp), 

110.21 (s, Cβ), 122.13 (s, C3), 122.69 (s, C3), 125.22 (s, C5'), 128.07 (m, Cortho), 129.67 

(m, Cpara), 131.35 (s, C5), 133.51 (s, Cmeta), 136.32 (m, Cipso), 138.51 (s, C4'), 138.96 (s, 

C4), 147.01 (s, C2), 152.89 (s, C6'), 154.34 (s, C2'), 156.91 (s, C2'), 160.01 (t, Cα, 2JCP = 

18 Hz), 190.68 (s, CO), 198.42 (s, CO). 31P{1H} NMR (CD2Cl2, 243 MHz): 80.86 (d, 
3JPP = 16 Hz), 80.62 (d, 3JPP = 16 Hz). IR (CH2Cl2 solution): νC≡C 2038 cm-1, νC≡O 2018 

cm-1, νC≡O 1915 cm-1 and νC≡=O 1893 cm-1. MS (MALDI): m/z 663 ([Cp*Ru(dppe)CO]+, 

100%), 635 ([Cp*Ru(dppe)]+, 70%), 1120 ([M]+, 5%). UV-vis (CH2Cl2) λ (nm) [ε × 104 

M-1 cm-1]: 387 [1.21], 506 [1.72]. 

Cp*Ru(dppe)CC-5-bpyRuCpCl (12): 5 (50 mg, 0.061 mmol) and 

CpRu(COD)Cl (20 mg, 0.065 mmol) were dissolved in acetone (30 mL) and stirred at 

room temperature overnight. The solvent volume was reduced to ca. 10 mL in vacuo, 

followed by the addition of diethyl ether (30 mL) and cooling to -15°C. The precipitate 

that formed was collected and washed with diethyl ether (2 x 5 mL) to give the product 

as a purple powder (43 mg, 69%). Anal. Calcd for C53H51ClN2P2Ru2: C, 62.68; H, 5.06; 

N, 2.76. Found: C, 62.55; H, 4.95; N, 2.86. M.p. >300°C. 1H NMR (CD2Cl2, 600 MHz): 

1.59 (s, 15H, Cp*), 2.16 (m, 2H, PCH2CH2P), 2.68 (m, 2H, PCH2CH2P), 4.11 (s, 5H, 

Cp), 6.92 (d, 1H, H3, 3JH3,H4 = 8.4 Hz), 7.18 (m, 1H, H5'), 7.21-7.29 (m, 4H, Hmeta), 

7.33-7.43 (m, 8H, Hortho & Hmeta), 7.44 – 7.48 (m, 4H, Hpara), 7.60 (d, 1H, H4, 3JH4,H3 = 

8.4 Hz), 7.65 (m, 1H, H4'), 7.72-7.80 (m, 5H, Hortho & H3'), 8.79 (s, 1H, H6), 9.50 (d, 

1H, H6', 3JH6’,H5’ = 5.3 Hz). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 10.2 (s, Me5Cp), 29.8 

(m, PCH2CH2P), 69.2 (s, Cp), 93.5 (s, Me5Cp), 108.6 (s, Cβ), 120.8 (s, C3), 121.1 (s, 

C3'), 123.4 (s, C5'), 127.9 (m, Cmeta), 129.1 (s, C5), 129.6 (m, Cpara), 133.7 (m, Cortho), 

134.6 (s, C4'), 135.8 (s, C4), 138.8 (dd, Cipso, 1JCP = 72.9 Hz, 4JCP = 34.0 Hz), 148.7 (s, 

C2), 150.1 (t, Cα, 2JCP = 24.0 Hz), 155.1 (s, C6'), 156.0 (s, C6), 156.8 (s, C2'). 31P{1H} 

NMR (CD2Cl2, 243 MHz): 81.17 (d, 3JPP = 16 Hz), 80.90 (d, 3JPP = 16 Hz). IR (CH2Cl2 

solution): νC≡C 2042 cm-1. MS (MALDI): m/z 981 ([M-Cl]+, 100%), 663 
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([Cp*Ru(dppe)CO]+, 50%), 635 ([Cp*Ru(dppe)]+, 30%), 1015 ([M]+, 10%), 814 ([M-

RuCpCl]+, 10%). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 299 [1.75], 367 [1.42], 

450 [1.84]. 

 (HCC-5-bpy)Re(CO)3Cl (14):40 [ReCl(CO)5] (102 mg, 0.282 mmol) and 1 (60 

mg, 0.33 mmol) were dissolved in toluene (40 mL). The solution was heated to reflux 

for thirty minutes during which the colourless solution turned deep red then developed a 

yellow colour along with the formation of a yellow precipitate. The yellow powder was 

collected and recrystallised from CH2Cl2/toluene to yield the product (98 mg, 72 %). 

Crystals suitable for X-ray analysis were obtained through layer diffusion of n-hexane 

into a CH2Cl2 solution of the complex. Anal Calcd for C15H8ClN2O3Re•0.75CH2Cl2: C, 

34.42; H, 1.74; N, 5.10 %. Found: C, 34.26; H, 1.65; N, 5.47 %. 1H NMR (CDCl3, 

500MHz): δ 3.53 (s, 1H, C≡CH), 7.57 (m, 1H, H5'), 8.08-8.20 (m, 4H, H3 & H3' & H4 

& H4'), 9.08 (d, 1H, H6', 3JH6’,H5’ = 5.5 Hz), 9.12 (d, 1H, H6). 13C{1H} NMR (CDCl3,  

125.7 MHz): δ 77.7 (Cβ), 85.7 (Cα), 122.4 (C3), 123.2 & 123.4 (C3' & C5'), 127.4 (C5), 

138.9 (C4'), 141.5 (C4), 153.4 (C2), 154.7 & 155.0 (C2' & C6'), 155.8 (C6), 189.7 

(CO), 197.15 (CO). IR (CH2Cl2, cm-1): 2121 (w) ν(C≡C), 2024, 1922 & 1900 (vs) 

ν(CO). IR (KBr disc, cm-1): 3185 (w) ν(HC≡C). MS (FAB (+)): m/z 486 (45 %, [M]+), 

450 (100 %, [M-Cl]+). 

 (HCC-5-bpy)RuCpCl (15): 1 (63 mg, 0.35 mmol) and [RuCl(COD)Cp] (101 

mg, 0.33 mmol) were dissolved in acetone (15 mL) and stirred at room temperature for 

22 hours. The solvent volume was reduced to 5 mL in vacuo and cooled to 0°C. The 

precipitate was collected and washed with Et2O (2 x 10 mL) to give the product as a 

purple powder (102 mg, 82 %). Anal. Calcd for C17H13ClN2Ru: C, 53.48; H, 3.43; N, 

7.34. Found: C, 53.33; H, 3.50; N, 7.24. M.p. > 300°C (dec). 1H NMR (CDCl3, 500 

MHz): δ 3.38 (s, 1H, C≡CH), 4.31 (s, 5H, Cp), 7.31 (m, 1H, H5'), 7.71-7.76 (m, 2H, H3' 

& H4'), 7.92-7.97 (m, 2H, H4 & H3), 9.64 (d, 1H, H6', 3JH6’,H5’ = 5.5 Hz), 9.73 (s, 1H, 

H6). 13C{1H} NMR (CDCl3, 126 MHz): δ 70.3 (Cp), 79.3 (Cβ), 83.1 (Cα), 120.5 (C5), 

121.2 (C3), 122.3 (C3'), 125.1 (C5'), 134.6 (C4'), 137.2 (C4), 155.3 (3 signals, C2, C2' 

& C6'), 157.8 (C6). IR (KBr Disc): νC≡CH 3133 cm-1, νC≡C 2098 cm-1. MS (MeCN, ES 

(+)): m/z 388 ([Ru(NCMe) (HC2bpy)Cp]+, 100 %, 382 ([M]+, 15%). UV-vis (CH2Cl2) λ 

(nm) [ε × 104 M-1 cm-1]: 259 [1.74], 313 [3.88], 367 [0.62], 538 [0.43]. 

 (PhCC-5-bpy)Re(CO)3Cl (16): 13 (200 mg, 0.78 mmol) and [ReCl(CO)5] (235 

mg, 0.65 mmol) were dissolved in toluene (100 mL) and heated to reflux for 2 hours, 

during which a colourless solution became bright yellow. The solvent volume was 

reduced to 20 mL in vacuo and the mixture was cooled to 0°C. The precipitate was 
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collected on a filter and washed with EtOH (3 x 5 mL) to give the product as a yellow 

powder (285 mg, 78 %). Crystals suitable for X-ray analysis were obtained through 

slow evaporation of a CH2Cl2/MeOH (1:1) solution of the complex. Anal. Calcd for 

C21H12ClN2O3Re: C, 44.88; H, 2.15; N, 4.98. Found: C, 45.12; H, 2.27; N, 4.81. 1H 

NMR (CD2Cl2, 500 MHz): δ 7.41-7.47 (m, 3H, Hortho & Hpara), 7.56 (m, 1H, H5'), 7.62 

(m, 2H, Hmeta), 8.08-8.12 (m, 2H, H3' & H4'), 8.15-8.19 (m, 2H, H3 & H4), 9.08 (d, 1H, 

H6', 3JH6’,H5’ = 5.5 Hz), 9.16 (s, 1H H6). 13C{1H} NMR (CD2Cl2, 126 MHz): δ 84.1 

(Cβ), 97.8 (Cα), 121.8 (Cipso), 123.1 & 123.9 (C3 & C3'), 124.7 (C5), 127.6 (C5'), 129.1 

(Cortho), 130.3 (Cpara), 132.4 (Cmeta), 139.6 (C4), 141.3 (C4'), 153.5 (C6'), 154.3 (C2), 

155.5 (C6), 155.6 (C2'), 189.8 (CO), 197.8 (CO). IR (KBr Disc): νC≡C 2222 cm-1, νC≡O 

2025 cm-1, νC≡O 1914 cm-1 and νC≡O 1894 cm-1. M.p. = 281-284°C. MS (MeCN, ES (+)): 

m/z 644 ([M+2 MeCN]+, 20 %), 601 ([M+ MeCN]+, 20%). UV-vis (CH2Cl2) λ (nm) [ε × 

104 M-1 cm-1]: 255 [7.27], 344 [10.13]. 

CpRu(Ph-5-CCbpy)Cl (17): 13 (100 mg, 0.39 mmol) and [RuCl(COD)(Cp)] 

(115 mg, 0.37 mmol) were dissolved in acetone (20 mL) and stirred at room 

temperature for 20 hours. The solvent volume was reduced to 10mL in vacuo and Et2O 

(10mL) was added before the mixture was cooled to 0°C for 1 hour. The precipitate that 

formed was collected and washed with Et2O (2 x 3 mL) to give the product as a bright 

purple powder (128 mg, 75 %). Crystals suitable for X-ray analysis were obtained 

through the vapour diffusion of n-pentane into a CH2Cl2 solution of the complex. Anal. 

Calcd for C23H17ClN2Ru: C, 60.33; H, 3.74; N, 6.12. Found: C, 60.24; H, 3.96; N, 6.12. 

M.p. > 300°C.  1H NMR (CDCl3, 500 MHz): δ 4.31 (s, 5H Cp), 7.28 (m, 1H, H5'), 7.39-

7.42 (m, 3H, Hortho & Hpara), 7.58 (m, 2H, H3 & H3'), 7.67 (dd, 1H, H4', 3JH4',H3' = 7.9 

Hz, 3JH4',H5' = 6.3 Hz), 7.73 (d, 1H, H4, 3JH4,H3 = 8.4 Hz), 7.92-7.97 (m, 2H, Hmeta), 9.63 

(d, 1H, H6', 3JH6’,H5’ = 5.6 Hz), 9.77 (s, 1H, H6). 13C{1H} NMR (CDCl3, 126 MHz): δ 

69.1 (Cp), 84.1 (Cβ), 94.3 (Cα), 120.4 & 120.8 (C3 & C3'), 121.1 (C5), 121.3 (Cipso), 

123.9 (C5'), 127.7 (Cortho), 128.5 (Cpara), 131.0 (Cmeta), 133.6 (C4'), 135.6 (C4), 153.5 

(C2), 154.2 (C6'), 154.5 (C2'), 156.2 (C6). IR (KBr Disc): νC≡C 2220 cm-1. MS (MeCN, 

ES (+)): m/z 464 ([Ru(NCMe)(PhCCbpy)Cp]+, 100 %), 458 ([M]+, 15%). UV-vis 

(CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 263 [2.98], 330 [7.97], 546 [0.69]. 

CpRu(bpy)Cl (19): This complex was synthesised by a literature procedure.46 

The X-ray crystal structure has been obtained for the first time during this study. 

Crystals suitable for X-ray analysis were obtained by vapour diffusion of n-pentane into 

a CH2Cl2 solution of the complex. 
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3.4.3 Crystal Data and Structure Refinement Tables: 
Compound 7●3.5CH2Cl2 9●0.25CH2Cl2 10●2CH2Cl2 11●0.5CHCl3 
Empirical formula  C68.5H58Cl8N2O3P4ReRu C56.25H42.5Cl1.5N2O3P2ReRu C60H51Cl5N2P2Ru2 C52.5H46.5Cl2.5N2O3P2ReRu 
Formula weight  1697.37 1196.81 1241.36 1191.25 
Temperature/K  100(2) 100(2) 100(2) 120(2) 
Wavelength/Å 0.71073 0.6889 0.6889 0.6889 
Crystal system  Triclinic Triclinic Monoclinic Triclinic 
Space group  P-1 P-1 P21/c P-1 
a/Å  12.0480(3) 11.1754(10) 15.6207(6) 13.582(5) 
b/Å  12.0629(3) 13.7333(10) 17.2466(6) 13.773(5) 
c/Å  24.1676(7) 17.7887(14) 21.6952(8) 15.307(6) 
α/°  93.967(2) 79.346(6) 90.00 114.681(3) 
β/°  91.555(2) 88.646(7) 104.6880(10) 109.232(4) 
γ/°  93.113(2) 82.748(7) 90.00 91.551(4) 
Volume/Å3  3497.10(16) 2661.6(4) 5653.8(4) 2411.0(16) 
Z  2 2 4 2 
ρcalcmg/mm3  1.602 1.493 1.458 1.641 
m/mm-1  2.427 2.504 0.867 2.812 
F(000)  1678 1185.0 2512.0 1182.0 
Crystal size/mm3  0.21 × 0.10 × 0.02 0.07 × 0.05 × 0.001 0.22 × 0.06 × 0.03 0.12 × 0.08 × 0.02 
Θ range for data collection  2.84 to 30.00° 2.26 to 52° 1.94 to 62.1° 4.04 to 58° 
Index ranges  -16 ≤ h ≤ 16, -16 ≤ k ≤ 16, -

33 ≤ l ≤ 33 
-14 ≤ h ≤ 14, -17 ≤ k ≤ 16, -22 

≤ l ≤ 22 
-22 ≤ h ≤ 22, -25 ≤ k ≤ 25, 

-31 ≤ l ≤ 31 
-18 ≤ h ≤ 14, -19 ≤ k ≤ 19, -

21 ≤ l ≤ 21 
Reflections collected  66301 23736 106732 27191 
Independent reflections  20362 [R(int) =0.0648] 10847[R(int) =0.0372] 12966[R(int) = 0.1153] 12905[R(int) = 0.0205] 
Data/restraints/parameters  20362 / 55 / 860 10847/16/589 12966 / 1 / 639 12905/0/597 
Goodness-of-fit on F2  1.137 1.036 1.066 1.044 
Final R indexes [I>=2σ (I)]  R1 = 0.0684,  

wR2 = 0.1197 
R1 = 0.0503,  
wR2 = 0.1349 

R1 = 0.0489,  
wR2 = 0.1162 

R1 = 0.0342,  
wR2 = 0.0994 

Final R indexes [all data]  R1 = 0.0891,  
wR2 = 0.1261 

R1 = 0.0694,  
wR2 = 0.1466 

R1 = 0.0811,  
wR2 = 0.1299 

R1 = 0.0420,  
wR2 = 0.1064 

Largest diff. peak/hole / e Å-3  1.963/-1.529 2.45/-1.54 0.94/-2.02 1.59/-1.84 
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Compound 13 14 16 17 19 
Empirical formula  C18H12N2 C15H8ClN2O3Re C21H12ClN2O3Re C23H17ClN2Ru C15H13ClN2Ru 
Formula weight  256.30 485.88 561.98 457.91 357.79 
Temperature/K  100(2) 100(2) 100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 0.71073 1.54178 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic Orthorhombic Triclinic Monoclinic 
Space group  Cc P21/n P212121 P-1 P21/c 
a/Å  5.9003(2) 10.5244(2) 6.5734(2) 8.2621(3) 10.39490(10) 
b/Å  38.3110(11) 10.0443(2) 19.1588(7) 10.9096(3) 8.06390(10) 
c/Å  17.9800(5) 14.9307(2) 29.6134(15) 10.9426(4) 15.9581(2) 
α/°  90.00 90.00 90.00 81.959(3) 90.00 
β/°  99.289(3) 107.597(2) 90.00 78.691(3) 101.5520(10) 
γ/°  90.00 90.00 90.00 71.564(3) 90.00 
Volume/Å3  4011.0(2) 1504.47(5) 3729.5(3) 914.32(5) 1310.57(3) 
Z  12 4 8 2 4 
ρcalcmg/mm3  1.273 2.145 2.002 1.663 1.813 
m/mm-1  0.076 8.267 14.285 1.013 1.385 
F(000)  1608 912 2144 460 712 
Crystal size/mm3  0.33 × 0.10 × 0.09 0.21 × 0.12 × 0.09 0.35 × 0.02 × 0.02 0.26 × 0.15 × 0.10 0.27 × 0.24 × 0.08 
Θ range for data collection  3.13 to 31.89 3.59 to 41.02° 4.62 to 67.45° 3.49 to 37.64 2.84 to 38.00 
Index ranges  -8 ≤ h ≤ 7, -55 ≤ k ≤ 50, -

25 ≤ l ≤ 26 
-19 ≤ h ≤ 19, -18 ≤ k ≤ 

18, -27 ≤ l ≤ 27 
-6 ≤ h ≤ 7, -22 ≤ k ≤ 22, -

35 ≤ l ≤ 34 
-14 ≤ h ≤ 14, -18 ≤ k ≤ 

18, -18 ≤ l ≤ 18 
-18 ≤ h ≤ 18, -13 ≤ k ≤ 13, -

27 ≤ l ≤ 27 
Reflections collected  19305 63296 32045 30239 52290 
Independent reflections  6494 [R(int) = 0.0240] 9747[R(int) = 0.0512] 6637 [R(int)=0.1689] 9321 [R(int) = 0.0307] 7118 [R(int) = 0.0461] 
Data/restraints/parameters  6494 / 2 / 541 9747 / 0 / 199 6637 / 36 / 506 9321 / 0 / 244 7118 / 0 / 172 
Goodness-of-fit on F2  1.030 0.788 0.988 1.064 1.081 
Final R indexes [I>=2σ (I)]  R1 = 0.0507,  

wR2 = 0.1256 
R1 = 0.0257,  
wR2 = 0.0487 

R1 = 0.0604,  
wR2 = 0.1324 

R1 = 0.0276,  
wR2 = 0.0630 

R1 = 0.0275,  
wR2 = 0.0703 

Final R indexes [all data]  R1 = 0.0555,  
wR2 = 0.1292 

R1 = 0.0489,  
wR2 = 0.0519 

R1 = 0.0806,  
wR2 = 0.1487 

R1 = 0.0337,  
wR2 = 0.0657 

R1 = 0.0308,  
wR2 = 0.0720 

Largest diff. peak/hole / e Å-3  0.529/-0.172 1.932/-1.241 2.987/-1.907 0.960/-0.602 2.216/-0.574 
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 (39) Packheiser, R.; Ecorchard, P.; Rüff r, T.; Lang, H. Organometallics 2008, 27, 
3534. 

 (40) Packheiser, R.; Ecorchard, P.; Rüffer, T.; Walfort, B.; Lang, H. Eur. J. Inorg. 
Chem. 2008, 4152. 

 (41) Packheiser, R.; Ecorchard, P.; Walfort, B.; Lang, H. J. Organomet. Chem. 
2008, 693, 933. 

 (42) Di Piazza, E.; Norel, L.; Costuas, K.; Bourdolle, A.; Maury, O.; Rigaut, S. J. 
Am. Chem. Soc. 2011, 133, 6174. 

 (43) Norel, L.; Di Piazza, E.; Feng, M.; Vacher, A.; He, X.; Roisnel, T.; Maury, O.; 
Rigaut, S. Organometallics 2014, 33, 4824. 

 (44) Wrighton, M.; Morse, D. L. J. Am. Chem. Soc. 1974, 96, 998. 
 (45) Kirgan, R.; Sullivan, B. P.; Rillema, D. P. In Photochemistry and Photophysics 

of Coordination Compounds II; Balzani, V., Campagna, S., Eds.; Springer 
Berlin Heidelberg: 2007; Vol. 281,45. 

 (46) Albers, M. O.; Robinson, D. J.; Singleton, E. J. Organomet. Chem. 1986, 311, 
207. 

 (47) Bruce, M. I.; Ellis, B. G.; Low, P. J.; Skelton, B. W.; White, A. H. 
Organometallics 2003, 22, 3184. 

 (48) Armitt, D. J.; Bruce, M. I.; Gaudio, M.; Zaitseva, N. N.; Skelton, B. W.; White, 
A. H.; Le Guennic, B.; Halet, J. F.; Fox, M. A.; Roberts, R. L.; Hartl, F.; Low, 
P. J. Dalton Trans. 2008, 6763. 

 (49) Parthey, M.; Gluyas, J. B.; Schauer, P. A.; Yufit, D. S.; Howard, J. A.; Kaupp, 
M.; Low, P. J. Chem.-Eur. J. 2013, 19, 9780. 

 (50) Caspar, J. V.; Meyer, T. J. J. Phys. Chem. 1983, 87, 952. 
 (51) Sato, S.; Morimoto, T.; Ishitani, O. Inorg. Chem. 2007, 46, 9051. 
 (52) Touchard, D.; Haquette, P.; Pirio, N.; Toupet, L.; Dixneuf, P. H. 

Organometallics 1993, 12, 3132. 
 (53) Fox, M. A.; Roberts, R. L.; Khairul, W. M.; Hartl, F.; Low, P. J. J. Organomet. 

Chem. 2007, 692, 3277. 



 

-96- 

 (54) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton 
Trans. 1981, 1398. 

 (55) Rillema, D. P.; Jones, D. S. J. Chem. Soc., Chem. Commun. 1979, 849. 
 (56) Kurz, P.; Probst, B.; Spingler, B.; Alberto, R. Eur. J. Inorg. Chem. 2006, 2966. 
 (57) Coe, B. J.; Glenwright, S. J. Coord. Chem. Rev. 2000, 203, 5. 
 (58) Wolff, S. K.; Grimwood, D. J.; McKinnon, J. J.; Turner, M. J.; Jayatilaka, D.; 

M.A. Spackman; University of Western Australia, 2010.: 2010. 
 (59) Spackman, M. A.; Jayatilaka, D. CrystEngComm 2009, 11, 19. 
 (60) Fuller, R. O.; Griffith, C. S.; Koutsantonis, G. A.; Lapere, K. M.; Skelton, B. 

W.; Spackman, M. A.; White, A. H.; Wild, D. A. CrystEngComm 2012, 14, 
804. 

 (61) Tutusaus, O.; Viñas, C.; Núñez, R.; Teixidor, F.; Demonceau, A.; Delfosse, S.; 
Noels, A. F.; Mata, I.; Molins, E. J. Am. Chem. Soc. 2003, 125, 11830. 

 (62) Gauthier, N.; Tchouar, N.; Justaud, F.; Argouarch, G.; Cifuentes, M. P.; 
Toupet, L.; Touchard, D.; Halet, J.-F.; Rigaut, S.; Humphrey, M. G.; Paul, F.; 
Costuas, K. Organometallics 2009, 28, 2253. 

 (63) Smith, M. E.; Flynn, E. L.; Fox, M. A.; Trottier, A.; Wrede, E.; Yufit, D. S.; 
Howard, J. A. K.; Ronayne, K. L.; Towrie, M.; Parker, A. W.; Hartl, F.; Low, 
P. J. Chem. Commun. 2008, 5845. 

 (64) Wong, K. M.-C.; Lam, S. C.-F.; Ko, C.-C.; Zhu, N.; Yam, V. W.-W.; Roue, S.; 
Lapinte, C.; Fathallah, S.; Costuas, K.; Kahlal, S.; Halet, J.-F. Inorg. Chem. 
2003, 42, 7086. 

 (65) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502. 
 (66) Albers, M. O.; Liles, D. C.; Robinson, D. J.; Singleton, E. Organometallics 

1987, 6, 2179. 
 (67) Balavoine, G. G. A.; Boyer, T.; Livage, C. Organometallics 1992, 11, 456. 
 (68) Valles-Pardo, J. L.; Guijt, M. C.; Iannuzzi, M.; Joya, K. S.; de Groot, H. J. M.; 

Buda, F. ChemPhysChem 2012, 13, 140. 
 (69) Grosshenny, V.; Romero, F. M.; Ziessel, R. J. Org. Chem. 1997, 62, 1491. 
 (70) Schwab, P. F. H.; Fleischer, F.; Michl, J. J. Org. Chem. 2002, 67, 443. 
 (71) Pautzsch, T.; Rode, C.; Klemm, E. J. Prakt. Chem. 1999, 341, 548. 
 (72) Worl, L. A.; Duesing, R.; Chen, P.; Ciana, L. D.; Meyer, T. J. J. Chem. Soc., 

Dalton Trans. 1991, 849. 
 (73) Albers, M. O.; Robinson, D. J.; Shaver, A.; Singleton, E. Organometallics 

1986, 5, 2199. 
 (74) Sheldrick, G. M.; University of Goettingen: Goettingen, Germany, 1997. 
 (75) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, 

H. J. Appl. Crystallogr. 2009, 42, 339. 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

  Chapter 4:

Alkynyl and Bimetallic complexes of 

4-Ethynyl-2,2’-Bipyridine 



-98- 

Table of Contents 

 Alkynyl and Bimetallic complexes of Chapter 4:

4-Ethynyl-2,2’-Bipyridine ......................................................................... 97 

4.1 Introduction ....................................................................................... 99 

4.1.1 Ethynyl-Bipyridine Ligands ............................................................. 99 

4.1.2 4-Ethynyl-2,2-Bipyridine ............................................................... 100 

4.2 Results and Discussion ................................................................... 102 

4.2.1 Synthesis ......................................................................................... 102 

4.2.2 Spectroscopy .................................................................................. 105 

4.2.3 Structural Determinations ............................................................... 112 

4.2.4 Electrochemistry ............................................................................. 121 

4.2.5 Spectroelectrochemistry ................................................................. 126 

4.2.6 Theoretical Calculations ................................................................. 133 

4.3 Summary and Conclusion .............................................................. 137 

4.4 Experimental ................................................................................... 138 

4.4.1 General Considerations .................................................................. 138 

4.4.2 Synthesis of the Ligands ................................................................. 138 

4.4.3 Synthesis of the Complexes ........................................................... 138 

4.4.4 Crystal Data and Structure Refinement Tables: ............................. 146 

4.5 References ........................................................................................ 149 

 

  



-99- 

4.1 Introduction 

After the studies described previously in Chapters 2 and 3, we looked to extend 

our study of ethynyl-bpy ligands to structural isomers of the 5-ethynyl-bpy ligand. In 

contrast to the well studied ligand 1, compounds with the ethynyl functional group 

attached in different locations on the bipyridyl ring are relatively less studied. It was 

thought that the synthetic methods developed in Chapters 2 and 3 could be applied to 

make a number of σ-alkynyl complexes containing pendant bipyridyl moieties, with 

subsequent coordination of an additional metal centre yielding bimetallic complexes for 

the investigation of electronic communication between the metal centres.  

 

4.1.1 Ethynyl-Bipyridine Ligands 

Before detailing the compound 4-ethynyl-bpy (20) that was studied in this 

chapter, a brief summary of the different structural isomers of ethynyl-bpy (shown below 

in Figure 4-1) and previous studies on their metal complexes is appropriate.  

 
Figure 4-1: Representation of the different structural isomers of the 
ethynyl-bipyridine ligand. 

The alkyne 3-ethynyl-bpy has not been described in the literature. This fact, along 

with the high steric demands of substituting a bipyridyl ring system in the 3 position 

means that this ligand was not pursued. 

The less sterically demanding isomer 4-ethynyl-bpy has been previously 

reported,1 and the group of Ziessel has reported a series of platinum σ-alkynyl complexes 

of this ligand.2-6 They coordinated a variety of metal centres including {Re(CO)3Cl} and 

{M(bpy)2
2+} (M = Fe, Ru, Os) to the bipyridyl moieties of these σ-alkynyl complexes 

giving hetero bi- and tri-metallic complexes. The only other σ-alkynyl complexes 

containing the 4-ethynyl-bpy fragment are a series of bimetallic gold complexes of the 

related ligand 4,4'-ethynyl-bpy.7,8
 

The compound 5-ethynyl-bpy (1) has been widely studied, with a summary of 

previous literature found in the introduction to Chapter 2. A significant body of work 

using this ligand has been undertaken in this thesis and has been presented in Chapters 2 

and 3. 
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The final structural isomer, 6-ethynyl-bpy has been previously reported,9 however 

there are no transition metal σ-alkynyl complexes of this ligand known. There has been 

several reports of bimetallic σ-alkynyl complexes of the related 6,6'-diethynyl-bpy 

ligand, with iron,10 platinum11 and gold12 bimetallic σ-alkynyl complexes seen, while one 

example of each metal has been structurally characterised. The presence of the ethynyl, 

and subsequently σ-alkynyl, group adjacent to the bipyridyl nitrogen limits the ability to 

coordinate bulky metal centres to the bipyridyl moiety. Of the bimetallic 6,6-alkynyl-bpy 

complexes in the literature, the coordination of a sterically undemanding {ZnCl2} metal 

centre to 6,6'-(Cp*Fe(dppe)-C≡C)2-bpy10 is the only coordination complex reported. 

 
4.1.2 4-Ethynyl-2,2-Bipyridine 

Of the isomers described above, 4-ethynyl-bpy (20) was chosen for the synthesis 

of a series of ruthenium alkynyl complexes to allow comparison with the complexes of 1 

synthesised previously.13 With the substitution of the pyridine ring occurring in a 

different position for 1 and 20, it is expected that they may have different electronic 

properties, and therefore allow different levels of communication between the metal 

centres in bimetallic complexes. There are no known studies comparing the electronic 

properties of 4- and 5- ethynyl-bpy ligands. However, it is expected that better electronic 

interaction occurs in the 4- position of the pyridine ring, para to the ring nitrogen atom. 

The synthesis of 20 has previously been described.9 While the synthesis of 

σ-alkynyl complexes of 20 has been demonstrated for platinum,2-6 the dearth of 

ruthenium alkynyl complexes of this ligand will allow the synthesis of a series of 

ruthenium σ-complexes that has not been previously studied. Alkynyl complexes of 20 

have a pendant bipyridyl moiety that is not sterically constrained, and is therefore able to 

readily coordinate an additional metal centre, as previously demonstrated.2-6 In addition, 

no previous solid state structures of alkynyl complexes of 20 have been reported, so the 

determination of the first structure of complexes of 20 is possible. The closest reported 

structures are a series of gold bis σ-alkynyl complexes of the ligand 4,4'-diethynyl-bpy.7,8  

While there has been no investigation into the electronic communication of the 

4-ethynyl-bpy moiety, the isoelectronic 4-cyano-bpy ligand has been shown to form a 

bimetallic ruthenium complex (Figure 4-2(a)) that exhibits mixed valence behaviour 

upon oxidation.14 In addition, a large number of studies have synthesised bimetallic 

complexes of the ligand 4-ethynyl-pyridine,15-19 with good electronic communication 

observed between the metal centres (Figure 4-2(b-d)). In comparison to the 

4-ethynyl-pyridine ligand, it is expected that complexes of 4-ethynyl-bpy will form more 

stable ligands, due to the coordinating, bidentate chelating bpy moiety. 
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Figure 4-2: Example complexes for a) 4-cyano-bpy14 and complexes of 
4-ethynyl-pyridine b),16 c)15 and d)20 

A recent paper investigating dehydro[m]pyrido[14]annulene compounds 

describes a theoretical study of the electronic communication between different 

ethynyl-pyridine isomers, shown below in Figure 4-3.21 A theoretical study of these 

compounds revealed efficient inter-nitrogen electronic communication in i) and iv) 

through the 1,3-butadiyne bridge, these compounds have 4- and 2-pyridyl connections 

respectively. In contrast the efficient inter-nitrogen electronic communication in ii) 

occurs through the 1,2-diethynyl-benzene bridge, again this linker is in the 4-pyridyl 

position. The final isomer, iii) reveals poor inter-nitrogen electronic communication 

through the 2- and 3- positions of the pyridyl ring. This study suggests that bimetallic 

complexes of 20 will have better electronic communication between metal centres than 

bimetallic complexes of 1. 

 
Figure 4-3: Dehydro[m]pyrido[14]annulene compounds showing ethynyl 
pyridine electronic communication.21 
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4.2 Results and Discussion 

4.2.1 Synthesis 

The ligand 20 was synthesised from 2,2'-bipyridine in an established, six step 

procedure,9,22 (Scheme 4-1). Despite the number of steps in this synthesis, this 

preparation of the key intermediate 4-bromo-2,2'-bipyridine, which is not commercially 

available, was chosen as it is readily performed on a multi-gram scale. An alternative 

single step reaction that brominates 2,2’-bipyridine with H2O2/HBr23,24 produced none of 

the desired compound in our hands, despite increasing reagent concentrations and 

increasing reaction times and temperatures. A sample of compound 21 was stored as the 

trimethylsilyl protected alkyne and was used as the starting material for the synthesis of 

23 and 24. 

 
Scheme 4-1: Synthesis of the ligand 4-ethynyl-2,2’-bipyridine (20); i) H2O2, 

AcOH; ii) H2SO4 (conc), HNO3 (conc); iii) AcBr, CHCl3; iv) PBr3, CHCl3; v) TMSA, 
Pd(PPh3)4, PhMe, iPr2NH; vi) KF, MeOH/THF. 

Monometallic σ-alkynyl complexes containing the 4-ethynyl bipyridine moiety 

were synthesised using established literature procedures for aryl alkynyl complexes. 

Complexes 23 and 24 were synthesised from 21,25,26 while 25,27 26 and 27,26 28 and 29,27 

and 3028 were synthesised from 20, by various methods (Scheme 4-2). With the exception 

of complexes 24 and 25, all complexes were obtained in reasonable yields under the same 

reaction conditions and isolation techniques for similar aryl alkynyl complexes (notably 

the 5-ethynyl-bpy geometric isomers synthesised in Chapters 2 and 3 and previously27).  
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Scheme 4-2: Scheme showing the many different synthetic routes to alkynyl 
complexes of 20. References for each set of reaction conditions are given in the 
text above. 

Isolation of complex 24 was problematic, as it did not precipitate from methanol 

solution after refluxing the reaction for 24 hours and cooling in an ice bath as expected for 

complexes of this type.26 An IR spectrum of the reaction mixture showed a band at ca. 

2050 cm-1, consistent with the ν(C≡C) stretch of ruthenium σ-alkynyl complexes. A 



-104- 

31P{1H} NMR spectrum of the reaction mixture showed a single resonance, indicating the 

presence of only a single {Cp*Ru(dppe)} centre, consistent with the formation of 24. 

Isolation of this highly soluble complex was achieved through column chromatography, 

eluting a short alumina plug with dichloromethane yielded analytically pure 24. In 

general, alkynyl complexes of 20 were more soluble than those of 1, which made 

isolation of the complexes problematic. 

Synthesis of complex 25 via an established procedure27 (Scheme 4-2) was 

problematic, despite spectroscopic evidence for the presence of 25 (IR, 31P{1H}NMR and 

MS), it could not be isolated and purified from a reaction mixture containing a number of 

{Ru(dppm)2} metal centres (from 31P{1H} NMR). Previous studies have highlighted the 

difficulty in separating mono-alkynyl complexes of {Ru(P∩P)2Cl} metal centres from 

bis-alkynyl and dichloride complexes27,29 and in this case attempts at chromatographic 

separation (silica and alumina) along with careful crystallisation were similarly 

unsuccessful. Due to these difficulties, an investigation into the nature of the proposed 5 

coordinate ruthenium intermediate [Ru(dppm)2Cl]PF6 was undertaken, the results of this 

investigation are reported in Chapter 5 of this thesis. 

During the course of this investigation, an interesting observation was made 

regarding the solution behaviour of 30. In this project, the crystallisation of complex 30 

through the slow evaporation of an ethanol/THF solution of the complex yielded X-ray 

quality crystals. Exposure of the supernatant to the atmosphere gave a second crop of 

crystals with a different morphology. This second crop of purple crystals was suitable for 

single crystal X-ray diffraction studies, which showed bis(2,2'-bipyridin-4-yl)butadiyne 

(22) that resulted from the oxidative coupling of the gold alkynyl moieties. Compound 22 

has been synthesised previously through the Hay coupling of 20.9 The ability of gold to 

catalyse the oxidative homocoupling of terminal alkynes is well known, with precedent 

established for both stoichiometric and catalytic homocoupling.30 

Synthesis of bimetallic and coordination complexes of 20 containing either the 

{CpRu(bpy)Cl} or {(bpy)Re(CO)3Cl} metal centres was performed in an analogous 

manner to that described in Chapter 3. These reactions produced reasonable to good 

yields of product in a simple one step reaction. A summary of the bimetallic and 

coordination complexes synthesised during this project are shown below in Table 4-1. 

 



-105- 

 

Complex R [M] 
31 CpRu(PPh3)2 Re(CO)3Cl 
32 CpRu(PPh3)2 CpRuCl 
33 Cp*Ru(dppe) Re(CO)3Cl 
34 Cp*Ru(dppe) CpRuCl 
35 H Re(CO)3Cl 
36 H CpRuCl 

 
Table 4-1: Numbering of the bimetallic and coordination complexes of 20 
synthesised. 

 

4.2.2 Spectroscopy 

The expected structure of the monometallic alkynyl complexes was confirmed 

through a variety of spectroscopic methods. The IR spectra of all alkynyl complexes 

showed a C≡C stretch within the range expected for alkynyl complexes of the respective 

metal centres as shown in Table 4-2. The alkynyl stretch in the protonated complex 27 is 

shifted to a lower wavenumber by 30 cm-1 (2020cm-1) relative to the main ν(C≡C) observed 

for the neutral complex 26. The carbonyl stretches of 28 and 29 were also observed as 

expected at 2052 and 2004 cm-1 and 2027 and 1976 cm-1.  

 

R Compound ν (C≡C) (cm-1) ν (C≡C) (cm-1) 
(shoulder) 

H 20 2106 - 
CpRu(PPh3)2 23 2052 2077 
Cp*Ru(dppe) 24 2050 2075 

ClRu(dppm)2 * 25 2058 2083 
ClRu(dppe)2 26 2050 2075 
CpRu(CO)2 28 2119 - 
Cp*Ru(CO)2 29 2108 - 

(PPh3)Au 30 2110 - 
 
Table 4-2: Alkynyl IR stretches of monometallic alkynyl complexes. *IR of the 
reaction mixture. 
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Figure 4-4: IR spectra of complexes 23, 24, 25 and 26 showing the higher energy 
shoulder present in the ν(C≡C) region of the IR spectra. Transmission intensities 
have been normalised and spectra offset. 

As seen in the spectra above (Figure 4-4), complexes 23, 24, 25 and 26 showed 

prominent shoulders on the main ν(C≡C) band. This has been seen in previous alkynyl 

complexes and has been attributed to either hindered rotation around the Ru-C≡C axis 

resulting in IR stretches from different rotamers in solution,31 or to Fermi coupling of the 

C≡C stretch.32,33 The solid state IR spectra of 23 and 24 were obtained to allow 

comparison to the solution spectra (CH2Cl2) shown above. As seen below (Figure 4-5), 

the solid state and solution spectra are very similar, indicating that the high energy 

shoulder observed in the spectra is unlikely to be caused by the presence of rotamers in 

solution, although the complexes may precipitate as a mixture of rotamers in the solid 

state. It is noteworthy that the shoulder present in the spectra of complex 26 is not present 

in the spectra of the protonated species 27. 
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Figure 4-5: IR spectra of complexes 23 and 24, as CH2Cl2 solutions and in the 
solid state highlighting the similarity of the spectra. Transmission intensities have 
been normalised and spectra offset. 

Infrared spectra of all bimetallic complexes showed a shift to lower wavenumber 

of ca. 10 cm-1 upon coordination of an additional metal centre (Table 4-3). The bimetallic 

complexes 31 and 33, along with the coordination complex 35 all exhibit the expected 

three ν(C≡O) stretches for the fac-Re(CO)3Cl isomer, as shown previously in Chapter 3. 

The two homo-bimetallic complexes 32 and 34 exhibit two ν(C≡C) peaks of almost equal 

intensity in the IR spectra of the complexes as CH2Cl2 solutions, but only a single peak in 

the solid state (ATR) (Figure 4-6), this is very different to the behaviour observed for the 

monometallic alkynyl complexes above. This suggests the second peak in the solution 

spectra may be due to rotation around the Ru-C≡C axis, with multiple rotamers present in 

solution, while the complexes exist in the solid state in only a single conformation. 
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Figure 4-6: IR spectra of complexes 32 and 34, as CH2Cl2 solutions and in the 
solid state highlighting the additional ν(C≡C) bands observed in the solution 
spectra. Transmission intensities have been normalised and spectra offset. 

 

  [M] 
R Free bpy CpRuCl Re(CO)3Cl 
H 2103 2101 2108 

CpRu(PPh3)2 2052 2049, 2040 2042 
Cp*Ru(dppe) 2050 2047, 2038 2040 

 
Table 4-3: Summary of C≡C stretches seen for bimetallic and coordination 
complexes 31 to 36. Recorded as CH2Cl2 solutions. 
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Figure 4-7: Atom numbering for the assignment of NMR spectra discussed 
below. 

The NMR spectra (1H, 13C and 31P) of all monometallic alkynyl complexes of 20 

showed signals for the ancillary ligands of the metal centres that match those of the 

alkynyl complexes of 1 as reported in Chapter 2 and previously,27 atom numbering for 

NMR assignment is shown above in Figure 4-7. Further evidence for the formation of the 

alkynyl complexes is the loss of the terminal alkyne proton signal (seen at 3.30 ppm in 

20) in the spectra of the complexes, along with the appearance of a downfield carbon 

signal for Cɑ that is coupled to the phosphorus atoms in 23 and 24. Signals in the 1H and 
13C NMR spectra corresponding to the bipyridine moiety were readily assigned with the 

assistance of 2D NMR experiments, notably 1H-13C HMBC and 1H-13C HSQC. In 

general, the bipyridine of the alkynyl complexes exhibits proton resonances slightly 

upfield of those seen in the free ligand 20, with the effect being most pronounced for H3 

and H5, the protons adjacent to the ethynyl group. 

For complex 23 it was observed that some of the proton signals, notably H6, were 

broadened. It was postulated that this may be due to hindered rotation along the 

Ru-C≡C-bpy axis of the molecule. To investigate this, variable temperature 1H and 
31P{1H} NMR experiments were performed to see if the complex could be cooled 

sufficiently to slow this rotation to allow separation of different spectra. However, even 

cooling to 213 K was insufficient to clearly separate any rotamers, with only the 

broadening of signals due to the slowing of rotation observed, particularly H6 and aryl 

protons from the dppe ligand. The Cp singlet appeared to broaden into multiple 

overlapping peaks, providing evidence for the presence of different rotamers. No change 

in the peak shape was observed in the phosphorus spectrum (see Figure A-19 and Figure 

A-20 in the appendix). 
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Upon coordination of a metal to the bipyridine moiety, the NMR spectra of the 

bipyridyl protons showed a significant downfield shift for the protons in the 6 and 6' 

positions, adjacent to the nitrogen atoms, this can be attributed to shielding by the 

ancillary ligands on the coordinated metal centre. The other change in the bipyridyl NMR 

was a shift to higher field for the protons in the 3 and 3' positions, this is presumably as 

these protons are deshielded as they move away from the nitrogen lone pair as the 

bipyridyl rings change from the trans to the cis configuration upon coordination of a 

metal. 

 
Figure 4-8: 31P{1H} NMR spectra of top) 33 and bottom) 34 showing the AB 
spin system. 

The NMR spectra of the bimetallic complexes exhibited very similar resonances 

to the spectra obtained for monometallic alkynyl complexes associated with the ligands 

around the ruthenium alkynyl moiety. However, in the 31P NMR spectra obtained for the 

bimetallic complexes 33 and 34, it was observed that the phosphorus atoms became 

chemically inequivalent, resulting in an AB spin system with coupling between the 

phosphorus atoms as seen in Figure 4-8. This is similar to the effect seen for the 

analogous 5-ethynyl-bipyridine bimetallic complexes 11 and 12, and discussed in 

Chapter 3. 



-111- 

UV-vis spectra were obtained for the half sandwich alkynyl complexes 23 and 24 

along with their corresponding bimetallic complexes 31-34 and the coordination 

complexes 35 and 36 as CH2Cl2 solutions. The spectra of the alkynyl complexes 23 and 

24 show a broad absorbance at ca. 360 nm which is attributed to a MLCT band. A higher 

energy band is seen at 280 nm, which is assigned to a bipyridyl π-π* transition, with these 

features very similar to those observed for the analogous 5-ethynyl-bpy complexes 4 and 

5. 

 
Figure 4-9: UV-vis spectra of 23 and 24 as CH2Cl2 solutions. 

Upon coordination of an additional metal centre to the bipyridine moiety, the 

bands observed for the alkynyl complexes undergo a shift to lower energy, with the 

bipyridyl π-π* transition moving ca. 20 nm to 300 nm, while the MLCT band shifts to 

lower energy by 100 to 150 nm, with the band observed for the more electron rich 

{Cp*Ru(dppe)} fragment moving to a lower energy relative to the band observed for 

{CpRu(PPh3)2} complexes. In the bimetallic complexes an additional MLCT band is 

observed for the coordinated metal centre at ca. 370 nm for heterobimetallic complexes 

31 and 33 and ca. 390 nm for homobimetallic complexes 32 and 34. The UV-vis spectra 

of the {Cp*Ru(dppe)} based bimetallic complexes are shown below (Figure 4-10) as 

representative spectra. 
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Figure 4-10: UV-vis spectra comparing of 24, 33 and 34 comparing the free 
bipyridyl complex, with hetero and homobimetallic complexes. 

 

4.2.3 Structural Determinations 

Crystals suitable for single crystal X-ray diffraction studies were obtained for the 

organic bipyridines 20 and 22, the alkynyl complexes 23, 24, 26, 27, 29 and 30, the 

bimetallic complex 33, and the coordination complexes 35 and 36; the structures are 

shown below in Figure 4-11 to Figure 4-16, while selected interatomic parameters are 

collected in Table 4-4 to Table 4-7.  

Complex 24 crystallised with disordered solvent molecules; these were modelled 

as partly n-hexane, with 0.831(3) site occupancy and partly CHCl3 as its complement, in 

addition the Cp* ligand was disordered over two sets of sites with occupancies refined to 

0.705(6) and its complement. Complex 26 crystallised with one CH2Cl2 molecule with 

0.5 occupancy that was disordered about a crystallographic inversion centre; one pyridine 

ring and one dppe phenyl ring were each disordered over two sites, with occupancies 

refined to 0.5. Complex 27 crystallised with 3 CHCl3 solvate molecules; two of the 

solvent molecules were modelled as being disordered over two sites with occupancies 

refined to 0.688(8) and its complement for both molecules. Complex 29 crystallised with 

two crystallographically distinct molecules in the unit cell; molecule 1 has the bipyridyl 

moiety disordered over two sites with equal occupancies, molecule 2 has the Cp* ligand 
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disordered over two sets of sites with occupancies refined to 0.712(5) and its 

complement. Complex 33 crystallised with three CH2Cl2 solvate molecules, one of which 

was disordered over three sites. The Cp* was disordered over two sites with equal 

occupancy. Additional disorder was discovered near the Re atom, with the coordinated Cl 

atom and the CO ligand trans to it were modelled as being disordered through an 

inversion centre located at the rhenium atom, with occupancies refined to 0.869(6) and its 

complement.  

 
Figure 4-11: Representation of the molecular structures of 20 and 22, with 
hydrogen atoms (except C≡C-H of 20) omitted to aid in clarity and ellipsoids 
drawn at 50 % probability. 

The structure of these compounds is unremarkable, with linear C-C≡C-R groups 

and almost coplanar pyridyl rings (angle between pyridyl rings is 6.6° for 20 and 11.9° for 

22) with the N atoms in a trans arrangement as expected for an uncoordinated bipyridyl 

group, see Table 4-4 for selected bond lengths and angles.27,34
 

 
Figure 4-12: Representation of the molecular structure of 23 and 24, with 
hydrogen atoms and solvent molecules omitted to aid in clarity and ellipsoids 
drawn at 50 % probability; only the major component of the disordered Cp* ring 
of 24 is shown. 
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Figure 4-13: Representation of the molecular structures of 26 and 27; only one 
component of the disordered phenyl and pyridyl rings for 26 are shown, with 
solvent molecules and non hydrogen bonding hydrogen atoms omitted to aid in 
clarity and ellipsoids drawn at 50 % probability. 

 
Figure 4-14: representation of the molecular structure of 29 and 30, with 
hydrogen atoms omitted for clarity and ellipsoids drawn at 50% probability; only 
molecule 2 of 29 is shown, with only the major component of the disordered Cp* 
ring shown. 

The bond lengths and angles about the ruthenium cores of alkynyl complexes 23, 

24, 26, 27 and 29 are unremarkable and consistent with previous examples of alkynyl 

complexes; 13,27,29,32,35 see Table 4-5 and Table 4-6 for values. The relative orientation of 

the bipyridyl moiety with the ancillary ligands of the metal centre will be discussed below 

for both half-sandwich and bis-diphosphine complexes. For these complexes the alkynyl 

bipyridine moiety exhibits the expected linear [Ru]-C≡C-C alkynyl moiety along with a 

trans configuration of the coplanar bipyridine rings. 
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 20 22 30 
P-Au - - 2.2757(8) 
C(1')-C(1) - 1.367(2) - 
Au-C(1) - - 2.070(4) 
C(1)-C(2) 1.161(1) 1.202(2) 1.186(6) 
C(2)-C(14) 1.454(1) 1.433(2) 1.447(6) 
P-Au-C(1) - - 175.4(1) 
C(1')-C(1)-C(2) - 179.0(2) - 
Au-C(1)-C(2)  - - 162.1(4) 
C(1)-C(2)-C(14) 177.0(1) 173.8(2) 173.5(4) 
N(1)-C(12)-C(22)-N(2) 173.4(1) -168.1(1) 168.0(4) 

 
Table 4-4: Selected bond lengths (Å) and angles (°) for compounds 20, 22, and 
30, the N-C-C-N torsion angle represents the angle between the pyridyl rings. In 
22, the symmetry generated atom from the inversion centre of the molecule is 
represented by C(1'). 
 

The protonated bipyridyl complex 27 provides an interesting comparison to the 

analogous 5-ethynyl-bpy complex 6. The dataset for complex 27 was of poor quality (R = 

11.32%), and the proton on the nitrogen atoms was not observed directly. The orientation 

of the bipyridyl rings refined to the trans arrangement (dihedral angle of 4.6°), while the 

protonation of N(1) was inferred from the close interaction to O(1) of the triflate anion. 

This contrasts to complex 6 in which it was determined that the two pyridyl rings were in 

a cis orientation, with hydrogen bonding between the protonated N(1) and N(2) located 

on the other pyridyl ring. Hydrogen bonding is present between the protonated bipyridine 

and the triflate anion of 27, with a N(1)-O(1) distance of 2.085(13)Å, with the proton 

located between these atoms. 

The solid state structure of complex 30 is a little unusual, with the gold σ-alkynyl 

moiety exhibiting a relatively large deviation from the expected linear orientation. In this 

complex the Au-C(1)-C(2) angle is 162.1(4)°; this is 17.9° from linear, whereas all other 

alkynyl complexes (19 complexes) structurally characterised in this thesis deviate from 

linear by less than 8.4° (complex 43 in Chapter 6). It is expected that this is due to the 

solid state packing of the complex, as the analogous bimetallic alkynyl complex 

4,4'-((PPh3)Au-C≡C-)2-2,2'-bipyridine has almost linear Au-C≡C bond angles of 

179.6(6)° and 175.7(5)°.7 This deviation from a linear alkynyl moiety has been observed 

in the solid state for other gold alkynyl complexes, as seen for the complex 

5-((PPh3)Au-C≡C)-2,2'-bipyridine with an Au-C(1)-C(2) angle of 168.1(3)°.27 The 

deviation from linear is not due to aurophilic interactions, with a minimum Au-Au 

distance of 8.523 Å. Consistent with previous structures reported here, the pyridine rings 

of the bipyridyl moiety in complex 30 are almost coplanar (dihedral angle of 12.2°) in a 

trans orientation. 
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Figure 4-15: Representation of the molecular structure of 33, with hydrogen 
atoms and solvent molecules omitted to aid in clarity and ellipsoids drawn at 50% 
probability. Only the major components of the Cp* ring and {(bpy)Re(CO)3Cl} 
core are shown. 

The bond lengths and angles around both the {CpRu(PPh3)2} and 

{(bpy)Re(CO)3Cl} cores of complex 33 are consistent with previous examples.13,32,36,37 

The inversion disorder of the chloride and carbonyl ligands around the rhenium centre has 

not been seen in previous {(N∩N)Re(CO)3Cl} complexes that have been structurally 

characterised. However, inversion disorder of chloride and carbonyl ligands of a rhenium 

complex has been previously observed in the complex mer-Re(CO)3Cl(PEt3)2.38
 

 23 24 29 33 
Ru-P(1) 2.298(1) 2.2683(4) - 2.277(1) 
Ru-P(2) 2.292(1) 2.2739(4) - 2.271(1) 
Ru-C(3) - - 1.887(4) - 
Ru-C(4) - - 1.877(4) - 
Ru-Cp 1.897 1.880 1.871 1.900 
Ru-C(1) 2.029(4) 1.998(2) 2.035(3) 1.980(4) 
C(1)-C(2) 1.219(6) 1.224(2) 1.209(4) 1.221(6) 
C(2)-C(14) 1.434(6) 1.428(2) 1.438(4) 1.417(6) 
P(1)-Ru-P(2) 98.66(4) 83.90(2) 90.4(2) 83.40(4) 
Ru-C(1)-C(2) 176.2(4) 179.4(1) 178.4(3) 173.1(4) 
C(1)-C(2)-C(14) 173.9(5) 171.2(2) 177.2(3) 176.3(5) 
N(1)-C(12)-C(22)-N(2) 176.8(4) -178.6(2) 176.1(3) -0.5(5) 

 
Table 4-5: Selected bond lengths (Å) and angles (°) for the ruthenium alkynyl 
cores of half sandwich complexes 23, 24, 29 and 33. For complex 29 distances 
and angles have been measured for molecule 2. For 24, 29 and 33, the highest 
occupancy Cp* ring was used. The N-C-C-N torsion angle represents the angle 
between the pyridyl rings, the Ru-Cp distance is calculated from the Cp centroid.  
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 26 27 
Ru-Cl 2.489(1) 2.494(3) 
Ru-P(1) 2.357(1) 2.398(3) 
Ru-P(2) 2.386(1) 2.358(3) 
Ru-P(3) 2.343(1) 2.370(3) 
Ru-P(4) 2.365(1) 2.360(3) 
Ru-C(1) 2.095(5) 1.96(1) 
C(1)-C(2) 1.09(1) 1.23(2) 
C(2)-C(14) 1.57(2) 1.42(2) 
P(1)-Ru-P(2) 82.17(5) 81.4(1) 
P(1)-Ru-P(4) 98.02(5) 98.7(1) 
P(3)-Ru-P(4) 81.95(5) 81.8(1) 
Cl-Ru-C(1) 178.6(1) 175.0(3) 
Ru-C(1)-C(2) 174.7(5) 174.9(10) 
C(1)-C(2)-C(14) 169.0(10) 169.4(10) 
N(1)-C(12)-C(22)-N(2) -176.0(1) -175.3(10) 

 
Table 4-6: Selected bond lengths (Å) and angles (°) for the ruthenium alkynyl 
cores of 26 and 27. The N-C-C-N torsion angle represents the angle between the 
pyridyl rings.  

 
Figure 4-16: Representation of the molecular structure of 35 and 36, with 
hydrogen atoms (except the alkynyl proton) omitted to aid in clarity and 
ellipsoids drawn at 50 % probability. 

The bond lengths and angles of these coordination compounds are consistent with 

previous reports13,32,36,37 of {Re(bpy)(CO)3Cl} and {CpRu(bpy)Cl} complexes, including 

5-ethynyl-bipyridine complexes and bimetallic complexes described previously in this 

thesis. 
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  33 35 18 36 19 
M-Cl 2.455(1) 2.472(1) 2.460(2) 2.452(1) 2.4534(3) 
M-N(1) 2.176(3) 2.170(5) 2.176(6) 2.090(3) 2.0830(10) 
M-N(2) 2.164(3) 2.171(4) 2.173(6) 2.092(4) 2.0805(10) 
Re-C(11) 1.926(7) 1.971(5) 1.938(9) - - 
Ru-Cp  - - - 1.781 1.777 
M-C(21) 1.930(4) 1.922(6) 1.919(7) - - 
M-C(31) 1.910(4) 1.932(5) 1.932(7) - - 
Cl-M-N(1) 84.93(9) 83.4(1) 85.7(2) 85.4(1) 86.55(3) 
Cl-M-N(2) 84.42(9) 86.4(1) 83.5(2) 87.6(1) 85.48(3) 
N(1)-M-N(2) 74.9(1) 75.2(2) 74.9(2) 76.7(2) 76.24(4) 
N(1)-C(12)-C(22)-N(2) -0.5(5) 2.5(6) 0.1(8) 2.4(6) 0.29(10) 

 
Table 4-7: Selected bond lengths (Å) and angles (°) for the coordinated metal 
centres in 33, 35 and 36, along with 1837 and 1913 for comparison. The highest 
occupancy Cl-Re-(CO) inversion group of 33 is used, while the Ru-Cp distance is 
calculated from the Cp centroid. 

A recent study29 has shown that relative orientation of an aryl ring and the 

phosphine ligands in complexes of the type trans-Cl(1-n)Ru(dppe)2(C≡C-C6H4-4-R)(1+n) 

(n=0,1) has an influence on the solid state structure and electronic behaviour of the 

complexes, consistent with a recent summary on the importance of molecular orientation 

on the electronic behaviour of bridging ligands in bimetallic complexes.39 In light of this 

study, an overview of the orientation observed for structurally characterised 

ClRu(dppe)2(C≡C-R) complexes presented in this thesis is shown below (Figure 4-17). In 

addition, a brief summary of the configuration of the half sandwich alkynyl complexes 

presented in this chapter will follow. 

 
Figure 4-17: View along the C≡C axis of trans-ClRu(dppe)2C≡C-R of 3, 6, 26 
and 27. 
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Figure 4-18: Depiction of the angle θ in trans-ClRu(dppe)2C≡C-R complexes as 
defined by Marqués-González and Low.29  

Complex 3 6 26 27 

θ 4 7 58 10 
 
Table 4-8: The angle θ (°) for the ClRu(dppe)2 alkynyl complexes structurally 
characterised in this thesis. 

The influence of the angle θ (see Figure 4-18) on the solid state structure and 

electronic behaviour of these complexes can be rationalised by considering the orbital 

overlap between the σ-alkynyl ligand and the ruthenium centre. Computational studies 

have shown that the key metal based orbitals involved in the HOMO of 

ClRu(dppe)2(C≡C-R) complexes are the dxz and dyz Ru orbitals (where the z axis is along 

the Ru-C≡C axis).31 The best overlap between these metal orbitals and the π and π* 

orbitals of the arylethynyl ligand occurs when θ = 0 or 90°. The study of 

Marqués-González and Low29 collated all structurally characterised 

trans-ClRu(dppe)2C≡C-R complexes, and was able to show that only for complexes with 

θ close to the optimal angles of 0 or 90° was there an observable trend in the Ru-Cl bond 

lengths as a result of the structural trans effect associated with the electronics of the 

arylethynyl ligands. 

Of the complexes structurally characterised in this thesis, three have θ < 10° 

resulting in good orbital overlap, while complex 26 has θ = 58° giving rise to a weak 

interaction with the arylethynyl ligand (Table 4-8). Complex 3 has one of the shorter 

Ru-Cl bond lengths seen of 2.487(2) Å, upon protonation to give 6, this bond length 

increases to 2.503(1) Å. This increase is unexpected, as the decrease in electron donating 

ability of the bipyridine moiety upon protonation would be expected to result in a shorter 

Ru-Cl bond. Due to the weak orbital overlap for complex 26, the same comparison cannot 

be made between the protonated and free bipyridyl complexes for the analogous pair of 

4-ethynyl-2,2'-bipyridine complexes, although it is interesting to note that the Ru-Cl bond 

length of 2.494(3) for complex 27 is shorter than seen for the other protonated complex 6.  
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Figure 4-19: View along the Ru-C≡C axis of 23, 24, 29 (molecule 2) and 33 to 
highlight the relative orientation of the bipyridyl rings and the Cp(*) ring of these 
complexes. To highlight the orientation around the ruthenium core, pendant 
phenyl rings of phosphine ligands (23, 24 and 33) and {Re(CO)3Cl} fragment of 
33 are omitted. 

Compound 23 24 29 33 
Cp-Ru(1)-C(14)-C(13) (°) -19.43 -76.22 -176.40 -136.93 

 
Table 4-9: Relative orientation of the bipyridyl group and Cp ring for 22, 23, 28 
(molecule 2) and 32. The angle is defined as the torsion angle between the 
Cp-centroid, the ruthenium atom, C(14) and C(13). 

The relative orientation of the bipyridyl ring and cyclopentadienyl group in 

complexes 23, 24, 29 and 33 provides an interesting look at the steric effects of ligands on 

the solid state structures of ruthenium alkynyl complexes (Figure 4-19 and Table 4-9).  

The orientation of the bipyridyl ligand in the half sandwich phosphine complexes 

23 and 24 reflects the changing steric bulk of the ligands. In 23 the bulky side of the 

bipyridine ligand is near the relatively non-bulky Cp ligand, and away from the very 

sterically demanding triphenylphosphine ligands. As the bulk of the phosphine ligands 

decreases slightly from bis PPh3 to the dppe ligand and the bulk of the Cp ligand increases 

to the Cp* ligand in complex 24, the plane of the bipyridyl ligand shifts to lie between the 

Cp* and dppe ligands. As the sterically bulky phosphine ligands are replaced by carbonyl 

ligands in 29, the bipyridyl ligand moves to fill this vacant area of the coordination 

sphere. Coordination of a {Re(CO)3Cl} fragment to the bipyridyl moiety of complex 24 

gives complex 33; the increasing bulk of the bipyridyl ligand is reflected in the change in 

bipyridine orientation as the ligand reorients itself to minimise interactions with the other 

ligands of the ruthenium centre. 
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4.2.4 Electrochemistry 

The electrochemical properties of the ruthenium half sandwich complexes 23 and 

24, along with the bimetallic complexes 31-34 and the ruthenium coordination complex 

36 were investigated by cyclic voltammetry. See Figure 4-20 and Figure 4-21 for 

representative CVs, while a summary of the electrochemical data is provided in Table 

4-10. The monometallic complexes 23, 24, and 36 exhibited a single, reversible one 

electron oxidation in the CV resulting from oxidation of the ruthenium centre, see Figure 

4-20. The oxidation potentials of these complexes are within 50 mV of the analogous 

5-ethynyl-bpy complexes 4, 5 and 15, with the more electron rich {Cp*Ru(dppe)} 

alkynyl complex having the lower potential of the two alkynyl complexes.  

 
Figure 4-20: Plot of the CVs of complexes 23, 24 and 36 showing the single 
reversible oxidation. Current has been standardised for these plots. 

  Reduction  1st oxidation  2nd oxidation 

Compound E1/2 
(V) ΔV(mV) Ia/Ic 

E1/2 
(V) ΔV(mV) Ia/Ic 

E1/2 
(V) ΔV(mV) Ia/Ic 

23 - - - 0.21 73 0.85 - - - 
24 - - - -0.02 67 0.91 - - - 
31 -1.91 134 0.94 .034 94 0.85 - - - 
32 - - - -0.22 98 - 0.31 88 0.52 
33 -1.92 96 0.96 0.13 67 0.92 - - - 
34 - - - -0.19 72 - 0.13 76 0.40 
36 - - - 0.09 84 0.99 - - - 

 
Table 4-10: Summary of the electrochemical data obtained for complexes of 20. 
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Representative CVs are shown below in Figure 4-21 to allow comparison of 

homo- and hetero-bimetallic complexes to the parent σ-alkynyl complexes. CV plots for 

the heterobimetallic complexes 31 and 33 contained both a reversible oxidation and a 

reversible reduction. The oxidation process is attributed to the ruthenium metal centre, 

and has been shifted ca. 150 mV higher in potential compared to the parent alkynyl 

complex upon coordination of the rhenium. Again the more electron rich {Cp*Ru(dppe)} 

complex shows a lower oxidation potential, consistent with the assignment of the 

oxidation process to the ruthenium centre. The reversible reduction process at ca. -1.9 V 

for these complexes is in contrast to the irreversible reduction observed in the analogous 

5-ethynyl-2,2'-bipyridine complexes 7, 9 and 11. 

 
Figure 4-21: Representative CVs comparing bimetallic complexes 33 and 34 
with the parent alkynyl complex 24; current has been standardised for these plots. 

In contrast to the electrochemically well behaved monometallic and 

heterobimetallic complexes, the homobimetallic complexes 32 and 34 exhibit unusual 

electrochemical behaviour. The CV of these complexes is expected to exhibit two, 

reversible, one-electron oxidations resulting from the two ruthenium centres in the 

molecule. The CVs of these complexes are shown below in Figure 4-22, and contain one 

very weak oxidation process at ca -200 mV, along with a much larger current seen for a 

poorly reversible oxidation at 310 mV for 32 and 130 mV for 34. These potentials are 

similar to those observed for the analogous 5-ethynyl-bpy complexes 10 and 12 (-160 mV 

and ca. 80 mV: see Chapter 3 for more details). The lower second oxidation potential for 
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the more electron rich {Cp*Ru(dppe)} alkynyl complex suggests that this second 

oxidation process is associated with the ruthenium alkynyl moiety. In an attempt to 

further understand the poor electrochemical response of complexes 32 and 34, a thorough 

electrochemical investigation was undertaken on complex 34. 

 
Figure 4-22: Plot of the CVs of the homobimetallic complexes 32 and 34 
showing the poor electrochemical response of these complexes. Current has been 
standardised for these plots. 

The electrochemical investigation of complex 34 initially focussed on varying the 

conditions under which the CV data were collected. It was anticipated that alternative 

conditions may produce improved CV data. However, varying many of the parameters in 

the collection of the CV data did not result in improved reversibility or a better match of 

current amplitudes for the two electrochemical processes (see Figure 4-23). It is 

noticeable that two parameters that generally improve the reversibility of an 

electrochemical reaction, namely increased scan rate and reduced temperature, resulted in 

little noticeable improvement in the CVs. The CV data were replicated in a DPV 

experiment, with the very uneven current for the oxidation processes again observed here. 

A collaborative effort with colleagues at the University of Turin was initiated to 

provide insight on the electrochemical processes that were observed in the CV of 

complex 34. A number of electrochemical experiments were performed on complex 34 in 

Turin (for an example, see CV b) Figure 4-23); these experiments revealed the different 

scan rate response of the peak current of each oxidation process. With this knowledge, a 

detailed look at the scan rate dependence of the two oxidation processes was undertaken 
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using CV data collected at UWA (Figure 4-24). These CV data shows that the first 

oxidation shows a linear relationship between scan rate and peak current (R2 = 0.9975), 

while the second oxidation shows a linear relationship between the square root of the scan 

rate and the peak current (R2 = 0.9975).  

 A linear relationship between scan rate and peak current is normally observed for 

material adsorbed onto the electrode,<Brett, 1993 #476;Zanello, 2012 #475> suggesting 

that the first oxidation process may be resulting from adsorbed material on the electrode, 

while the second oxidation process is a (poorly reversible) diffusion limited solution 

electrochemical process. 

 
Figure 4-23: Additional CVs of complex 34 under a range of conditions; a) 
standard CV conditions, b) glassy carbon electrode, c) faster scan rate of 1500 
mV/s, d) slower scan rate of 5 mV/s, e) low temperature (-40°C) and f) DPV 
experiment. Unless otherwise mentioned, all CVs were collected with a Pt dot 
electrode, in 0.1 M nBu4NPF6/CH2Cl2 solution with ca. 1×10-4 M analyte at 100 
mV/s. CV b) was collected by Prof. Carlo Nervi in Turin. 
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Figure 4-24: Plot of scan rate dependence for 34, top) first oxidation process: see 
inset for a plot of scan rate vs peak current, bottom) both oxidation processes: see 
inset for a plot of √(scan rate) vs peak current. 

Beyond the apparent combination of adsorbed and solution molecules derived 

from the data shown above, little electrochemical information about the homobimetallic 

complexes can be determined from the CVs of 32 and 34. One final observation about the 

electrochemistry of 34 comes from observing the CV data obtained during an IR SEC 

experiment (Figure 4-25). The slow, stepwise oxidation that is performed in the OTTLE 

cell during a SEC experiment shows two prominent oxidation processes for 34 in contrast 

to all the CV data collected above. 
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Figure 4-25: CV of complex 34 collected during a SEC experiment. This CV has 
not been referenced. 

 

4.2.5 Spectroelectrochemistry 

The alkynyl complex 24, along with the bimetallic complexes 33 and 34 were 

investigated with IR and UV-vis-NIR SEC studies, to allow comparison of the redox 

behaviour, structure and electronic structure with the 5-ethynyl-2,2'-bipyridine 

complexes examined previously in Chapters 2 and 3.13 These complexes, containing the 

{Cp*Ru(dppe)} centre, were chosen for this SEC investigation as σ-alkynyl complexes 

of this metal centre had proved to be the best behaved in previous SEC experiments 

(Chapter 2 and 3). 

Oxidation of the σ-alkynyl complex 24 results in the shift of the ν(C≡C) band 

from 2048 cm-1 to 2012 cm-1 (see Figure 4-26 above), with the new ν(C≡C) band very 

broad and of lower intensity. This contrasts with the behaviour observed for the 

analogous 5-ethynyl-2,2-bipyridine complexes 2, 4 and 5, in which oxidation of the 

complex resulted in a shift in the ν(C≡C) band of ca. 150 cm-1, with the oxidised species 

having a more intense band. The broad, low intensity ν(C≡C) band observed in the IR 

spectrum of [24]+ is consistent with the IR SEC of some ClRu(dppe)2(C≡C-R) complexes 

reported recently.29 This complex was stable under the conditions of the SEC 

measurements, with reduction of [24]+ regenerating the neutral complex; this is in 

contrast to the additional products observed upon reduction for 2, 4 and 5. 
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Figure 4-26: IR spectral changes accompanying the oxidation of 24 to [24]+ in an 
OTTLE cell. 

 
Figure 4-27: IR spectral changes accompanying the oxidation of 33 to [33]+ in an 
OTTLE cell. 

Oxidation of the heterobimetallic complex 33 results in loss of the ν(C≡C) band at 

2040 cm-1, and the formation of a lower energy band at 1920 cm-1 (as a shoulder on the 
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ν(C≡O) band at 1915 cm-1). There is very little change in the ν(C≡O) bands of the 

rhenium centre (see Figure 4-27). These observations support the assignment of the 

oxidation process to the ruthenium alkynyl moiety. Again this complex was stable under 

the conditions of the SEC measurements, with reduction of [33]+ regenerating the neutral 

complex. 

 
Figure 4-28: IR spectral changes accompanying the oxidation of a) 34 to [34]+ 
and b) [34]+ to [34]2+ in an OTTLE cell. 

Despite the poor electrochemical behaviour observed for 34, under the conditions 

of SEC experiments, the complex showed two sequential oxidation processes and 
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subsequent reduction of [34]2+ regenerated the neutral complex. The first oxidation of 34 

is accompanied by a shift of 15 cm-1 to lower energy of the ν(C≡C) band in the IR spectra 

(see Figure 4-28). This is consistent with the first oxidation occurring at the 

{CpRu(bpy)Cl} metal centre, as observed for 8, 10 and 12. The shift of the ν(C≡C) band 

in [34]+ is larger than that observed for 5-ethynyl-bpy analogues (15 vs 5 cm-1), this 

suggests that there is a greater [Ru]-C≡C component of the HOMO, resulting in stronger 

communication between the metal centres. The oxidation of [34]+ is accompanied by the 

complete loss of the ν(C≡C) band in the IR spectrum of [34]2+ suggesting a limited dipole 

over the alkynyl moiety. 

The complexes 24, 33 and 34 were further investigated by UV-vis-NIR SEC 

experiments. Upon oxidation of 24, the MLCT band seen at 358 nm for the neutral 

complex disappears, with the formation of a broad absorbance band from 400 to 800 nm. 

This band appears to have two maxima, at ca. 550 and 700 nm; these may be assigned to 

MLCT processes in the oxidised complex. The oxidation also results in the appearance of 

a weak NIR band at 1450 nm (6900 cm-1); this can be assigned to a dπ-dπ transition that 

has been observed previously for [Ru(C≡CR)(L2)Cp(*)]+ radical cations.26  

 
Figure 4-29: Plot of the UV-vis-NIR spectra of 24 during oxidation in an 
OTTLE cell. 

Oxidation of the heterobimetallic complex 33 resulted in loss of the 

Ru→(C≡Cbpy)π* MLCT band at 475 nm. In contrast the Re→bpy π* MLCT band at 383 
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nm exhibits only a slight change, being red shifted by 10 nm. The oxidised complex 

shows transitions at 745 nm (13400 cm-1) associated with a Re→{Ru(C≡Cbpy)}+ CT 

band,40,41 and at 1430 nm (700 cm-1) for the dπ-dπ transition of the 

[Ru(C≡CR)(L2)Cp(*)]+ radical cation.26 Under the conditions of the SEC experiment, 

this complex was stable, with reduction of [33]+ resulting in regeneration of the original 

spectrum. 

 

Figure 4-30: UV-vis-NIR spectral changes accompanying the oxidation of 
complex 33 in an OTTLE cell. 

In UV-vis-NIR SEC experiments, the homobimetallic complex 34 underwent two 

sequential oxidation processes and subsequent reduction of [34]2+ regenerated the neutral 

complex (see Figure 4-32). The first oxidation process was accompanied by minimal 

change in the MLCT bands seen at 400 and 515 nm. The key feature in the spectrum of 

[34]+ is the formation of a Gaussian shaped IVCT band at 1100 nm (9100 cm-1) (see 

Figure 4-31). This suggests that the two ruthenium centres in this molecule are weakly 

coupled, giving rise to a Class II mixed valence system according to the Robin and Day 

classification system.42 
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Figure 4-31: Plot of the IVCT band observed in the NIR spectrum of [34]+. 

 The IVCT band was analysed using the equations developed by Noel Hush,43,44 

and modified for use with asymmetric complexes45,46 (see Figure 1-5). Calculation of the 

peak width gave ∆υ1/2 = 4355 cm-1 (where υmax = 9100 cm-1 and E0 ≈ ∆Emono = ∆E1/2 (36) 

- ∆E1/2 (24) = 110 mV = 890 cm-1), which matches well with the experimentally 

determined ∆υ1/2 of 4000 cm-1. Calculation of the electronic coupling between the two 

ruthenium centres in [34]+ gives Hab = 306 cm-1 (where rab = 9.5Å from the Ru(1)-Ru(2) 

distance in the DFT calculated structure of 34′), consistent with a bimetallic ruthenium 

system with a small degree of residual charge localisation.47 

Further oxidation of the complex to [34]+ was accompanied by a loss of the IVCT 

band, supporting the assignment of this band. The second oxidation process also resulted 

in the loss of the Ru→(C≡Cbpy)π* MLCT band as seen in [24]+ and [33]+, consistent 

with the large Ru-C≡C character of the second oxidation. 
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Figure 4-32: UV-vis-NIR spectral changes accompanying the oxidation of 
complex 34 a) 34 to [34]+ and b) [34]+ to [34]2+ in an OTTLE cell, CH2Cl2/0.1M 
nBu4NPF6 electrolyte.  
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4.2.6 Theoretical Calculations 

To complement the electrochemical and spectroelectrochemical experiments and 

assist in the comparison of the electronic communication in 4- and 5-ethynyl bipyridine 

complexes, a series of DFT calculations (B3LYP / LANL2DZ Ru and Re / 6-31G** all 

other atoms / CPCM-dichloromethane solvent model) were performed. These 

calculations were performed on the representative series [24′]n+, [33′]n+ and [34′]n+ (n = 0, 

1), where the prime (′) notation is used to distinguish the computational systems from the 

physical samples. 

Optimised bond lengths and angles for 24′ and 33′ differed from the 

crystallographically determined structures for complexes 24 and 33. The coordination 

environments of the metal centres were very similar, although there was an 

overestimation of Ru-P and Re-Cl bond lengths by ca. 3%; see Table A-5 in the appendix. 

The difference between the calculated and crystallographically determined structures was 

the orientation of the bipyridyl rings as determined by the Cp-Ru-C(14)-C(13) torsion 

angle. In both the calculated structures, this torsion angle was approximately 180° 

(174.89° and 173.02°), indicating that the bpy moiety was bisecting the phosphorus 

atoms and pointing away from the Cp* ring. In contrast, the solid state structure of 24 had 

a torsion angle of -76.22°, indicating that the plane of the bpy moiety lay between the Cp* 

and dppe ligands. The bimetallic complex 33 had a torsion angle of -136.93°, with the 

plane of the bpy moiety lying along the Ru-P(1) bond. The deviation of the solid state 

structures from the calculated structures is most likely due to crystal packing effects in the 

lattice. Calculated vibrational frequencies for ν(C≡C) (scaled here by 0.95)48 allow 

comparison of computational model and physical systems in both redox states, as shown 

below in Table 4-11. The close agreement of these data gives confidence in the 

conclusions drawn from this computational work. 

Interestingly, for 24´, two local minima were readily identified during the process 

of geometry optimization, which are easily distinguished by the Cp-Ru-C(14)-C(13) 

torsion angle: 179.45° (bpy-down); -0.20° (bpy-up). These two forms are almost 

isoenergetic, the bpy-up form lying barely 0.2 kJ/mol higher in energy than the bpy-down 

conformer.  
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Complex υ(C≡C) υ(C≡O) 
24 2048 - 
24′ 2029 - 

[24]+ 2012 - 
[24′]+ 1947 - 

33 2040 2016, 1914, 1893 
33′ 2008 1977, 1877, 1863 

[33]+ 1920 2021, 1916, 1898 
[33′]+ 1973 1982, 1884, 1870 

34 2035 - 
34′ 2018 - 

[34]+ 2020 - 
[34′]+ 1981 - 

 
Table 4-11: Comparison of computed and measured υ(C≡C) and υ(C≡O) for 
complexes [Cp*Ru(dppe)(CC-4-bpy[MLx])]n+ (n = 0, 1).  

The general orbital features of the 4-ethynyl-bipyridine complexes [24′]n+, [33′]n+ 

and [34′]n+ (n = 0, 1) have many similar features to the corresponding 

5-ethynyl-bipyridine isomers described earlier (Chapters 2 and 3). The HOMO of 24´ is 

largely associated with the Ru (41%) and CC (25%) fragments with an appreciable 

(14%) contribution from the atoms of the 4-substituted-2.2’-bipyridyl ligand. However, 

in contrast to the 5-ethynyl system (4´), in which the C5H3N and C5H4N pyridyl rings 

each contribute to the HOMO (19, 5% respectively) the bpy contribution in 24´ is entirely 

localized on the ethynyl-substituted C5H3N ring. Oxidation of 24´ to give [24´]+ results in 

the usual pattern of Ru-C(1) contraction and C(1)-C(2) elongation which might be 

expected on the basis of the nodal properties of the HOMO of 24´ (which closely 

resembles the distribution of the -LUSO in [24´]+) (see Figure 4-33 b)), a decrease in the 

calculated (CC) frequency, and increase in the Ru-P bond lengths due to decreased 

back-bonding. In all of these fashions, 24 and [24´]+ not only resemble 4´ and [4´]+ but 

also the wide range of other [Ru(CCR)(PP)Cp´]n+ acetylide complexes that have been 

studied in this thesis and elsewhere.13,26,49-51 
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Figure 4-33: Plots of selected molecular orbitals of [24′]n+, [33′]n+ and [34′]n+ (n 
= 0, 1); a) LUMO of 24′ b) HOMO of 24′ c) β-HOSO of [24′]+ d) HOMO of 33′ e) 
β-HOSO of [33′]+ f) β-LUSO of [33′]+g) HOMO of 34′ h) β-LUSO of [34′]+ i) 
β-HOSO of [34′]+ (isocontour value ±0.04 (e/bohr3)1/2). 

The heterometallic binuclear complex 33´ displays some structural evidence for 

the inductively electron-withdrawing influence of the ReCl(CO)3 fragment at the 

half-sandwich acetylide moiety, with shorter Ru-C(1) and C(2)-C(3) bond lengths and 

longer Ru-P and C(1)-C(2) bond lengths than the mononuclear parent 24´. The bipyridyl 

fragment again bisects the P-Ru-P angle (Cp-Ru-C(14)-C(13) 173.02), with the HOMO 

largely localized on the Ru-CC-C5H3N fragment as described for 24´. However, in [33]+ 

the bipyridyl moiety is significantly re-oriented such that the key torsion angle 

Cp-Ru-C(14)-C(13) is reduced to 125.44 (see Figure 4-33 e) and f)). Whilst the -LUSO 

is largely localized on the Ru-CC fragment (Ru(dxz) 56%, CC 18%) the - and 

-HOSO, which involve the Ru dyz orbital, both exhibit a degree of delocalisation over 

both metal centres via the 4-ethynyl bipyridyl bridge (see Figure 4-33 f)). This overlap is 

necessarily enhanced by the rotation of the bipyridyl plane and may be responsible for the 

observed conformation. 

Of most interest is the composition of the HOMO of the homometallic binuclear 

complex 34´ which clearly is delocalized over both metal centres through the 4-ethynyl 

bipyridyl ligand (see Figure 4-33 g)). On oxidation to give [34´]+ the composition of the 

orbital shifts more decisively towards being localized on the {CpRuCl} moiety, but with 
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some small yet significant contribution from the Ru-CCC5H3N group. This contrasts 

with the results seen for [12´]+, in which the β-LUSO orbital was localised on the 

{CpRuCl} fragment. This computational result is in agreement with the shifts in (CC) 

frequencies observed experimentally for both the 4- and 5-ethynyl bipyridyl isomers, 34 

and [34]+ ((CC) -15 cm-1) and 12 and [12]+ ((CC) -5 cm-1), respectively. This result 

also supports the stronger IVCT band observed for [34]+. 
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4.3 Summary and Conclusion 

Building on the previous work investigating alkynyl and bimetallic complexes of 

5-ethynyl-bpy (1), an analogous series of alkynyl and bimetallic complexes based upon 

4-ethynyl-bpy (20) has been synthesised, structurally characterised and studied by 

electrochemical and spectroelectrochemical techniques. With the exception of 25, the 

complexes have been readily synthesised using established synthetic procedures, 

producing the first known examples of ruthenium σ-alkynyl complexes of 20. The 

structurally characterised complexes presented here are the first known solid state 

structures of metal σ-alkynyl, coordination and bimetallic complexes of ligand 20. 

The electrochemical behaviour of many of these complexes was studied, with 

σ-alkynyl, coordination and heterobimetallic complexes revealing the expected 

[Ru]-C≡C-bpy based oxidation processes. The electrochemical behaviour of the 

homobimetallic complexes was also studied, however these complexes proved more 

challenging to electrochemical probing. An array of CV experiments was only able to 

determine that the two oxidation processes observed for 34 appeared to have one process 

occurring in a species adsorbed to the electrode, with the second occurring in solution. 

A representative series of complexes was studied through spectroelectrochemical 

processes. IR SEC showed that the oxidation was occurring in the [Ru-C≡C-bpy] 

fragment, with the red shift of the υ(C≡C) stretch revealing the reduced electron density 

in the triple bond. UV-vis SEC of these complexes confirmed that the oxidation process 

occurring in alkynyl and heterobimetallic complexes was associated with the 

[Ru-C≡C-bpy] fragment, with the loss of the MLCT band shown in the neutral species. 

The UV-vis SEC of homobimetallic complex 34 showed an IVCT band for the radical 

monocation. This NIR IVCT band confirmed a classification of complex 34 as a Class II 

mixed valence complex, showing weakly coupled ruthenium centres.  

Theoretical studies of these complexes indicate delocalisation across the 

{[Ru]-C≡C-C5H3N} system in the monometallic alkynyl complexes, while bimetallic 

complexes show good delocalisation between the metal centres. This supports the SEC 

observation of [34]+ as a Class II mixed valence complex with weak coupling between the 

ruthenium centres. This supports the expectation for improved electronic communication 

using 4-ethynyl-bipyridine in place of the 5-ethynyl-bipyridine isomer described earlier.  
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4.4 Experimental 

4.4.1 General Considerations 

See Chapter 2 for general experimental and spectroscopic techniques. For IR 

spectroelectrochemical experiments in this chapter, a Cary 600 FTIR spectrometer was 

used. 

HCC-4-bpy (20),9 Me3SiCC-4-bpy (21),9 CpRu(CO)2Cl,52 Cp*Ru(CO)2Cl,52 

CpRu(PPh3)2Cl,53 Cp*Ru(dppe)Cl,54 cis-Ru(dppm)2Cl2,55 [ClRu(dppe)2]OTf,56 

PPh3AuCl,57 and CpRu(COD)Cl58 were synthesised according to literature procedures. 

4-bromo-2,2’-bipyridine9,22 was prepared by Mr Sören Bock, all other chemicals were 

obtained from commercial sources and used as received. 

See Figure 4-7 in the body of this chapter for the atom numbering used in the 

assignment of the NMR spectra below. 

Crystallographic data for the structures were collected on an Oxford Diffraction 

Gemini diffractometer fitted with Cu Kα radiation (26 and 27) or Mo Kα (22, 30, 35 and 

36) or an Oxford Diffraction XCalibur diffractometer fitted with Mo Kα radiation (20, 23, 

24, 29 and 33). The refinement process detailed in Chapter 2 was used for all complexes. 

Crystal data and structure refinement details are tabulated below.  

 

4.4.2 Synthesis of the Ligands 

HCC-4-bpy (20): This compound has been previously reported in the literature.9 

The compound was synthesised by the reported method and spectroscopic data confirmed 

the identity of the compound. Crystals suitable for X-ray analysis were obtained through 

the slow evaporation of a hexanes/EtOAc solution of the complex. 

(bpy-4-CC-)2 (22): Crystals of 22 suitable for X-ray crystallography were 

obtained through the slow evaporation of an ethanol/THF solution of 30 that was exposed 

to the atmosphere for 4 days after removal of crystals of 30 for single crystal X-ray 

crystallography. Removing several crystals of 22 and dissolving in CDCl3 allowed the 

collection of a 1H NMR spectrum that matched the previously reported spectrum.9 

 

4.4.3 Synthesis of the Complexes 

CpRu(PPh3)2CC-4-bpy (23): CpRu(PPh3)2Cl (400 mg, 0.540 mmol), KF (31.3 

mg, 0.540 mmol) and 21 (136 mg, 0.540 mmol) were dissolved in MeOH (30 mL) and 

heated to reflux for 30 min. The solution was cooled to 0°C and the yellow precipitate 

was collected and washed with cold MeOH (1 x 3 mL) and cold hexane (2 x 3 mL) to give 
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23 as a yellow powder (396 mg, 84 %). A crystal suitable for X-ray analysis was obtained 

through vapour diffusion of n-pentane into a CH2Cl2 solution of 23. Anal. Calcd. for 

C53H42N2P2Ru: C, 73.17; H, 4.87; N, 3.22. Found: C, 73.04; H, 4.75; N, 3.17. M.p. 

217-220°C. 1H NMR (CDCl3, 600 MHz): δ 4.36 (s, 5H, Cp), 6.88 (dd, 1H, H5, 3JH5,H6 = 

5.1 Hz, 4JH5,H3 = 1.6 Hz), 7.09-7.14 (m, 12H, Hortho), 7.19-7.23 (m, 6H, Hpara), 7.29 (ddd, 
3JH5',H6' = 4.6 Hz, 3JH5',H4' = 7.5 Hz, 4JH5',H3' = 1.2 Hz, 1H, H5'), 7.43-7.46 (m, 12H, Hmeta), 

7.79 (ddd, 3JH4',H3' = 8.0 Hz, 3JH4',H5' = 7.5 Hz, 4JH4',H6' = 1.8 Hz, 1H, H4'), 8.16 (d, 4JH3,H5 = 

1.6 Hz, 1H, H3), 8.31 (ddd, 3JH3',H4' = 8.0 Hz, 4JH3',H5' = 1.2 Hz, 5JH3',H6' = 0.9 Hz, 1H, H3'), 

8.38 (d, 3JH6,H5 = 5.1 Hz, 1H, H6), 8.74 (ddd, 3JH6',H5' = 4.6 Hz, 4JH6',H4' = 1.8 Hz, 5JH6',H3' = 

0.9 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): δ 85.8 (s, Cp), 114.5 (s, Cβ), 121.1 

(s, C3'), 123.1 (s, C3), 123.2 (s, C5'), 125.3 (s, C5), 127.5 (t, 2JC,P = 4.5 Hz, Cortho), 128.7 

(s, Cpara), 132.3 (t, 3JC,P = 24.3 Hz, Cɑ), 133.9 (t, 3JC,P = 5.0 Hz, Cmeta), 136.7 (s, C4'), 138.7 

(m, Cipso & C4), 148.6 (s, C6), 149.2 (s, C6'), 155.4 (s, C2'), 157.3 (s, C2). 31P{1H} NMR 

(CDCl3, 243 MHz): δ 50.93 (s, PPh3). IR (CH2Cl2 solution): νC≡C 2045 cm-1 (shoulder at 

2076 cm-1). MS (MeCN, ES (+)): m/z 871 ([M]+, 100 %). UV-vis (CH2Cl2) λ (nm) [ε × 

104 M-1 cm-1]: 233 [5.10], 285 [2.53], 358 [1.07], 452 [0.33]. 

Cp*Ru(dppe)CC-4-bpy (24): Cp*Ru(dppe)Cl (494 mg, 0.737 mmol), KF (42.7 

mg, 0.737 mmol) and 21 (186 mg, 0.737 mmol) were dissolved in MeOH (40 mL) and 

heated to reflux for 18 hrs. The solvent was removed in vacuo and the reaction mixture 

was redissolved in CH2Cl2. This solution was passed through a short (ø 30 mm x 40 mm) 

silica plug, eluting with CH2Cl2. The yellow band was collected and removal of solvent 

followed by recrystallisation from CH2Cl2/hexane yielded 24 as a yellow powder (436 

mg, 73 %). A crystal suitable for X-ray analysis was obtained through layer diffusion of 

n-hexane into a CHCl3 solution of 24. Anal. Calcd. for C48H46N2P2Ru: C, 70.83; H, 5.70; 

N,3.44 . Found: C, 70.97; H, 5.67; N, 3.33. M.p. 175-178°C. 1H NMR (CDCl3, 600 

MHz): δ 1.57 (s, 15H, Me5Cp), 2.09 (m, PCH2CH2P), 2.70 (m, PCH2CH2P), 6.58 (dd, 
3JH5,H6 = 5.1 Hz, 4JH5,H3 = 1.6 Hz, 1H, H5), 7.22-7.27 (m, 5H, Hortho &H5'), 7.29-7.37 (m, 

12H, Hmeta & Hpara), 7.70 (d, 4JH3,H5 = 1.6 Hz, 1H, H3), 7.71-7.77 (m, 5H, Hortho & H4'), 

8.23 (dd, 3JH3',H4' = 8.0 Hz, 4JH3',H5' = 1.0 Hz, 1H, H3'), 8.25 (d, 3JH6,H5 = 5.1 Hz, 1H, H6), 

8.74 (dd, 3JH6',H5' = 4.8 Hz, 4JH6',H4' = 1.0 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): 

δ 10.2 (s, Me5Cp), 29.5 (m, PCH2CH2P), 93.1 (s, Me5Cp), 110.4 (s, Cβ), 121.2 (s, C3'), 

122.3 (s, C3), 123.1 (s, C5'), 125.4 (s, C5), 127.5 (m, Cmeta), 129.2 (s, Cpara), 133.9 (m, 

Cortho), 136.7 (s, C4'), 138.6 (m, Cipso), 139.4 (s, C4), 145.7 (t, 3JC,P = 23.8 Hz, Cɑ), 148.2 

(s, C6), 149.2 (s, C6'), 155.2 (s, C2'), 157.3 (s, C2). 31P{1H} NMR (CDCl3, 243 MHz): δ 

80.98 (s, dppe). IR (CH2Cl2 solution): νC≡C 2050 cm-1 (shoulder at 2075 cm-1). MS 
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(MeCN, ES (+)): m/z 814 ([M]+, 100%), 663 ([Cp*Ru(dppe)CO]+, 15%). UV-vis 

(CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 228 [3.89], 273 [1.92], 358 [0.92]. 

ClRu(dppm)2CC-4-bpy (25): To a suspension of AgPF6 (500 mg, 1.98 mmol) in 

CH2Cl2 (20 mL) was added a solution of cis-Ru(dppm)2Cl2 (250 mg, 0.439 mmol) in 

CH2Cl2 (20 mL), this mixture was stirred in the dark for 18 hrs. Maintaining the inert 

atmosphere, this yellow suspension was then filtered through a celite pad into a solution 

of 20 (80 mg, 0.442 mmol, 1.01 equiv.) and DBU (250 μL) in CH2Cl2 (25 mL); this 

mixture was stirred for 30 min at room temperature, before it was opened to the 

atmosphere, solvent removed and the compound passed down a short alumina (neutral, 

Activity III) column, eluting with CH2Cl2/toluene (1:3). The yellow band was collected, 

and evaporated to obtain a yellow powder (171 mg) that contained 25 along with other 

{Ru(dppm)2} compounds that could not be separated. 31P{1H} NMR (CDCl3, 243 MHz): 

δ -6.05 (s, dppm) (Other peaks are observed at 7.51(t), -1.12(s), -3.10(s) and-14.51(t). IR 

(CH2Cl2 solution): νC≡C 2084 cm-1 (shoulder at 2058 cm-1). MS (MeCN, ES (+)): m/z 1085 

([M]+, 30 %), 887 ([Ru(dppm)2(OH)]+, 100%). 

ClRu(dppe)2CC-4-bpy (26): Complex 27 (15 mg, 0.012 mmol) and KOtBu (5 

mg, 0.045 mmol) were suspended in CH2Cl2 (10 mL) and stirred at ambient temperature 

for 30 min, during which time the red colour of the solution became yellow. Passing the 

reaction mixture through a small (ø 20 mm x 10 mm) plug of alumina (neutral, 

Brockmann activity III), and eluting with CH2Cl2 gave a yellow eluent; removal of the 

solvent yielded 26 as a yellow powder (8 mg, 60 %). A crystal suitable for X-ray analysis 

was obtained through the slow evaporation of a CH2Cl2/PhMe/n-hexane solution of the 

complex. 1H NMR (CD2Cl2, 600 MHz): δ 2.73 (m, 8H, PCH2CH2P), 6.28 (d, 3JH5,H6 = 5.2 

Hz, 1H, H5), 6.98 - 7.28 (m, 32H, Hortho and Hmeta and Hpara), 7.34 (dd, 3JH5',H6' = 4.7 Hz, 
3JH5',H4' = 7.5 Hz, 1H, H5'), 7.50-7.55 (m, 8H, Hortho), 7.79 (s, 1H, H3), 7.83 (dd, 3JH4',H3' = 

8.0 Hz, 3JH4',H5' = 7.5 Hz, 1H, H4'), 8.27 (d, 3JH3',H4' = 8.0 Hz, 1H, H3'), 8.39 (d, 3JH6,H5 = 

5.2 Hz, 1H, H6), 8.75 (d, 3JH6',H5' = 4.7 Hz, 1H, H6'). 13C{1H} NMR (CD2Cl2, 151 MHz): 

δ 30.5 (p, PCH2CH2P), 120.6 (s, C3'), 122.6 (s, C3), 123.4 (s, C5'), 125.0 (s, C5), 127.1 (s, 

Cmeta), 127.4 (s, Cmeta), 128.9 (s, Cpara), 129.2 (s, Cpara), 133.7 (s, Cortho), 134.7 (s, Cortho), 

135.9 (m, Cipso), 136.6 (s, C4'), 147.1 (s, C6), 149.2 (s, C6'), quaternary carbons (except 

Cipso) were not detected. 31P{1H} NMR (CDCl3, 243 MHz): δ 48.62 (s, dppe). IR (CH2Cl2 

solution): νC≡C 2050 cm-1 (shoulder at 2075 cm-1). MS (MeCN, ES (+)): m/z 1118 & 1113 

([M-Cl+MeCN]+ & [M+H]+, 60 %), 961 ([ClRu(dppe)2(CO)]+, 15 %), 933 

([ClRu(dppe)2]+, 60 %), 559.5 ([M-Cl+MeCN+H]2+, 100 %). 
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[ClRu(dppe)2CC-4-bpyH]OTf (27): [Ru(dppe)2Cl]OTf (200 mg, 0.185 mmol) 

and 20 (51 mg, 0.281 mmol) were dissolved in CH2Cl2 (10 mL) and stirred at ambient 

temperature for 2 hrs. The volume of the solution was reduced to 10 mL in vacuo 

followed by the addition of hexane (10 mL). This resulted in formation of a red 

precipitate, which was collected and washed with Et2O (3 mL) and hexane (2 x 5 mL) to 

give 27 as a red powder (60 mg, 26 %). A crystal suitable for X-ray analysis was obtained 

through the layer diffusion of n-hexane into a CHCl3 solution of the complex. 1H NMR 

(CDCl3, 500 MHz): 2.73 (m, 8H, PCH2CH2P), 6.25 (d, 1H, H5, 3JH5,H6 = 6.3 Hz), 6.81 (s, 

1H, H3), 6.94 - 7.28 (m, 32H, Hortho and Hmeta and Hpara), 7.47 (dd, 3JH5',H6' = 4.7 Hz, 
3JH5',H4' = 7.5 Hz, 1H, H5'), 7.50-7.55 (m, 8H, Hortho), 7.85 (d, 3JH3',H4' = 7.9 Hz, 1H, H3'), 

7.93 (dd, 3JH4',H3' = 7.9 Hz, 3JH4',H5' = 7.5 Hz, 1H, H4'), 8.38 (d, 3JH6,H5 = 6.2 Hz, 1H, H6), 

8.86 (d, 3JH6',H5' = 4.7 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): δ 30.4 (p, 

PCH2CH2P), 120.8 (s, C3'), 123.6 (s, C3), 125.4 (s, C5'), 127.1 (s, C5), 127.5 (s, Cmeta), 

127.7 (s, Cmeta), 129.5 (s, Cpara), 129.6 (s, Cpara), 133.7 (s, Cortho), 134.5 (s, Cortho), 135.1 

(m, Cipso), 137.6 s, C4'), 147.8 (s, C6), 150.4 (s, C6'), quaternary carbons (except Cipso) 

were not detected. 19F{1H} NMR (CD2Cl2, 470 MHz): -78.8 (s, -OTf). 31P{1H} NMR 

(CD2Cl2, 243 MHz): δ 47.85 (s, dppe). IR (CH2Cl2 solution): νC≡C 2020 cm-1. MS 

(MeCN, ES (+)): m/z 1113 ([M]+, 60%), 933 ([ClRu(dppe)2]+, 20%), 559 

([M-Cl+MeCN]2+, 100 %). 

CpRu(CO)2CC-4-bpy (28): CpRu(CO)2Cl (150 mg, 0.584 mmol), 20 (106 mg, 

0.584 mmol) and CuI (10 mg, 10 mol%) were dissolved in a mixture of Et3N (25 mL) and 

THF (10 mL) and stirred at ambient temperature for 48 hrs. The solvent was removed in 

vacuo and the reaction mixture was chromatographed on alumina (neutral, Brockmann 

activity III), eluting with CH2Cl2/hexane (25 % v/v) to remove unreacted starting 

materials, while a yellow band was eluted with 100 % CH2Cl2. Removal of solvent 

yielded 28 as a yellow powder (158 mg, 94 %). 1H NMR (CDCl3, 500 MHz): δ 5.49 (s, 

5H, Cp), 7.18 (d, 3JH5,H6 = 5.1 Hz, 1H, H5), 7.28 (m, under residual CHCl3 peak, H5'), 

7.79 (ddd, 3JH3',H4' = 7.9 Hz, 3JH4',H5' = 7.9 Hz, 4JH4',H6' = 1.8 Hz, 1H, H4'), 8.27 (s, 1H, H3), 

8.34 (d, 3JH3',H4' = 7.9 Hz, 1H, H3'), 8.48 (d, 3JH5,H6 = 5.1 Hz, 1H, H6), 8.67 (dd, 3JH5',H6' = 

4.0 Hz, 4JH4',H6' = 1.8 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): δ 88.0 (Cp), 93.9 

(Cα), 109.4 (s, Cβ), 121.2 (C3), 123.6 &123.8 (C3' & C5), 125.9 (C5'), 136.3 (C4), 137.0 

(C4'), 148.9 & 149.2 (C6 & C6'), 155.7 & 156.5 (C2 & C2'). IR (CH2Cl2 solution): νC≡C 

2119 cm-1, νC≡O 2049 cm-1 and νC≡O 2000 cm-1. MS (MeCN, ES (+)): m/z 403 ([M+H]+, 

100 %), 375 ([M+H-CO]+, 25 %). 
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Cp*Ru(CO)2CC-4-bpy (29): Cp*Ru(CO)2Cl (200 mg, 0.612 mmol), 20 (111 

mg, 0.612 mmol) and CuI (10 mg, 12 mol %) were dissolved in a mixture of Et3N (25 

mL) and THF (25 mL) and stirred at ambient temperature for 48 hrs. The solvent was 

removed in vacuo and the reaction mixture was chromatographed on silica, eluting 

initially with CH2Cl2/hexane (25 % v/v) to remove unreacted starting materials. 

Subsequently a yellow band was eluted with 100 % CH2Cl2, removal of solvent yielded 

29 as an orange powder (161 mg, 56 %). A crystal suitable for X-ray analysis was 

obtained through the slow evaporation of an Et2O/n-hexane solution of the complex. 1H 

NMR (CD3CN, 500 MHz): δ 2.03 (s, 15H, Me5Cp), 7.13 (d, 3JH5,H6 = 5.0 Hz, 1H, H5), 

7.36 (dd, 3JH4',H5' = 6.0 Hz, 3JH5',H6' = 7.5 Hz, 1H, H5'), 7.85 (dd, 3JH3',H4' = 8.0 Hz, 3JH4',H5' = 

6.0 Hz, 1H, H4'), 8.17 (s, 1H, H3), 8.37 (d, 3JH3',H4' = 5.0 Hz, 1H, H3'), 8.44 (d, 3JH5,H6 = 

5.0 Hz, 1H, H6) and 8.64 (d, 3JH5',H6' = 7.5 Hz, 1H, H6'). 13C{1H} NMR (CD3CN, 126 

MHz): δ 10.5 (Me5Cp), 102.4 (Me5Cp), 107.6 (Cβ), 113.0 (Cɑ), 121.5 (C3), 123.1 (C3'), 

124.8 (C5), 126.3 (C5'), 137.7 (C4), 137.9 (C4'), 150.0 & 150.2 (C6 & C6'), 156.6 & 

156.9 (C2 & C2') and 200.9 (CO). IR (CH2Cl2 solution): νC≡C 2108 cm-1, νC≡O 2027 cm-1 

and νC≡O 1976 cm-1. MS (MeCN, ES (+)): m/z 473 ([M+H]+, 100 %).  

(PPh3)AuCC-4-bpy (30): To a solution of 20 (66 mg, 0.36 mmol) in EtOH (15 

mL) were added NaOEt (1.0M in EtOH, 0.75 mL, 0.75 mmol) and [Au(PPh3)Cl] (150 

mg, 0.30 mmol) in EtOH/THF (1:1, 20 mL) solution. The solution was stirred for 16 hrs 

before the volume was reduced in vacuo to 3 mL and cooled in an ice bath. The cream 

coloured precipitate was collected and washed with EtOH (3 mL) then Et2O (2 x 3 mL) to 

yield the product (141 mg, 73%). A crystal suitable for X-ray analysis was obtained 

through slow evaporation of a THF/EtOH (1:1) solution of the complex. 1H NMR 

(CDCl3, 600 MHz): δ 7.29 (m, 1H, H5'), 7.35 (d, 3JH5,H6 = 5.1 Hz, 1H, H5), 7.43-7.58 (m, 

15H, PPh3), 7.78 (m, 1H, H4'), 8.31(d, 3JH3',H4' = 8.6 Hz, 1H, H3'), 8.47 (s, 1H, H3), 8.55 

(d, 3JH5,H6 = 5.1 Hz, 1H, H6) and 8.67 (d, 3JH5',H6' = 4.7 Hz, 1H, H6'). 31P{1H} NMR 

(CD2Cl2, 243 MHz): δ 42.52 (s, PPh3). IR (CH2Cl2 solution): νC≡C 2110 cm-1. MS 

(MeCN, ES (+)): m/z 721 [Au(PPh3)2]+.  

CpRu(PPh3)2CC-4-bpyRe(CO)3Cl (31): 23 (100 mg, 0.115 mmol) and 

Re(CO)5Cl (43.8 mg, 0.121 mmol) were dissolved in PhMe (40 mL) and heated to reflux 

for 1 hr. During this time the bright yellow solution became deep red. The solution was 

cooled to 0°C and the red precipitate was collected and washed with cold PhMe (1 x 5 

mL) and hexane (2 x 5 mL) to give 31 as a red powder (99 mg, 73 %). Anal. Calcd. for 

C56H42ClN2O3P2ReRu: C, 57.21; H, 3.60; N, 2.38. Found: C, 57.36; H, 3.54; N, 2.46. 

M.p. 261-263°C. 1H NMR: δ 4.44 (s, 5H, Cp), 6.95 (d, 3JH5,H6 = 5.8 Hz, 1H, H5), 
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7.14-7.18 (m, 12H, Hortho), 7.26-7.30 (m, 6H, Hpara), 7.34-7.40 (m, 12H, Hmeta), 7.49 (dd, 
3JH4',H5' = 7.5 Hz, 3JH5',H6' = 4.8 Hz, 1H, H5'), 7.56 (s, 1H, H3), 8.00 (d, 3JH3',H4' = 8.0 Hz, 

1H, H3'), 8.06 (dd, 3JH3',H4' = 8.0 Hz, 3JH4',H5' = 7.5 Hz, 1H, H4'), 8.56 (d, 3JH5,H6 = 5.8 Hz, 

1H, H6), 8.94 (d, 3JH5',H6' = 4.8 Hz, 1H, H6'). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 86.7 

(s, Cp), 117.3 (s, Cβ), 123.0 (s, C3') 125.1 (s, C3), 126.8 (s, C5'), 128.1 (s, Cortho), 128.4 (s, 

C5) 129.5 (s, Cpara), 131.3 (t, Cα, 2JCP = 19 Hz), 134.2 (s, Cmeta), 138.9 (m, Cipso), 139.3 (s, 

C4'), 140.4 (s, C4), 152.1 (s, C6), 1523.4 (s, C6'), 154.7 (s, C2), 154.7 (s, C2'), 191.0 (s, 

CO), 198.8 (s, CO). 31P{1H} NMR (CD2Cl2, 243 MHz): δ 50.32 (s, PPh3). IR (CH2Cl2 

solution): νC≡C 2042 cm-1, νC≡O 2017 cm-1, νC≡O 1915 cm-1 and νC≡=O 1893 cm-1. MS 

(MeCN, ES (+)): m/z 1217 ([M+MeCN]+, 5 %), 956 ([M-PPh3+MeCN], 15%), 719 

([CpRu(PPh3)2(CO)]+, 100 %). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 236 [2.72], 

297 [1.27], 372 [0.87], 462 [0.97]. 

CpRu(PPh3)2CC-4-bpyRuCpCl (32): 23 (100 mg, 0.115 mmol) and 

CpRu(COD)Cl (37.5 mg, 0.121 mmol) were dissolved in acetone (25 mL) and stirred at 

ambient temperature for 20 hrs. The solvent volume was reduced to ca. 10 mL in vacuo, 

and then the reaction mixture was cooled to 0°C. The deep red precipitate was collected 

and washed with Et2O (2 x 5 mL) to give 32 as a dark red powder (104 mg, 84 %). M.p. 

>270°C. 1H NMR (CDCl3, 600 MHz): δ 4.16 (s, 5H, CpNN), 4.40 (s, 5H, CpPP), 6.91 (d, 
3JH5,H6 = 5.9 Hz, 1H, H5), 7.12-7.17 (m, 12H, Hortho), 7.25-7.30 (m, 7H, Hpara & H5'), 

7.40-7.45 (m, 12H, Hmeta), 7.48 (s, 1H, H3), 7.75 (dd, 3JH4',H3' = 8.0 Hz, 3JH4',H5' = 7.0 Hz, 

1H, H4'), 7.84 (d, 3JH3',H4' = 8.0 Hz, 1H, H3'), 9.21 (d, 3JH6,H5 = 5.9 Hz, 1H, H6), 9.61 (d, 
3JH6',H5' = 5.5 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): δ 69.2 (s, CpNN), 86.3 (s, 

CpPP), 115.1 (s, Cβ), 121.1 (s, C3'), 123.1 (s, C3), 123.2 (s, C5'), 125.3 (s, C5), 128.0 (t, 

Cortho, 2JC,P = 4.0 Hz), 129.3 (s, Cpara), 134.3 (br. s, Cmeta), 134.8 (s, C4'), 136.7 (s, C4), 

139.0 (t, Cipso, 1JC,P = 20.9 Hz), 141.0 (t, Cɑ, 3JC,P = 23.3 Hz), 154.3 (s, C6), 155.1 (s, C6'), 

155.5 (s, C2'), 157.3 (s, C2). 31P{1H} NMR (CDCl3, 243 MHz): δ 50.71 (s, PPh3). IR 

(CH2Cl2 solution): νC≡C 2040 & 2049 cm-1. MS (MeCN, ES (+)): m/z 1077 

([M-Cl+MeCN]+, 70 %), 856 ([M-PPh3+MeCN], 100%), 719 ([CpRu(PPh3)2(CO)]+, 60 

%). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 231 [4.54], 297 [2.06], 380 [1.47], 472 

[1.12]. 

Cp*Ru(dppe)CC-4-bpyRe(CO)3Cl (33): 24 (100 mg, 0.123 mmol) and 

Re(CO)5Cl (46.7 mg, 0.129 mmol) were dissolved in PhMe (50 mL) and heated to reflux 

for 2 hrs. During this time the bright yellow solution became deep red. The solution was 

cooled to 0°C and the red precipitate was collected and washed with cold PhMe (1 x 5 

mL) and hexane (2 x 10 mL) to give 33 as a red powder (125 mg, 91 %). Crystals suitable 
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for X-ray analysis were obtained through the layer diffusion of n-hexane into a CH2Cl2 

solution of 33. Anal. Calcd. for C51H46ClN2O3P2ReRu: C, 54.71; H, 4.14; N, 2.50. Found: 

C, 54.60; H, 4.21; N, 2.55. M.p. 178-181°C. 1H NMR (CD2Cl2, 600 MHz): 1.58 (s, 15H, 

Cp*), 2.16 (m, 2H, PCH2CH2P), 2.62 (m, 2H, PCH2CH2P), 6.54 (d, 3JH5,H6 = 4.9 Hz, 1H, 

H5), 6.99 (s, 1H, H3), 7.19-7.29 (m, 5H, Hortho), 7.33-7.45 (m, 12H, Hmeta & Hpara), 7.53 

(m, 1H, H5'), 7.66-7.74 (m, 4H, Hortho), 7.83 (d, 3JH3',H4' = 8.1 Hz, 1H, H3'), 8.02 (dd, 
3JH3',H4' = 8.1 Hz, 3JH4',H5' = 7.5 Hz, 1H, H4'), 8.37 (d, 3JH5',H6' = 5.7 Hz, 1H, H6'), 8.95 (d, 
3JH5,H6 = 4.9 Hz, 1H, H6). 13C{1H} NMR (CD2Cl2, 126 MHz): δ 10.2 (s, Me5Cp), 29.7 (m, 

PCH2CH2P), 68.9 (s, Cp), 94.1 (s, Me5Cp), 113.6 (s, Cβ), 122.8 (s, C3'), 124.5 (s, C3), 

126.5 (s, C5), 127.8 (s, C5'), 128.1 (m, Cortho), 129.7 (m, Cpara), 133.6 (m, Cmeta), 138.2 

(m, Cipso), 138.9 (s, C4'), 140.8 (s, C4), 151.5 (s, C6'), 153.1 (s, C6), 154.1 (s, C2'), 157.4 

(s, C2), 166.6 (t, Cα, 2JCP = 22.5 Hz), 190.9 (CO), 198.7 (CO). 31P{1H} NMR (CD2Cl2, 

243 MHz): 80.66 (d, 3JPP = 15.7 Hz), 80.89 (d, 3JPP = 15.7 Hz). IR (CH2Cl2 solution): νC≡C 

2040 cm-1, νC≡O 2016 cm-1, νC≡O 1914 cm-1 and νC≡O 1893 cm-1. MS (MeCN, ES (+)): m/z 

1121 ([M+H]+, 25 %), 663 ([Cp*Ru(dppe)(CO)]+, 100 %). UV-vis (CH2Cl2) λ (nm) [ε × 

104 M-1 cm-1]: 229 [4.19], 296 [1.98], 383 [1.15], 475 [0.82]. 

Cp*Ru(dppe)CC-4-bpyRuCpCl (34): 24 (100 mg, 0.123 mmol) and 

CpRu(COD)Cl (43.8 mg, 0.129 mmol) were dissolved in acetone (25 mL) and stirred at 

ambient temperature for 20 hrs. The solvent volume was reduced to ca. 10 mL in vacuo, 

and then the reaction mixture was cooled to 0°C. The deep red precipitate was collected 

and washed with Et2O (2 x 5 mL) to give 34 as a dark red powder (67 mg, 54 %). Anal. 

Calcd for C53H51ClN2P2Ru2: C, 62.68; H, 5.06; N, 2.76. Found: C, 62.50; H, 4.98; N, 

2.85. M.p. > 270°C. 1H NMR (CD2Cl2, 600 MHz): 1.57 (s, 15H, Cp*), 2.15 (m, 2H, 

PCH2CH2P), 2.63 (m, 2H, PCH2CH2P), 4.31 (s, 5H, Cp), 6.49 (d, 3JH5,H6 = 6.0 Hz, 1H, 

H5), 6.96 (s, 1H, H3), 7.2-7.27 (m, 5H, Hortho & H5'), 7.35-7.42 (m, 12H, Hmeta & Hpara), 

7.67 (d, 3JH3',H4' = 7.9 Hz, 1H, H3'), 7.72-7.80 (m, 5H, Hortho & H4'), 9.03 (d, 3JH5,H6 = 6.0 

Hz, 1H, H6), 9.61 (d, 3JH5',H6' = 4.8 Hz, 1H, H6'). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 

10.2 (s, Me5Cp), 29.7 (m, PCH2CH2P), 68.9 (s, Cp), 93.6 (s, Me5Cp), 110.9 (s, Cβ), 121.4 

(s, C3'), 123.2 (s, C3), 124.4 (s, C5'), 126.4 (s, C5), 127.9 (m, Cortho), 129.6 (m, Cpara), 

133.7 (m, Cmeta), 134.5 (s, C4'), 137.3 (s, C4), 138.6 (m, Cipso), 153.7 (s, C6), 154.0 (t, Cα, 
2JCP = 23.0 Hz), 154.6 (s, C2), 155.3 (s, C6'), 157.0 (s, C2'). 31P{1H} NMR (CD2Cl2, 243 

MHz): 80.85 (d, 3JPP = 15.4 Hz), 81.15 (d, 3JPP = 15.4 Hz). IR (CH2Cl2 solution): νC≡C 

2038 & 2047 cm-1. MS (MeCN, ES (+)): m/z 1022 ([M-Cl+MeCN]+, 100 %), 663 

([Cp*Ru(dppe)(CO)]+, 15 %), 528.5 ([M+H+MeCN]2+, 15 %), 511.5 

([M-Cl+H+MeCN]2+, 25 %). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 229 [4.18], 307 
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[2.19], 399 [1.60], 515 [1.07]. 

(HCC-4-bpy)Re(CO)3Cl (35): [ReCl(CO)5] (150 mg, 0.415 mmol) and 20 (82 

mg, 0.456 mmol) were dissolved in toluene (50 mL). The solution was heated to reflux 

for thirty minutes during which the colourless solution developed a yellow colour along 

with the formation of a yellow precipitate. The yellow powder was collected on a glass 

frit and washed with hexane (3 x 5 mL) to give 35 as a yellow powder (177 mg, 88 %). A 

crystal suitable for X-ray analysis was obtained through the slow evaporation of a 

CH2Cl2/MeOH (1:1) solution of the complex. Anal. Calcd. for C15H8ClN2O3Re: C, 37.08; 

H, 1.66; N, 5.77. Found: C, 37.17; H, 1.60; N, 5.80. M.p. > 270°C. 1H NMR (CDCl3, 500 

MHz): δ 3.64 (s, 1H, C≡CH), 7.54 (d, 3JH5,H6 = 5.7 Hz, 1H, H5), 7.58 (ddd, 3JH5',H4' = 8.0 

Hz, 3JH5',H6' = 5.5 Hz, 4JH5',H3' = 1.3 Hz, 1H, H5'), 8.08 (ddd, 3JH4',H3' = 8.1 Hz, 3JH4',H5' = 8.0 

Hz, 4JH4',H6' = 1.2 Hz, 1H, H4'), 8.19 (m, 2H, H3 & H3'), 9.01 (d, 3JH6,H5 = 5.7 Hz, 1H, H6), 

9.08 (dd, 3JH6',H5' = 5.5 Hz, 4JH6',H4' = 1.2 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): 

δ 79.4 (Cβ), 87.1 (Cɑ), 123.3 (C3'), 125.7 (C3), 127.6 (C5'), 129.4 (C5), 133.9 (C4), 139.1 

(C4'), 153.2 (C6), 153.5 (C6'), 155.2 (C2), 156.0 (C2'), 189.2 (CO), 197.1 (CO). IR 

(CH2Cl2 solution): νC≡CH 3295 cm-1, νC≡C 2108 cm-1, νC≡O 2024 cm-1, νC≡O 1923 cm-1 and 

νC≡O 1900 cm-1. MS (MeCN, ES (+)): m/z 550 ([M+MeCN+Na]+, 100 %), 504 

([M+H2O]+, 100 %). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 242 [2.61], 255 [2.56], 

303 [1.78], 407 [0.43]. 

(HCC-4-bpy)RuCpCl (36): CpRu(COD)Cl (150 mg, 0.441 mmol) and 20 (83 

mg, 0.486 mmol) were dissolved in acetone (10 mL) and stirred at room temperature for 

24 hours, during which a deep purple solution formed, along with the formation of a dark 

precipitate. The reaction mixture was cooled to 0°C and the precipitate was collected on a 

glass frit and washed with Et2O (2 x 5 mL) to give the product as a purple powder (158 

mg, 93 %). A crystal suitable for X-ray analysis was obtained though the vapour diffusion 

of n-pentane into a CH2Cl2 solution of the complex. Anal. Calcd. for 

C17H13ClN2Ru•0.5H2O: C, 52.24; H, 3.61; N, 7.17. Found: C, 52.27; H, 3.51; N, 7.24. 

M.p. > 270°C. 1H NMR (CDCl3, 600 MHz): δ 3.43 (s, 1H, C≡CH), 4.31 (s, 5H, Cp), 

7.30-7.34 (m, 2H, H5 & H5'), 7.74 (dd, 3JH4',H3' = 8.0 Hz, 3JH4',H5' = 7.5 Hz, 1H, H4'), 7.98 

(d, 1H, 3JH3',H4' = 8.0 Hz, H3'), 8.01 (s, 1H, H3), 9.58 (d, 3JH6,H5 = 5.8 Hz, 1H, H6), 9.63 (d, 
3JH6',H5' = 4.9 Hz, 1H, H6'). 13C{1H} NMR (CDCl3, 126 MHz): δ 70.7 (Cp), 80.7 (Cβ), 83.8 

(Cɑ), 122.0 (C3'), 124.4 (C3), 125.2 (C5'), 126.9 (C5), 128.4 (C4), 134.7 (C4'), 154.7 

(C6), 155.3 (C6'), 154.4 (C2), 155.0 (C2'). IR (CH2Cl2 solution): νC≡CH 3177 cm-1 νC≡C 

2101 cm-1. MS (MeCN, ES (+)): m/z 388 ([M-Cl+MeCN], 100 %). UV-vis (CH2Cl2) λ 

(nm) [ε × 104 M-1 cm-1]: 245 [1.95], 300 [1.10], 309 [1.54], 394 [0.36], 527 [0.44]. 
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4.4.4 Crystal Data and Structure Refinement Tables: 
Compound 20 22 23●CH2Cl2 24●0.83C6H14●0.17 CHCl3 
Empirical formula  C12H8N2 C24H14N4 C54H44Cl2N2P2Ru C53.15H57.79N2P2Ru 
Formula weight  180.2 358.39 954.82 905.69 
Temperature/K  100(2) 100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 1.54178 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic Monoclinic Monoclinic 
Space group  P21/n P21/n P21/n P21/c 
a/Å  7.9336(4) 5.0319(4) 9.0021(5) 11.6595(3) 
b/Å  13.9880(5) 15.7330(9) 22.3984(11) 14.2122(3) 
c/Å  8.8693(5) 11.3060(5) 21.4977(13) 28.2594(6) 
α/°  90.00 90.00 90.00 90.00 
β/°  111.527(7) 96.995(5) 94.223(7) 90.246(2) 
γ/°  90.00 90.00 90.00 90.00 
Volume/Å3  915.61(8) 888.40(10) 4322.9(4) 4682.74(18) 
Z  4 2 4 4 
ρcalcmg/mm3  1.307 1.340 1.467 1.285 
m/mm-1  0.080 0.644 0.602 0.469 
F(000)  376 372 1960 1893 
Crystal size/mm3  0.35 × 0.26 × 0.16 0.22 × 0.07 × 0.06 0.16 × 0.12 × 0.08 0.55 × 0.38 × 0.20 
Θ range for data collection  2.87 to 29.00° 4.84 to 67.21° 2.68 to 27.50° 2.87 to 37.02° 
Index ranges  -10 ≤ h ≤ 10, -19 ≤ k ≤ 19, 

-12 ≤ l ≤ 12 
-6 ≤ h ≤ 5, -13 ≤ k ≤ 18, -13 

≤ l ≤ 12 
-11 ≤ h ≤ 11, -22 ≤ k ≤ 29, 

-27 ≤ l ≤ 21 
-18 ≤ h ≤ 19, -23 ≤ k ≤ 23, 

-44 ≤ l ≤ 47 
Reflections collected  17530 3653 23086 92532 
Independent reflections  2425 [R(int)=0.0198] 1564 [R(int)=0.0284] 9929 [R(int)=0.0490] 23205 [R(int)=0.0411] 
Data/restraints/parameters  2425 / 0 / 127 1564 / 0 / 127 9929 / 6 / 578 23205 / 118 / 670 
Goodness-of-fit on F2  1.063 1.051 1.214 1.131 
Final R indexes [I>=2σ (I)]  R1 = 0.0449,  

wR2 = 0.1258 
R1 = 0.0380,  
wR2 = 0.0980 

R1 = 0.0767,  
wR2 = 0.1309 

R1 = 0.0501,  
wR2 = 0.1271 

Final R indexes [all data]  R1 = 0.0479,  
wR2 = 0.1282 

R1 = 0.0477,  
wR2 = 0.1079 

R1 = 0.0981,  
wR2 = 0.1381 

R1 = 0.0621,  
wR2 = 0.1342 

Largest diff. peak/hole / e Å-3  0.684/-0.219 0.163/-0.180 1.357/-1.164 0.684/-0.219 
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Compound 26●0.5CH2Cl2 27●3CHCl3 29 
Empirical formula  C64.50H56Cl2N2P4Ru C68H59Cl10F3N2O3P4RuS C24H22N2O2Ru 
Formula weight  1154.96 1620.68 471.51 
Temperature/K  180(2) 100(2) 100(2) 
Wavelength/Å 1.54178 1.54178 0.71073 
Crystal system  Triclinic Monoclinic Monoclinic 
Space group  P1̄ P21/c P21/c 
a/Å  13.0662(6) 29.8093(5) 16.0101(3) 
b/Å  14.1258(6) 13.6182(2) 8.78350(10) 
c/Å  16.3506(7) 16.865(2) 31.0701(4) 
α/°  75.084(4) 90.00 90.00 
β/°  71.909(4) 95.716(2) 102.3490(10) 
γ/°  86.705(4) 90.00 90.00 
Volume/Å3  2771.2(2) 6812.4(8) 4268.13(11) 
Z  2 4 8 
ρcalcmg/mm3  1.384 1.580 1.468 
m/mm-1  4.596 7.122 0.756 
F(000)  1190 3288 1920 
Crystal size/mm3  0.14 × 0.09 × 0.07 0.42 × 0.32 × 0.08 0.35 × 0.32 × 0.07 
Θ range for data collection  2.94 to 67.29° 2.89 to 67.32° 2.85 to 31.54° 
Index ranges  -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, 

-16 ≤ l ≤ 19 
-34 ≤ h ≤ 35, -16 ≤ k ≤ 13, 

-20 ≤ l ≤ 19 
-23 ≤ h ≤ 23, -12 ≤ k ≤ 12, 

-45 ≤ l ≤ 45 
Reflections collected  25912 72238 86536 
Independent reflections  9834 [R(int)=0.0635] 12157 [R(int)=0.0647] 13821 [R(int)=0.0389] 
Data/restraints/parameters  9834 / 790 / 751 12157 / 66 / 891 13821 / 78 / 677 
Goodness-of-fit on F2  1.029 1.045 1.045 
Final R indexes [I>=2σ (I)]  R1 = 0.0596,  

wR2 = 0.1532 
R1 = 0.1132,  
wR2 = 0.2933 

R1 = 0.0495,  
wR2 = 0.1092 

Final R indexes [all data]  R1 = 0.0939,  
wR2 = 0.1763 

R1 = 0.1175,  
wR2 = 0.2958 

R1 = 0.0618,  
wR2 = 0.1170 

Largest diff. peak/hole / e Å-3  1.164/-0.648 2.165/-1.115 2.254/-1.970 
 



 

 

-148- 

 
Compound 30 33●3CH2Cl2 35 36 
Empirical formula  C30H22AuN2P C54H52Cl7N2O3P2ReRu C15H8ClN2O3Re C17H13ClN2Ru 
Formula weight  638.43 1374.34 485.88 381.81 
Temperature/K  100(2) 100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 0.71073 0.71073 1.54178 
Crystal system  Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group  P21/n P21/n P21/c Pbca 
a/Å  12.4595(2) 14.0834(3) 14.5113(15) 9.8634(4) 
b/Å  10.58100(10) 14.9313(3) 10.8578(6) 13.9941(5) 
c/Å  18.6565(3) 26.1748(7) 9.3299(6) 21.1340(5) 
α/°  90.00 90.00 90.00 90.00 
β/°  102.251(6) 94.162(2) 97.195(8) 90.00 
γ/°  90.00 90.00 90.00 90.00 
Volume/Å3  2403.55 5489.6(2) 1458.45(19) 2917.11(17) 
Z  4 4 4 8 
ρcalcmg/mm3  1.764 1.663 2.213 1.739 
m/mm-1  6.209 2.922 8.527 10.318 
F(000)  1240 2728 912 1520 
Crystal size/mm3  0.55 × 0.33 × 0.05 0.19 × 0.175 × 0.11 0.242 × 0.185 × 0.076 0.093 × 0.045 × 0.024 
Θ range for data collection  3.61 to 36.00° 2.84 to 32.00° 3.75 to 30.00° 4.18 to 67.21° 
Index ranges  -20 ≤ h ≤ 20, -17 ≤ k ≤ 17, 

-30 ≤ l ≤ 30 
-20 ≤ h ≤ 20, -22 ≤ k ≤ 22, 

-38 ≤ l ≤ 38 
-20 ≤ h ≤ 20, -15 ≤ k ≤ 15, 

-13 ≤ l ≤ 12 
-8 ≤ h ≤ 11, -15 ≤ k ≤ 16, 

-24 ≤ l ≤ 25 
Reflections collected  86079 129646 16589 22979 
Independent reflections  11386 [R(int)=0.0579] 18973 [R(int)=0.0635] 4247 [R(int)=0.0458] 2610 [R(int)=0.0917] 
Data/restraints/parameters  11386 / 0 / 307 18973 / 47 / 742 4247 / 0 / 199 2610 / 0 / 190 
Goodness-of-fit on F2  1.119 1.247 1.178 1.043 
Final R indexes [I>=2σ (I)]  R1 = 0.0463,  

wR2 = 0.0975 
R1 = 0.0609,  
wR2 = 0.1079 

R1 = 0.0376,  
wR2 = 0.0740 

R1 = 0.0361,  
wR2 = 0.0733 

Final R indexes [all data]  R1 = 0.0598,  
wR2 = 0.1021 

R1 = 0.0723,  
wR2 = 0.1113 

R1 = 0.0414,  
wR2 = 0.0756 

R1 = 0.0625,  
wR2 = 0.0828 

Largest diff. peak/hole / e Å-3  6.600/-2.976 2.080/-1.471 3.119/-1.376 0.807/-0.407 



 

-149- 

4.5 References 

 (1) Grosshenny, V.; Ziessel, R. Tetrahedron Lett. 1992, 33, 8075. 
 (2) Harriman, A.; Hissler, M.; Ziessel, R.; De Cian, A.; Fisher, J. J. Chem. Soc., 
Dalton Trans. 1995, 4067. 
 (3) Hissler, M.; Ziessel, R. New J. Chem. 1995, 19, 751  
 (4) Hissler, M.; Ziessel, R. J. Chem. Soc., Dalton Trans. 1995, 893. 
 (5) Grosshenny, V.; Harriman, A.; Hissler, M.; Ziessel, R. J. Chem. Soc., Faraday 
Trans. 1996, 92, 2223. 
 (6) Harriman, A.; Hissler, M.; Trompette, O.; Ziessel, R. J. Am. Chem. Soc. 1999, 
121, 2516. 
 (7) Constable, E. C.; Housecroft, C. E.; Kocik, M. K.; Neuburger, M.; Schaffner, S.; 
Zampese, J. A. Eur. J. Inorg. Chem. 2009, 4710. 
 (8) Constable, E. C.; Housecroft, C. E.; Kocik, M. K.; Zampese, J. A. J. Organomet. 
Chem. 2012, 721–722, 49. 
 (9) Grosshenny, V.; Romero, F. M.; Ziessel, R. J. Org. Chem. 1997, 62, 1491. 
 (10) Justaud, F.; Roisnel, T.; Lapinte, C. New J. Chem. 2011, 35, 2219. 
 (11) Khan, M. S.; Al-Mandhary, M. R. A.; Al-Suti, M. K.; Hisahm, A. K.; Raithby, P. 
R.; Ahrens, B.; Mahon, M. F.; Male, L.; Marseglia, E. A.; Tedesco, E.; Friend, R. H.; 
Kohler, A.; Feeder, N.; Teat, S. J. J. Chem. Soc., Dalton Trans. 2002, 1358. 
 (12) Li, P.; Ahrens, B.; Bond, A. D.; Davies, J. E.; Koentjoro, O. F.; Raithby, P. R.; 
Teat, S. J. Dalton Trans. 2008, 1635. 
 (13) Koutsantonis, G. A.; Low, P. J.; Mackenzie, C. F. R.; Skelton, B. W.; Yufit, D. S. 
Organometallics 2014, 33, 4911. 
 (14) Ortiz, J. H.; Vega, N.; Comedi, D.; Tirado, M.; Romero, I.; Fontrodona, X.; 
Parella, T.; Vieyra, F. E.; Borsarelli, C. D.; Katz, N. E. Inorg. Chem. 2013, 52, 4950. 
 (15) Ge, Q.; Hor, T. S. Dalton Trans. 2008, 2929. 
 (16) Ge, Q.; Corkery, T. C.; Humphrey, M. G.; Samoc, M.; Hor, T. S. Dalton Trans. 
2009, 6192. 
 (17) Yam, V. W.-W.; Wong, K. M.-C.; Chong, S. H.-F.; Lau, V. C.-Y.; Lam, S. C.-F.; 
Zhang, L.; Cheung, K.-K. J. Organomet. Chem. 2003, 670, 205. 
 (18) Whiteford, J. A.; Lu, C. V.; Stang, P. J. J. Am. Chem. Soc. 1997, 119, 2524. 
 (19) Le Stang, S.; Lenz, D.; Paul, F.; Lapinte, C. J. Organomet. Chem. 1999, 572, 189. 
 (20) Cheung, K.-L.; Yip, S.-K.; Yam, V. W.-W. J. Organomet. Chem. 2004, 689, 
4451. 
 (21) Baxter, P. N.; Al Ouahabi, A.; Gisselbrecht, J. P.; Brelot, L.; Varnek, A. J. Org. 
Chem. 2012, 77, 126. 
 (22) Bair, J. S.; Harrison, R. G. J. Org. Chem. 2007, 72, 6653. 
 (23) Vyas, P. V.; Bhatt, A. K.; Ramachandraiah, G.; Bedekar, A. V. Tetrahedron Lett. 
2003, 44, 4085. 
 (24) Adeloye, A. O.; Ajibade, P. A. Molecules 2011, 16, 4615. 
 (25) Bruce, M. I.; Hall, B. C.; Kelly, B. D.; Low, P. J.; Skelton, B. W.; White, A. H. J. 
Chem. Soc., Dalton Trans. 1999, 3719. 
 (26) Fox, M. A.; Roberts, R. L.; Khairul, W. M.; Hartl, F.; Low, P. J. J. Organomet. 
Chem. 2007, 692, 3277. 
 (27) Koutsantonis, G. A.; Jenkins, G. I.; Schauer, P. A.; Szczepaniak, B.; Skelton, B. 
W.; Tan, C.; White, A. H. Organometallics 2009, 28, 2195. 
 (28) Vicente, J.; Gil-Rubio, J.; Barquero, N.; Jones, P. G.; Bautista, D. 
Organometallics 2008, 27, 646. 
 (29) Marqués-González, S.; Parthey, M.; Yufit, D. S.; Howard, J. A. K.; Kaupp, M.; 
Low, P. J. Organometallics 2014, 33, 4947. 



 

-150- 

 (30) Leyva-Pérez, A.; Doménech, A.; Al-Resayes, S. I.; Corma, A. ACS Catalysis 
2012, 2, 121. 
 (31) Gauthier, N.; Tchouar, N.; Justaud, F.; Argouarch, G.; Cifuentes, M. P.; Toupet, 
L.; Touchard, D.; Halet, J.-F.; Rigaut, S.; Humphrey, M. G.; Paul, F.; Costuas, K. 
Organometallics 2009, 28, 2253. 
 (32) Paul, F.; Ellis, B. G.; Bruce, M. I.; Toupet, L.; Roisnel, T.; Costuas, K.; Halet, 
J.-F.; Lapinte, C. Organometallics 2006, 25, 649. 
 (33) Gendron, F.; Burgun, A.; Skelton, B. W.; White, A. H.; Roisnel, T.; Bruce, M. I.; 
Halet, J.-F.; Lapinte, C.; Costuas, K. Organometallics 2012, 31, 6796. 
 (34) Packheiser, R.; Ecorchard, P.; Walfort, B.; Lang, H. J. Organomet. Chem. 2008, 
693, 933. 
 (35) Touchard, D.; Haquette, P.; Pirio, N.; Toupet, L.; Dixneuf, P. H. Organometallics 
1993, 12, 3132. 
 (36) Cordiner, R. L.; Albesa-Jové, D.; Roberts, R. L.; Farmer, J. D.; Puschmann, H.; 
Corcoran, D.; Goeta, A. E.; Howard, J. A. K.; Low, P. J. J. Organomet. Chem. 2005, 690, 
4908. 
 (37) Kurz, P.; Probst, B.; Spingler, B.; Alberto, R. Eur. J. Inorg. Chem. 2006, 2966. 
 (38) Bucknor, S.; Cotton, F. A.; Falvello, L. R.; Reid, A. H.; Schmulbach, C. D. Inorg. 
Chem. 1986, 25, 1021. 
 (39) Low, P. J. Coord. Chem. Rev. 2013, 257, 1507. 
 (40) Smith, M. E.; Flynn, E. L.; Fox, M. A.; Trottier, A.; Wrede, E.; Yufit, D. S.; 
Howard, J. A. K.; Ronayne, K. L.; Towrie, M.; Parker, A. W.; Hartl, F.; Low, P. J. Chem. 
Commun. 2008, 5845. 
 (41) Wong, K. M.-C.; Lam, S. C.-F.; Ko, C.-C.; Zhu, N.; Yam, V. W.-W.; Roue, S.; 
Lapinte, C.; Fathallah, S.; Costuas, K.; Kahlal, S.; Halet, J.-F. Inorg. Chem. 2003, 42, 
7086. 
 (42) Robin, M. B.; Day, P. In Adv. Inorg. Chem. Radiochem.; Emeléus, H. J., Sharpe, 
A. G., Eds.; Academic Press: 1968; Vol. 10,247. 
 (43) Hush, N. S. In Prog. Inorg. Chem.; John Wiley & Sons, Inc.: 1967; Vol. 8,391. 
 (44) D'Alessandro, D. M.; Keene, F. R. Chem. Soc. Rev. 2006, 35, 424. 
 (45) Ceccon, A.; Santi, S.; Orian, L.; Bisello, A. Coord. Chem. Rev. 2004, 248, 683. 
 (46) Rocha, R. C.; Toma, H. E. Inorg. Chim. Acta 2000, 310, 65. 
 (47) Demadis, K. D.; Hartshorn, C. M.; Meyer, T. J. Chem. Rev. 2001, 101, 2655. 
 (48) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502. 
 (49) McGrady, J. E.; Lovell, T.; Stranger, R.; Humphrey, M. G. Organometallics 
1997, 16, 4004. 
 (50) Bruce, M. I.; Burgun, A.; Gendron, F.; Grelaud, G.; Halet, J.-F.; Skelton, B. W. 
Organometallics 2011, 30, 2861. 
 (51) Koentjoro, O.; Rousseau, R.; Low, P. Organometallics 2001, 20, 4502. 
 (52) Eisenstadt, A.; Tannenbaum, R.; Efraty, A. J. Organomet. Chem. 1981, 221, 317. 
 (53) Bruce, M. I.; Hameister, C.; Swincer, A. G.; Wallis, R. C.; Ittel, S. D. Inorg. 
Synth. 1990, 28, 270. 
 (54) Bruce, M. I.; Ellis, B. G.; Low, P. J.; Skelton, B. W.; White, A. H. 
Organometallics 2003, 22, 3184. 
 (55) Chaudret, B.; Commenges, G.; Poilblanc, R. J. Chem. Soc., Dalton Trans. 1984, 
1635. 
 (56) Fox, M. A.; Harris, J. E.; Heider, S.; Pérez-Gregorio, V.; Zakrzewska, M. E.; 
Farmer, J. D.; Yufit, D. S.; Howard, J. A. K.; Low, P. J. J. Organomet. Chem. 2009, 694, 
2350. 
 (57) McAuliffe, C. A.; Parish, R. V.; Randall, P. D. J. Chem. Soc., Dalton Trans. 1979, 
11, 1730. 



 

-151- 

 (58) Albers, M. O.; Robinson, D. J.; Shaver, A.; Singleton, E. Organometallics 1986, 
5, 2199. 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5:  

Chloride Abstraction from [Ru(dppm)2Cl2] 

 

 



-153- 

 

Table of Contents 

CHAPTER 5: Chloride Abstraction from [Ru(dppm)2Cl2] ........ 152 

5.1 Introduction ..................................................................................... 154 

5.1.1 Synthesis and Isomerism of [Ru(dppm)2Cl2] Complexes .............. 154 

5.1.2 Existing Cationic {Ru(dppm)2} Complexes................................... 155 

5.2 Results and Discussion ................................................................... 157 

5.2.1 Synthesis ......................................................................................... 157 

5.2.2 Structural Determinations ............................................................... 159 

5.3 Summary and Conclusion .............................................................. 165 

5.4 Experimental ................................................................................... 166 

5.4.1 General Considerations .................................................................. 166 

5.4.2 Reaction conditions ........................................................................ 166 

5.4.3 Test of AgPF6 ................................................................................. 167 

5.4.4 Crystal Data and Structure Refinement Tables: ............................. 168 

5.5 References ........................................................................................ 169 

 

  



-154- 

5.1 Introduction 

The published synthesis for σ-alkynyl complexes of the {Ru(dppm)2Cl} centre,1 

as used in this thesis for the synthesis of 2, relies on the formation of a 5-coordinate 

ruthenium intermediate [ClRu(dppm)2]PF6. In the established procedure,1 (Figure 5-1) 

this intermediate is not isolated or characterised. After the difficulties encountered during 

the synthesis of complex 25 (see Chapter 4), an attempt was made to isolate and 

characterise the proposed coordinatively unsaturated intermediate [ClRu(dppm)2]PF6, in 

an effort to enhance our understanding of this reaction. 

 

Figure 5-1: Reaction to form the proposed coordinatively unsaturated 
[ClRu(dppm)2]PF6 complex.1 

Before describing the work undertaken for this thesis, the synthesis and 

isomerism of [Ru(dppm)2Cl2] and the impact of silver salts on these complexes will be 

introduced. Previous efforts to form cationic ruthenium complexes through halide 

abstraction from [Ru(dppm)2Cl2] will be discussed. 

 

5.1.1 Synthesis and Isomerism of [Ru(dppm)2Cl2] Complexes 

The synthesis of geometrically pure [Ru(dppm)2Cl2] is a good example of the 

competition between kinetic and thermodynamic considerations. The preparative scale 

synthesis of the thermodynamically favoured cis-[Ru(dppm)2Cl2] involves displacement 

of solvate DMSO ligands from [Ru(DMSO)4Cl2] by dppm,2 at 80°C. Reaction of dppm 

with other ruthenium precursors has been reported,3,4 including the isolation of the 

kinetically favoured, pure trans-[Ru(dppm)2Cl2] from the reaction of RuCl3 with an 

excess of dppm in refluxing EtOH.4 The enhanced thermodynamic stability of the 

cis-[Ru(dppm)2Cl2] isomer is revealed when trans-[Ru(dppm)2Cl2] can be converted to 

pure cis-[Ru(dppm)2Cl2] through refluxing in dichloroethane5 or toluene.2 

The interconversion of [Ru(dppm)2Cl2] isomers is an interesting area, with at least 

four methods available.5-8 In addition to the thermal conversion of trans to cis isomers 

above, this conversion also occurs in the presence of copper(I)6 or silver(I)7,8 halides. This 

conversion is exemplified by the isolation and structural characterisation of the Cu 
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bridged cation [{cis-Ru(dppm)2(μ-Cl)2}2Cu]+6 Figure 5-2, with an analogous bridged 

dimer proposed in the case of the silver mediated isomerisation. 7,8
 

 
Figure 5-2: The copper bridged intermediate isolated and structurally 
characterised during copper (I) mediated isomerism of trans-[Ru(dppm)2Cl2] to 
cis-[Ru(dppm)2Cl2].6 

Conversion of cis to trans-[Ru(dppm)2Cl2] occurs in a photochemical reaction, 

with 60% conversion in 24 hrs under ambient laboratory lighting6 or complete conversion 

when using a Xe arc or mercury vapour lamp.5 The cis to trans conversion is also 

achieved through the oxidation of cis-[Ru(II)(dppm)2Cl2] to [Ru(III)(dppm)2Cl2]+ by 

exhaustive electrolysis. Upon oxidation the complex rearranges to the trans isomer, with 

reduction of this radical cation generating the complex trans-[Ru(dppm)2Cl2].5 

 

5.1.2 Existing Cationic {Ru(dppm)2} Complexes 

Abstraction of a chloride from [Ru(dppm)2Cl2] produces a coordinatively 

unsaturated cation that is readily used in the synthesis of organometallic compounds, for 

example σ-alkynyl1,9 and allenylidene10,11 complexes. While this reactivity has been 

exploited in many studies, relatively few studies have attempted to isolate and 

characterise the intermediate cationic complex. Several of these studies have managed to 

structurally characterise a {Ru(dppm)2} centre in which one or both of the chloride 

ligands has been abstracted and replaced with either a solvent or a weakly coordinating 

anion; a summary of these complexes is shown below in Table 5-1. None of these isolated 

structures contain the 5 coordinate cation [Ru(dppm)2Cl]+ containing a weakly 

coordinating anion, as demonstrated in the analogous dppe system with the stable, 

structurally characterised [Ru(dppe)2Cl]OTf.12 
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X Y Anion Reference 
MeCN MeCN BF4- 13 
H2O OTf- OTf- 13 
Cl H2O PF6- 14 
Cl MeCN PF6- 15 
Cl EtCN PF6- 15 

OAc OAc BPh4- 16 
NO3 NO3 ClO4- 17 

 
Table 5-1: Table of structurally characterised cis-[Ru(dppm)2XY]n+ (n=1 or 2) 
complexes; the bottom two contain one monoanionic bidentate ligand filling two 
coordination sites on the ruthenium centre. 

Halide abstraction has been performed under many different conditions, in the 

case of cis-[Ru(dppm)2Cl2], one chloride ligand is labile enough to be displaced by 

NH4PF6 or NaPF6 in the presence of a coordinating ligand.14,15,18 In the case of 

trans-[Ru(dppm)2Cl2], alternative conditions are required for removal of the chloride 

ligand, using silver or thallium salts. Precipitation of AgCl or TlCl is the driving force for 

the reaction.13,19 Silver salts have also been utilised in halide abstraction from 

cis-[Ru(dppm)2Cl2] during a previous attempt at isolating a coordinatively unsaturated 

{Ru(dppm)2} centre, that resulted in formation of a hydrated OTf- complex.13
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5.2 Results and Discussion 

5.2.1 Synthesis 

Initial attempts at isolating a coordinatively unsaturated [Ru(dppm)2Cl]+ centre 

used the same conditions as those in the synthesis of alkynyl complexes.1 Reaction of 

cis-[Ru(dppm)2Cl2] with two equivalents of AgPF6 in CH2Cl2 under an inert atmosphere 

for 48 hours was followed by filtration through a Celite pad. At this point the solution was 

exposed to the atmosphere and crystallisation was attempted through both layer and 

vapour diffusion techniques with a range of solvents (MeOH, PhMe, n-hexane, Et2O or 

n-pentane). 

From these experiments, X-ray quality crystals were obtained for both n-pentane 

vapour diffusion (complex 37) and n-hexane layer diffusion experiments (complex 37'). 

Both of these structures contained the unexpected cation cis-[Ru(dppm)2(H2O)(PO2F2)]+, 

with a BF4
- counterion and 1.5 molecules of CH2Cl2 solvate (and 0.75 molecules of water 

solvate for 37 only). The structure of this complex will be discussed later in this chapter. 

 
Figure 5-3: Cations formed during halide abstraction from cis-[Ru(dppm)2Cl2] 
with silver salts. 

Notably, these isolated complexes did not contain the expected PF6
- anion. The 

presence of PO2F2
- anions can be readily explained through hydrolysis of PF6

-
.
20 There are 

a number of previous reports of crystal structures containing PO2F2
- anions resulting from 

reactions involving PF6
- anions.21-23 Other examples of PF6 hydrolysis include two 

examples containing both PO2F2 and PF6
- anions,24,25 while there are also several 

examples of structures containing PO4
3- anions resulting from complete hydrolysis of 

PF6
-.26,27 Despite the halide abstraction reaction occurring under anhydrous conditions, 

the hydrolysis of the PF6
- anion could have easily resulted from ambient moisture during 

the crystallisation process, with previous studies showing that AgPF6 in CH2Cl2 readily 

hydrolyses with trace quantities of water.21 It is also possible that the PO2F2
- anion was 

introduced into the reaction as AgPO2F2 resulting from hydrolysis of AgPF6 that was 

used as a precursor for this reaction. Indeed 19F{1H} and 31P{1H} NMR and IR 

spectroscopy suggest the presence of AgPO2F2 in the batch of AgPF6 used for this 

experiment. 
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The source of the BF4
- anion in the structure is unknown. It is possible that it was 

introduced as an impurity during the handling of the reaction mixture at various stages; 

this is unlikely as BF4
- anions were not used or detected in any other reactions performed 

in the laboratory at this time. It is also possible that the BF4
- anion was formed during the 

reaction. The hydrolysis of PF6
- results in formation of free fluoride ions;20 it is possible 

that they have reacted with boron atoms in the boro-silicate glass to form BF4
- anions. It 

has previously been observed that fluoride ions from PF6
- hydrolysis can react with the 

components of glass, with SiF4 and SiF6
2- identified as reaction products.21

 

After this interesting initial result, and with questions regarding the purity of the 

available AgPF6 source, attempts were made at isolating coordinatively unsaturated 

Ru(dppm)2 complexes using different silver salts for halide abstraction. AgOTf, AgBF4, 

AgClO4 and a new sample of AgPF6 were reacted with cis-Ru(dppm)2Cl2 in CH2Cl2 

under the conditions described above. From these experiments, X-ray quality crystals for 

two more complexes were obtained. CH2Cl2/n-hexane layer diffusion of the AgOTf 

reaction yielded cis-[Ru(dppm)2(H2O)(OTf)]OTf (38) as a CH2Cl2 solvate, while 

CH2Cl2/n-pentane vapour diffusion of the AgBF4 reaction gave 

cis-[Ru(dppm)2(H2O)2](BF4)2 (39) as a CH2Cl2 and H2O solvate (See Figure 5-3 above). 

No X-ray quality crystals were obtained from the new AgPF6 and AgClO4 reactions. 

Complex 38 has been synthesised previously and the non-solvated crystal structure 

determined.13
 

A common feature amongst the complexes crystallised here is the presence of 

water molecules coordinated to the ruthenium. This has been seen previously,13 with 

attempts at crystallisation of [Ru(dppm)2(OTf)2] under anhydrous conditions resulting in 

the hydrated structure [Ru(dppm)2(H2O)(OTf)]OTf. The related phosphine complex 

[Ru(dppen)2(H2O)2](OTf)2
13 (dppen = 1,1'-bis(diphenylphosphino)ethylene) was 

obtained under the same conditions. This is due to coordination of adventitious water 

during attempted anaerobic crystallisation. 

In an effort to determine a water free structure for a cationic {Ru(dppm)2} centre, 

further attempts at crystallisation were made. To target the initially proposed 5 coordinate 

structure [Ru(dppm)2Cl]+, only one equivalent of silver salt (the new AgPF6, AgBF4, 

AgOTf or AgClO4) was used to abstract the chloride from cis-[Ru(dppm)2Cl2], with the 

crystallisation attempt performed under an argon atmosphere using Schlenk techniques 

and dry solvents.28 Unfortunately no X-ray quality crystals were obtained from these 

experiments. Either fine yellow precipitates (AgPF6, AgOTf and AgClO4) or green oils 

(AgBF4) were formed upon either layer diffusion (n-hexane or PhMe) or vapour diffusion 
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(n-pentane) of a crystallising solvent. 

5.2.2 Structural Determinations 

Single crystal X-ray diffraction structures were obtained for the three different 

complexes (37-39) formed through halide abstraction from cis-Ru(dppm)2Cl2 as 

described above. These structures are illustrated below in Figure 5-4, while selected bond 

lengths and angles for these structures are shown in Table 5-2. Two solid state structures 

were obtained for 37 (37 and 37'); the structure of the cation in these structures was 

extremely similar, differing in solvation of the lattice. For comparison to the structures of 

these cations, the bond lengths and angles of the three different literature reports3,29,30 of 

the structure of the precursor complex cis-Ru(dppm)Cl2 are shown in Table A-1 in the 

appendix. 

The structure of 37 contained dichloromethane solvent molecules at two sites. 

One of these was disordered with occupancies refined to 0.629(8) and its complement, 

with the occupancy of the other site constrained to 0.5 after trial refinements. It also 

contained water solvates at two sites; one adjacent to the tetrafluoroborate anion that was 

constrained to 0.5 occupancy after trial refinement, while the other was located in the 

same void as the half occupancy CH2Cl2 molecule and the occupancy was constrained to 

0.25 after trial refinement. One phenyl ring (attached to P(2)) was found to be disordered 

over two sets of sites, with occupancies refined to 0.886(4) and its complement. The 

structure of 37' contained dichloromethane solvent molecules located at three sites, with 

occupancies refined to 0.5, along with 0.709 and its complement. The unsolvated 

structure of 38 has been previously reported;13 here the structure of 38 as a 

dichloromethane solvate has been determined, with bond lengths and angles around the 

ruthenium core found to be very similar (See the appendix for a comparison of the two 

structures). The structure of 39 contained one water solvate and dichloromethane solvent 

molecules at three sites; the occupancy of one of these was constrained to 0.25 after trial 

refinement. 
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Figure 5-4: Representations of the molecular structures of cations 37-39. Minor 
components of disordered phenyl rings, solvent molecules, non-water hydrogens 
and non-coordinated anions have been removed for clarity, with ellipsoids are 
drawn at 50% probability. 

All these structures exhibit a cis conformation of ligands around the ruthenium 

centre. As observed for previous examples shown in Table 5-1, the octahedral geometry 

around the ruthenium centre is slightly strained due to the small bite angle of the bidentate 

dppm ligands, with average P-Ru-P angles of 71.5°. This is similar to those seen for other 

cis-Ru(dppm)2 complexes; for example the average P-Ru-P angle for all three 

cis-Ru(dppm)2Cl2 structures in the CSD3,29,30 is 72.1°. A structural trans influence is seen 

in the structures determined here, with the Ru-P bond lengths differing between those 

trans to a P atom and those trans to an O atom. The Ru-P bonds trans to a P atom are 

longer by 0.086 Å on average (see Table 5-2), which is consistent with the stronger 
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structural trans influence of phosphine ligands.31 This difference in bond lengths is larger 

than the difference of 0.033 Å observed for Ru-P bond lengths trans to P atoms and trans 

to Cl atoms in the three cis-Ru(dppm)2Cl2 structures described above.3,29,30 This evidence 

of the structural trans effect is seen for many other ruthenium bis-diphosphine complexes, 

for example cis-[Ru(P∩P)2Cl2] complexes, where P∩P = dppe32 or 

phospholyl(diphenylphosphino)methane33 and cis-[Ru(dppm)2Cl(H2O)]PF6.14 

Another interesting feature of these structures is the presence of π-π stacking 

between phenyl rings of the two dppm ligands in all of the structures, shown below in 

Figure 5-5. The distance between ipso C atoms averages 3.41 Å (see Table 5-2 for all 

results), while the rings are almost co-planar and are offset by approximately half the 

width of a phenyl ring.34  

 
Figure 5-5: Representation of the molecular structure of 38 showing the π-π 
stacking of the phenyl rings, left) view perpendicular to the stacked phenyl rings 
showing the offset and right) view parallel to the phenyl rings of interest showing 
the co-planar nature of the rings. Hydrogen atoms, solvent molecules and other 
phenyl rings have been removed for clarity, with ellipsoids drawn at 50% 
probability. 

All of these complexes exhibited hydrogen bonding between coordinated water 

molecules and the anions present in the structure. These hydrogen bonding motifs are 

represented below in Figure 5-6 to Figure 5-8, while geometrical details of the hydrogen 

bonding are shown in Table 5-3. 
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 37 37' 38 39 
Ru-O(1) (Å) 2.194(2) 2.218(6) 2.2041(17) 2.170(4) 
Ru-O(2) (Å) 2.211(2) 2.204(5) 2.2376(15) 2.216(4) 
Ru-P(1) (Å) 2.3697(8) 2.365(2) 2.4027(6) 2.3919(13) 
Ru-P(2) (Å) 2.2864(8) 2.280(2) 2.2985(6) 2.2941(14) 
Ru-P(3) (Å) 2.3813(8) 2.348(2) 2.3723(6) 2.3426(14) 
Ru-P(4) (Å) 2.2738(8) 2.279(2) 2.2851(6) 2.2836(13) 
Cipso-Cipso (Å) 3.457 3.250 3.376 3.572 
O(1)-Ru-O(2) (°) 82.35(8) 82.9(2) 84.31(6) 82.58(17) 
P(1)-Ru-P(2) (°) 71.37(3) 72.10(7) 71.511(19) 71.56(5) 
P(3)-Ru-P(4) (°) 71.22(3) 71.99(7) 71.57(2) 70.93(5) 
O(1)-Ru-P(2) (°) 169.48(7) 169.00(7) 166.09(5) 166.83(13) 
O(2)-Ru-P(4) (°) 165.36(7) 167.59(18) 165.90(5) 165.51(12) 

Table 5-2: Selected bond lengths and angles for the cationic ruthenium 
complexes 37-39, along with a representation of the atom numbering scheme. 
Cipso-Cipso relates to the π-π stacking discussed above. 

The structures of 37 and 37' reveal intramolecular hydrogen bonding to form a 

dimeric species in the solid state; 37 is illustrated in Figure 5-6. The coordinated water 

molecule forms a hydrogen bond to the non-coordinated oxygen of the PF2O2 anion of the 

same molecule, as well as an intermolecular hydrogen bond to the same oxygen atom in 

another, symmetry related cation. The BF4
- anion in both structures sits in a pocket 

between phenyl rings on the opposite side of the cation from the hydrogen bonding 

motifs. In 37 only, this BF4
- anion forms a hydrogen bond with one of the solvent water 

molecules. 



-163- 

 
Figure 5-6: Representation of the molecular structure of 36 showing the 
H-bonded dimer present in the solid state structure of the complex. Phenyl rings, 
non-water hydrogen atoms and CH2Cl2 solvent molecules have been removed for 
clarity and ellipsoids are drawn at 50% probability.  

The structure of 38 shows water and triflate coordinating the ruthenium centre. 

Figure 5-7 shows the hydrogen bonding network from the coordinated water molecule to 

oxygen atoms of both the coordinated and uncoordinated triflate anion. 

 
Figure 5-7: Representation of the molecular structure of 38 showing the 
H-bonding present in the molecule. Phenyl rings, non-water hydrogen atoms and 
the CH2Cl2 solvent molecule have been removed for clarity and ellipsoids are 
drawn at 50% probability. 
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The structure of 39 shows two water molecules coordinating the ruthenium centre 

with two BF4
- anions and a solvate water molecule. A hydrogen bonding network exists 

in the solid state between all these water molecules and both BF4
- anions, as shown in 

Figure 5-8. 

 
Figure 5-8: Representation of the molecular structure of 39 showing the 
H-bonding present in the molecule. Phenyl rings, non-water hydrogen atoms and 
CH2Cl2 solvent molecules have been removed for clarity and ellipsoids are drawn 
at 50% probability. 

Complex D-H...A D-H (Å) H...A (Å) D...A (Å) D-H-A (°) 
37 O(1)-H...O(3) 0.837(19) 1.98(2) 2.815(3) 173(5) 
37 O(1)-H...O(3)a 0.847(19) 1.98(3) 2.744(3) 150(4) 
37 O(11)-H...F(23) 0.86(2) 1.79(7) 2.571(10) 151(13) 
37' O(1)-H...O(3) 0.85(2) 2.09(6) 2.827(8) 146(8) 
37' O(1)-H...O(3)b 0.85(2) 2.04(8) 2.748(8) 141(11) 
38 O(1)-H...O(2) 0.823(19) 2.12(3) 2.868(2) 151(4) 
38 O(1)-H...O(21) 0.836(17) 1.885(19) 2.698(3) 164(3) 
39 O(1)-H...O(3) 0.82(2) 1.78(2) 2.595(7) 172(8) 
39 O(2)-H...F(11) 0.819(19) 1.81(2) 2.627(5) 174(8) 
39 O(3)-H...F(12) 0.85(2) 2.22(6) 2.906(7) 138(7) 
39 O(3)-H...F(21) 0.85(2) 2.02(3) 2.845(9) 164(8) 

Table 5-3: Geometric details of the hydrogen bonding present in the structures 
reported here. In 37 and 37', there is an intermolecular hydrogen bond to a triflate 
oxygen generated by the following symmetry transformations: a) 2-x, 2-y, 1-z 
and b) 1-x, 1-y, 1-z.  
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5.3 Summary and Conclusion 

This investigation into cationic complexes containing a {Ru(dppm)2} core has 

resulted in the structural characterisation of three new 6 coordinate ruthenium complexes, 

37-39. The proposed 5 coordinate intermediate [Ru(dppm)2Cl]+ could not be isolated, 

with all structures containing water molecules where vacant coordination sites may 

occur. Subsequent reactions under stringent anhydrous conditions did not yield any 

crystals suitable for X-ray structural analysis. 

Several factors may account for the problems encountered in the synthesis of 25 

via the proposed [Ru(dppm)2Cl]PF6 intermediate in the previous chapter. The presence of 

AgPO2F2 in the AgPF6 being used could have affected the reaction. The improved 

coordinating ability of PO2F2 relative to PF6 likely affecting the ability of the alkyne to 

coordinate to the ruthenium centre as required for the proposed mechanism involving 

formation of a vinylidene intermediate en route to the of σ-alkynyl complex.18 The facile 

formation of hydrated ruthenium complexes in this study reinforces the need for strict 

anaerobic conditions during the synthesis of ruthenium σ-alkynyl complexes via this 

route.1 Previous evidence for the interaction of silver salts with [Ru(dppm)2Cl2]13 

indicates that care needs to be taken to ensure complete reaction of [Ru(dppm)2Cl2] with 

silver salts prior to isolation of the cationic ruthenium centre and addition of the alkyne. 
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5.4 Experimental 

5.4.1 General Considerations 

See Chapter 2 for general experimental and spectroscopic techniques. 

cis-Ru(dppm)2Cl2 was synthesised according to the literature procedure,2 while 

silver salts were obtained from commercial sources and used as received. 

Crystallographic data for the structures was collected on an Oxford Diffraction 

Gemini diffractometer fitted with Cu Kα radiation (37 and 39) or Mo Kα (37’and 38). The 

refinement process detailed in Chapter 2 was used for all complexes. Crystal data and 

structure refinement details are tabulated below. 

 

5.4.2 Reaction conditions 

General Reaction Conditions-1 

In a Schlenk flask RuCl2(dppm)2 (100 mg, 0.175 mmol) and AgX (0.351 mmol, 2 

equiv.) were dried under vacuum for 10 min. Then dry CH2Cl2 (20 mL) was added and 

the mixture was stirred under Argon in the dark for 48 hrs. The reaction mixture was then 

opened to the air and filtered through a short (≈ 2 cm) Celite plug and washed with 

CH2Cl2 (2 x 10 mL). This solution was then separated into several portions and either 

layered with a cosolvent (Et2O, MeOH, PhMe or n-hexane), or set up in a vapour 

diffusion experiment (Et2O or n-pentane). Where crystals suitable for single crystal X-ray 

structure determination were formed, diffraction data was collected. 

General Reaction Conditions - 2 

In a Schlenk flask RuCl2(dppm)2 (100 mg, 0.175 mmol) and AgX (0.175 mmol, 1 

equiv., X = BF4
-, OTf- or ClO4

-) were dried under vacuum for 10 min. Then dry CH2Cl2 

(20 mL) was added and the mixture was stirred under Argon in the dark for 48 hrs. 

Maintaining an inert atmosphere, this solution was filtered through a short (≈ 2 cm) Celite 

plug into a Schlenk flask. The plug was washed with dry CH2Cl2 (15 mL). This solution 

was then separated into several portions in new Schlenk flasks. and either layered with a 

cosolvent (PhMe or n-hexane), or set up in a vapour diffusion experiment (n-pentane). 

Additional solvents used were dry,28 and the crystallisation attempts were maintained 

under an inert atmosphere of Argon. None of these experiments yielded X-ray quality 

crystals. 
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5.4.3 Test of AgPF6 

As discussed above, the sample of AgPF6 used in the synthesis of 37 was tested 

for the presence of AgPO2F2 by 19F{1H} and 31P{1H} NMR and IR spectroscopy. The 

AgPF6 used here is an old (>15 yrs.) sample that was purchased from Ozark Mahoning 

and has been stored in a glovebox with an argon atmosphere. 19F{1H} NMR (D2O, 470 

MHz): δ -72.0 (d, 2JPF = 708 Hz, PF6
-) and -82.7 (d, 2JPF = 960 Hz, PO2F2

-). 31P{1H} NMR 

(D2O, 81 MHz): δ -11.8 (t, 2JPF = 960 Hz, PO2F2
-) and -142.1 (sept., 2JPF = 708 Hz, PF6

-). 

IR (KBr disc): for PO2F2; νP=O 1308 cm-1, νP-O 1149 cm-1 and νP-F 911 cm-1. For PF6
-; νP-F 

832 cm-1. 
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5.4.4 Crystal Data and Structure Refinement Tables: 
Compound 37●1.5CH2Cl2●0.75H2O 37’●1.5CH2Cl2 38●CH2Cl2 39●H2O●2.25CH2Cl2 
Empirical formula  C51.50H50.50BCl3F6O3.75P5Ru C51.50H49BCl3F6O3P5Ru C53H48Cl2F6O7P4RuS2 C52.25H54.5B2Cl4.5FO3P4Ru 
Formula weight  1216.50 1202.99 1270.88 1288.55 
Temperature/K  100(2) 100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 1.54178 0.71073 1.54178 
Crystal system  Monoclinic Monoclinic Orthorhombic Monoclinic 
Space group  P21/c P21/n Pna21 P21/n 
a/Å  20.6237(5) 11.9083(3) 25.4297(5) 11.4545(2) 
b/Å  13.0118(2) 24.2255(9) 11.1444(6) 25.4683(4) 
c/Å  21.6498(5) 19.8060(7) 18.8788(5) 20.4757(3) 
α/°  90.00 90.00 90.00 90.00 
β/°  114.968(3) 106.071(3) 90.00 101.427(2) 
γ/°  90.00 90.00 90.00 90.00 
Volume/Å3  5266.80(19) 5490.4(3) 5350.2(3) 5854.90(16) 
Z  4 4 4 4 
ρcalcmg/mm3  1.534 1.455 1.578 1.462 
m/mm-1  0.667 5.553 0.664 5.658 
F(000)  2474 2444 2584 2618 
Crystal size/mm3  0.20 × 0.17 × 0.12 0.31 × 0.16 × 0.10 0.40 × 0.29 × 0.23 0.26 × 0.05 × 0.04 
Θ range for data collection  3.49 to 32.61° 2.95 to 67.34° 3.69 to 32.41° 2.80 to 97.43° 
Index ranges  -30 ≤ h ≤ 30, -19 ≤ k ≤ 19, -31 

≤ l ≤ 29 
-10 ≤ h ≤ 14, -28 ≤ k ≤ 28, 

-23 ≤ l ≤ 23 
-34 ≤ h ≤ 38, -15 ≤ k ≤ 16, 

-27 ≤ l ≤ 28 
-9 ≤ h ≤ 13, -29 ≤ k ≤ 30,  

-23 ≤ l ≤ 24 
Reflections collected  64218 53107 71665 59522 
Independent reflections  17705[R(int) = 0.0592] 9804[R(int) = 0.0978] 17672[R(int) = 0.0402] 10455[R(int)=0.0702] 
Data/restraints/parameters  17705 / 73 / 734 9804 / 46 / 677 17672 / 3 / 684 10455 / 66 / 749 
Goodness-of-fit on F2  1.036 1.062 1.042 1.031 
Final R indexes [I>=2σ (I)]  R1 = 0.0609,  

wR2 = 0.1462 
R1 = 0.0967,  
wR2 = 0.2518 

R1 = 0.0350,  
wR2 = 0.0753 

R1 = 0.0608,  
wR2 = 0.1588 

Final R indexes [all data]  R1 = 0.0919,  
wR2 = 0.1632 

R1 = 0.1261,  
wR2 = 0.2915 

R1 = 0.0413,  
wR2 = 0.0782 

R1 = 0.0808,  
wR2 = 0.1746 

Largest diff. peak/hole / e Å-3  1.449/-1.346 2.712/-1.335 0.992/-0.536 1.227/-1.234 
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6.1 Introduction 

6.1.1 Symmetrical Linear Ruthenium Mixed Valence Complexes 

Previous Chapters in this thesis have described work performed with ligands that 

have two different, orthogonal coordination modes. In contrast, many investigations into 

electronic communication between metal centres and mixed valence behaviour in metal 

complexes have used symmetrical metal complexes. A widely studied type of material is 

the ruthenium σ-alkynyl complexes, with many symmetrical complexes of the type 

[Ru]-C≡C-X-C≡C-[Ru] (X = different linking groups) as shown in Figure 6-1. This area 

has recently been reviewed.1 While many of these complexes serve as good models for 

mixed valence behaviour, in many cases the bridging ligand displays redox noninnocent 

behaviour, complicating the interpretation of the mixed valence properties of these 

complexes.2,3 

 
Figure 6-1: Depiction of the model bimetallic ruthenium σ-alkynyl complexes. 
X = Nothing (Ru-C4-Ru),4,5 C6H4,6-8 Napthalene,7 Anthracene,7 C2B10H10,9 
dithia[3.3]paracyclophane,10 (C5H4)Fe(C5H4)11 and (C5H4)Ru(C5H4).12  

The presence of rotamers in solution adds complexity to the spectroscopic 

features of the mixed valence complexes that are formed.1 Recently, the impact of these 

rotamers on the mixed valence behaviour of ruthenium σ-alkynyl complexes has been 

extensively studied for {CpRu(PPh3)2}2(μ-C≡CC≡C)5 and 

{Cp*Ru(dppe)}2(μ-C≡C-C6H4-C≡C).8 Theoretical studies of 

{CpRu(PPh3)2}2(μ-C≡CC≡C) have shown that the IVCT exhibited by the monocation is 

composed of three different IVCT bands that can be attributed to three different 

orientations of the ruthenium end group.5 For the complex 

{Cp*Ru(dppe)}2(μ-C≡C-C6H4-C≡C), the situation is even more complicated; the relative 

orientation of both the two ruthenium centres and the aryl ligand in the bridging ligand 

influence the calculated IVCT energy.8 
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Figure 6-2: Representation of the multiple rotamers that contribute to the mixed 
valence behaviour of bimetallic ruthenium alkynyl complexes. left) 
{CpRu(PPh3)2}2(μ-C≡CC≡C),5 right) {Cp*Ru(dppe)}2(μ-C≡C-C6H4-C≡C).8 

The 1,4-diethynyl-benzene ligand has also been widely utilised for the synthesis 

of bimetallic ruthenium complexes,13-15 heterobimetallic complexes15-21 and bimetallic 

complexes containing other metals, namely iron,22-25 platinum,26,27 rhodium,28 rhenium,29 

gold,30 iridium31 and manganese.32  

Despite the ligand noninnocence and the rotamers formed by complexes of the 

1,4-diethynyl-benzene ligand; these complexes continues to be widely studied as they lie 

near the boundary of Class II and Class III mixed valence complexes. Investigation of 

small changes to the metal centres and the bridging ligand is continuing in an effort to 

understand mixed valence complexes around this Class II/III transition.5,8,24,33 

A second type of symmetrical, linear ruthenium complex that has been studied for 

mixed valence properties is based on coordination complexes of the nitrile moiety, giving 

complexes of the type [Ru]-N≡C-X-C≡N-[Ru]2+ (X = different linking groups). Most of 

the symmetrical, linear complexes are based upon the 1,4-dicyano-benzene ligand, as 

shown in Figure 6-3. Many other nitrile bridging ligands form non-linear complexes, for 

example TCNQ,34,35 TCNE,34 fumaronitrile,36,37 1,4-dicyanoamidobenzene38,39 and 

1,2-dicyanonorbornadiene.40 Another group of complexes contain metal cyanide 

complexes as bridging ligands, these are formulated as [Ru]-N≡C-[M]-C≡N-[Ru] (M = 

Ru(bpy)2,41,42 Pt(CN)2,43,44 Cr(cyclam),45,46 Os(bpy)2
42,47

 and Rh(cyclam).48 
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Figure 6-3: Representation of linear, bimetallic ruthenium complexes of 
1,4-dicyano-benzene. Examples of ruthenium centres are; [Ru] = Ru(NH3)5,49,50 
ClRu(dppe)2,14 RuH(CO)Cl(PPh3)3

51 and CpRuL2 (L2 = PPh3, dppe, dppe, AsPh3) 
51,52 

 

6.1.2 Ethynyl Benzonitrile Complexes 

As described above, many bimetallic complexes of 1,4-diethynylbenzene or 

1,4-dicyanobenzene have been studied for electron transfer and mixed valence properties. 

In contrast, the related asymmetric ligand 1-ethynylbenzonitrile (40) (see Figure 6-4) has 

been utilised in very few studies. The only extant homobimetallic ruthenium complex of 

the ligand is yet to be investigated electrochemically.52 It is hoped that bimetallic 

complexes of this ligand will be able to contribute additional information to the mixed 

valence behaviour observed for the isoelectronic ligands 1,4-diethynylbenzene and 

1,4-dicyanobenzene.  

 
Figure 6-4: Representation of the linear ligands discussed above. 

In addition to the single example of a bimetallic ruthenium complex of 40, 

previously synthesised bimetallic complexes are restricted to a small number of homo- 

and hetero-bimetallic complexes containing platinum, palladium, ruthenium, gold and 

titanium.53-57 None of these previously synthesised bimetallic complexes of 40 have been 
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investigated for electronic communication or mixed valence behaviour. 

Synthesis of new bimetallic complexes of 40 will proceed through the synthesis of 

monometallic σ-alkynyl complexes of 40 by established methods58 that have already been 

described in this thesis. It is envisaged that the synthesis of bimetallic complexes will 

occur through coordination of an additional metal centre to the nitrile moiety of these 

preformed metalloligands, see Figure 6-5. 

 
Figure 6-5: Proposed synthetic route to bimetallic complexes of 40. 

It is worth noting at this point that an alternative route to σ-alkynyl complexes of 

4-ethynyl-benzonitrile is available through a 'chemistry on the complex' approach, in 

which the ligand is formed in an organic reaction from a metal complex containing a 

ligand that is a precursor to the desired ligand. This has previously been demonstrated for 

both ruthenium and iron σ-alkynyl complexes of 40, as shown below in Scheme 6-1.59,60 

 
Scheme 6-1: Synthesis of alkynyl complexes of 40 through a ‘chemistry on the 
complex’ approach.59,60 
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6.2 Results and Discussion 

6.2.1 Synthesis 

The ligand 40 was readily synthesised in two steps from 4-bromo-benzonitrile via 

the trimethylsilyl protected intermediate 41 using an established literature procedure.61
 

 
Figure 6-6: Representation of the ligand 40 and intermediate 41. 

Synthesis of monometallic half sandwich ruthenium di-carbonyl complexes 42 to 

44 was readily achieved through the reaction of 40 with the respective ruthenium chloride 

complex in the presence of CuI and triethylamine as shown in Scheme 6-2. These 

reaction conditions have been used previously to synthesise a number of half sandwich 

ruthenium di-carbonyl σ-alkynyl complexes.62 The reactions proceeded readily and 

simple column chromatography allowed isolation of the pure complexes in reasonable 

yield. 

 
Scheme 6-2: Synthesis of half sandwich ruthenium di-carbonyl alkynyl 
complexes. 

The monometallic half sandwich phosphine complexes 45 and 46 have been 

previously reported,52,60 and their synthesis was repeated here as shown in Scheme 6-3. 

For the synthesis of 45, 3 equivalents of 40 are required, this ensures that no bimetallic 

complex 48 is formed.52 In contrast, the synthesis of 46 requires only 1.1 equivalents of 

40, as the bimetallic complex 49 does not form under these reaction conditions. 

 
Scheme 6-3: Synthesis of half sandwich ruthenium di-phosphine alkynyl 
complexes. 
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The attempted synthesis of analogous half sandwich complexes from the metal 

precursors CpRu(dppe)Cl and Cp*Ru(PPh3)2Cl under similar reaction conditions did not 

yield the desired alkynyl complexes (see Scheme 6-4). The sterically bulky 

{Cp*Ru(PPh3)2} ruthenium centre did not form an alkynyl complex, with IR spectra of 

the crude reaction mixture not showing signals corresponding to either a vinylidene 

intermediate or alkynyl product, even after extended (3 days) reaction times in refluxing 

methanol. It is proposed that this precursor is too sterically demanding to form an 

intermediate vinylidene complex with a substituted alkyne. The only previously reported 

alkynyl complex of this metal centre is the sterically undemanding acetylide 

Cp*Ru(PPh3)CCH.63,64 Attempts to form the alkynyl complex of the less sterically bulky 

{CpRu(dppe)} ruthenium centre resulted in the formation of a large number of products. 

This was evident in the large number of peaks exhibited in a 31P NMR of the crude 

product. IR and mass spectroscopy of the crude reaction mixture did not indicate the 

formation of an alkynyl complex. Mass spectroscopy indicated a reaction product with an 

m/z = 724, possibly resulting from the addition of methanol to the vinylidene, giving the 

methoxy(4-cyanophenyl)carbene complex. This addition of methanol to a ruthenium 

vinylidene has been observed previously.65,66 Attempts to crystallise products from this 

reaction mixture resulted in isolation of the oxidation product [CpRu(dppe)(CO)]PF6 

(52). Though this complex has been synthesised previously,67,68 it has been structurally 

characterised for the first time here. Several previous studies have identified carbonyl 

complexes as decomposition products of ruthenium alkynyl and vinylidene 

complexes.69,70  

 
Scheme 6-4: Attempted synthesis of analogous half sandwich ruthenium 
di-phosphine complexes, showing the methoxy carbene and carbonyl complexes 
formed in the attempted synthesis of CpRu(dppe)CCC6H4CN. 
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The gold alkynyl complex (PPh3)AuCCC6H4CN (47) was readily formed in good 

yield under the established conditions for synthesis of {(PPh3)Au} σ-alkynyl complexes, 

which have been described in Chapter 4.71 

The bimetallic complex [CpRu(PPh3)2CCC6H4CNRu(PPh3)2Cp]PF6 (48) has 

been previously prepared52 (see Scheme 6-5), and this synthesis was repeated to provide 

material for characterisation and comparison of the electrochemistry of these complexes. 

Attempts to form the analogous complex [Cp*Ru(dppe)CCC6H4CNRu(dppe)Cp*]PF6 

(49) under similar conditions were not successful. The formation of the alkynyl complex 

46 was observed, however the coordination of an additional ruthenium centre to the 

nitrile group did not occur under these reaction conditions, resulting in the isolation of 

pure 46.  

Synthesis of bimetallic complexes 50 and 51 containing different metal centres 

was attempted through coordination of an additional metal centre to the nitrile moiety of 

the alkynyl complexes 45 or 42 respectively. The reaction conditions used were based on 

those used for the synthesis of cationic [CpRuL2(MeCN)]PF6 complexes for L = PPh3
72 

and CO73 (see Scheme 6-5). Pure samples of complexes 50 and 51 could not be obtained. 

Attempts at recrystallisation (CH2Cl2, MeOH or C6H6) resulted in decomposition. 

Despite the lack of spectroscopically pure samples, spectroscopic data (31P NMR, IR and 

MS) obtained from the crude samples indicated that the products had been formed 

successfully. The low yields for the reactions indicate that there may have been 

difficulties in reaction completion; previous reactions to form ruthenium nitrile 

complexes have used an excess of nitrile.72,73 The difficulties encountered in 

recrystallisation attempts may be due to the labile nature of the Ru-N bond, this issue has 

been previously reported to complicate purification and characterisation of ruthenium 

nitrile complexes.52
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Scheme 6-5: Synthesis of bimetallic ruthenium complexes of 40. 

 

6.2.2 Spectroscopy 

The complexes synthesised in this chapter were identified through a number of 

spectroscopic techniques. IR spectra of the monometallic complexes showed a ν(C≡C) 

consistent with formation of σ-alkynyl complexes (see Table 6-1) with the carbonyl 

complexes exhibiting two ν(C≡O) bands. The IR spectra of all the complexes also 

exhibited a strong ν(C≡N) band due to the nitrile moiety of the ligands.  

Complex ν(C≡N) (cm-1) ν(C≡C) (cm-1) ν(C≡O) (cm-1) 
42 2226 2117 2050, 1999 
43 2226 2114 2046, 1995 
44 2223 2105 2026, 1975 
45 2219 2063, 2039 - 
46 2218 2060, 2037 - 
47 2228 2117 - 
48 2220 2062, 2040 - 
50 2219 - 2057, 2004 
51 - 2114 2049, 2000 

 
Table 6-1: Summary of IR stretches in the 1700-2300 cm-1 region observed for 
complexes synthesised in this chapter, as CH2Cl2 solutions.  
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The IR spectra of the half sandwich ruthenium diphosphine complexes 45 and 46 

showed a lower energy shoulder on the ν(C≡C) band. This is consistent with previous 

phosphino ruthenium σ-alkynyl complexes studied in this thesis, where these multiple 

bands have been attributed to either Fermi resonance60,74 or the presence of rotamers with 

a different alkyne stretch.75 In this example, there is evidence for Fermi resonance as the 

cause of this splitting in the ν(C≡C) band.  

The solid state and solution (CH2Cl2) IR spectra of complex 46 show very similar 

alkyne stretching bands. The solid state structure of complex 46 contains only a single 

rotamer of the complex; the solid state IR spectrum was obtained from the crystalline 

sample of 46 used to determine the structure. As the solid state IR is expected to be of a 

single rotamer, Fermi resonance is the expected cause of the multiple bands observed. 

 
Figure 6-7: Comparison of solution and solid state IR spectra of complex 46. 

As previously reported,52 the homobimetallic complex 48 exhibited an almost 

unchanged IR spectra from the monometallic complex 45. In contrast, the asymmetric 

bimetallic complexes 50 and 51 showed different IR spectra to their alkynyl precursors 42 

and 45, as shown in Figure 6-8. The spectra of 50 shows three bands in the 1700-2300 

cm-1 region of the spectra rather than the four bands expected. This is due to the overlap of 

the ν(C≡C) band with the higher energy ν(C≡O) band of the {CpRu(CO)2} centre that 

was coordinated to the nitrile. The IR spectra of 51 also contains only three peaks; 

however in this case the ν(C≡N) band has disappeared upon coordination of the second 
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metal centre while the ν(C≡C) band shifts 3 cm-1 to lower energy. It is expected that the 

loss of the ν(C≡N) band is due to a change in the dipole across the triple bond upon 

coordination of the additional {CpRu(PPh3)2} metal centre to the nitrile group. 

 
Figure 6-8: IR spectra of 42, 45, 50 and 51 to allow comparison of the spectra of 
mono- and bi-metallic complexes. 

 
Figure 6-9: Atom numbering for the assignment of NMR spectra discussed 
below. 

The NMR spectra (1H, 13C and 31P) of the complexes synthesised in this chapter 

support the structure of the complexes; atom assignments are given using the numbering 

scheme in Figure 6-9. The proton and phosphorus spectra of 45, 46 and 48 match the 

previously reported spectra.52,60 The carbon spectra of the new half sandwich ruthenium 

carbonyl complexes 42-44 contain low intensity, down field (ca. 200 pm) signals from 

the carbonyl carbons, while both the carbon and proton spectra contain the expected 

signals for the Cp moiety in each complex (Cp, Cp' and Cp*). The single methyl group on 

the Cp ring of 43 was used as a handle to help differentiate the two pairs of aryl protons in 

the alkynyl ligand. A 1-D NOESY experiment with selective excitation of the methyl 

protons showed a NOE interaction to only one of the signals from the aryl protons. As the 

H3 protons are closer to the ruthenium centre and Cp', the NOE enhanced signal can be 
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assigned to these protons. Complete assignment of the carbon and proton spectra of the 

ethynylbenzonitrile ligands was achieved through the use of HSQC and HMBC 

experiments. The proton and carbon NMR spectra obtained for complex 47 contained 

signals consistent with the alkynyl-benzonitrile complexes above. The phosphorus NMR 

spectrum showed a single, broad resonance. 

While clean NMR spectra could not be obtained for the bimetallic complexes 50 

and 51, the phosphorus spectra support the proposed structures of these complexes. The 

phosphorus spectrum of 50 had the major peak at 50.2 ppm, which is consistent with the 

signals observed from the PPh3 in related alkynyl complexes, namely 45 (49.9 ppm) and 

48 (49.8 ppm). The major peak observed in the phosphorus spectrum of 51 is at 41.7 ppm, 

consistent with the PPh3 bound to the nitrile coordinated ruthenium centre in 48 (41.5 

ppm). In addition, the spectra of both these complexes showed an upfield septet at -144.2 

ppm from the PF6
- anion. 

UV-vis spectra were obtained for the alkynyl complexes 45 and 46, along with the 

bimetallic complex 48. The spectra of the monometallic complexes show a broad 

absorbance at ca. 370 nm, which is attributed to a MLCT band. A higher energy band is 

seen at ca. 230 nm, which is assigned to an aryl π-π* transition. This is consistent with 

aryl alkynyl complexes presented previously in this thesis (4, 5, 23, and 24). The 

spectrum of 48 shows the same MLCT and aryl π-π* bands observed for the 

monometallic complex, along with a low energy shoulder on the MLCT band, which can 

be attributed to a second MLCT band for the second metal centre. 

 
Figure 6-10: UV-vis spectra of 45, 46 and 48 as CH2Cl2 solutions. 
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6.2.3 Structural Determinations 

Crystals suitable for single crystal X-ray diffraction studies were obtained for the 

ligand precursor 41, the alkynyl complexes 42-44, 46 and 47, along with the carbonyl 

complex 52. The structures are shown below in Figure 6-11 to Figure 6-14, while selected 

interatomic parameters are collected in Table 6-2 and Table 6-3. The structure of 46 has 

been previously reported60 as a benzene solvate, but as the structure was also determined 

during the course of this investigation as a dichloromethane solvate, it is included here for 

completeness. The structure of 47 was obtained twice, with two polymorphs found. The 

second polymorph (with a poorer R factor, 11.74 % vs. 2.65 %) is designated 47' and will 

not be discussed further here. A representation of the molecular structure of 47' is 

available in the appendix. 

 
Figure 6-11: Representations of the molecular structure of 41: left) one molecule 
of 41 with ellipsoids drawn at 50 % probability; right) view down the c axis 
showing the sheet like molecular packing, hydrogen atoms omitted for clarity. 

The structure of 41 is unremarkable, with all intramolecular bond angles and 

distances similar to the structure of 40 which has been previously determined.76 A 

difference between 40 and 41 is seen in the packing of the molecules in the solid state. 

Compound 40 forms linear arrays through hydrogen bonding between the nitrile and 

ethynyl groups of the molecule. In contrast, 41 forms sheets of molecules that are oriented 

with all the nitrile groups on one surface of the sheet, see Figure 6-11. These sheets stack 

in alternating layers, with the nitrile groups together in the interface between one pair of 

sheets, and the trimethylsilyl groups together between these pairs. It is noteworthy that no 

π-π stacking is seen in these molecules, as might be expected for small molecules with 

aryl rings. The only observed close interactions between the molecules are between the 

nitrogen atoms and aryl hydrogen atoms from nearby molecules. 
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Figure 6-12: Representation of the molecular structures of carbonyl complexes 
42-44, with hydrogen atoms omitted to aid in clarity and ellipsoids drawn at 50 % 
probability. 

The bond lengths and angles around the ruthenium cores of the alkynyl complexes 

42-44 are consistent with previous examples of half sandwich ruthenium dicarbonyl 

aryl-alkynyl complexes in the literature62,77 and previously in this thesis (29 in Chapter 4). 

The complexes are essentially linear along the Ru-C≡C-C axis (the largest deviation from 

the expected 180° is 8.4° for 43), while the angles between the carbonyl and alkynyl 

ligands are approximately 90° as expected. The torsion angles between the Ru-Cpcentroid 

and the plane of the phenyl ring are 36.8°, 23.1° and 62.2° for 42 to 44 respectively. The 

same geometry is observed in the related iron complex Cp*Fe(CO)2(C2Ph),78 while the 

M-C bond lengths are approximately 7 % shorter in the iron complex. 

Compound 41 42 43 44 
Ru-Cp  - 1.893 1.900 1.884 
Ru-C(11)  - 1.888(3) 1.884(2) 1.889(1) 
Ru-C(31)  - 1.879(3) 1.881(2) 1.891(1) 
Ru-C(1) - 2.028(3) 2.024(2) 2.035(1) 
Si-C(1) 1.842(2) - - - 
C(1)-C(2) 1.211(3) 1.180(4) 1.204(3) 1.208(2) 
C(2)-C(21) 1.436(3) 1.453(4) 1.439(3) 1.438(2) 
C(3)-N 1.149(3) 1.137(5) 1.152(3) 1.152(2) 
C(1)-Ru-C(11) - 91.2(1) 91.9(1) 85.84(6) 
C(1)-Ru-C(31) - 87.6(1) 87.5(1) 91.82(6) 
C(11)-Ru-C(31) - 89.5(1) 90.2(1) 94.12(6) 
Ru-C(1)-C(2)  - 175.6(3) 171.6(2) 178.4(1) 
Si-C(1)-C(2) 179.1(2) - - - 
C(1)-C(2)-C(21) 179.3(2) 176.5(3) 173.4(2) 177.6(1) 
C(24)-C(3)-N 179.2(2) 179.6(4) 179.2(3) 178.7(2) 
 
Table 6-2: Selected bond lengths (Å) and angles (°) for ligand 41 and complexes 
42-44. 
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Figure 6-13: Representation of the molecular structures of alkynyl complexes 46 
and 47, with hydrogen and solvent atoms omitted to aid in clarity and ellipsoids 
drawn at 50 % probability. 

The bond lengths and angles around the {Cp*Ru(dppe)} core in complex 46 are 

consistent with previous reports of alkynyl complexes of this metal centre.6,60,79,80 The 

plane of the phenyl ring of the ligand lies between the Cp* ring and the dppe ligand, while 

the Ru-C≡C-C6H4-C≡N axis is almost linear. The coordination environment around the 

gold centre in 47 is linear, with bond lengths consistent with previous examples of 

(PPh3)Au(C≡C-Ar) complexes.81,82 Again the Au-C≡C-C6H4-C≡N axis is almost linear. 

 
Figure 6-14: Representation of the molecular structure of the cation of 52, with 
hydrogen and solvent atoms omitted to aid in clarity and ellipsoids drawn at 50 % 
probability. 

The bond lengths and angles of the ruthenium core in the cation of 52 are 

consistent with previous examples of structurally characterised cationic half sandwich 

ruthenium diphosphine carbonyl complexes69,70,83-85 (see table A-2 in the appendix). The 

packing of complex 52 differs from previous examples. The CO groups of adjacent 
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cations are arranged in a linear fashion, with an O-O distance of 3.124 Å (larger than the 

sum of the van der Waals radius of 3.04 Å). The dichloromethane solvent molecules are 

located between adjacent cations, near the CO groups. The PF6
- anions are located on the 

other side of the cation, near the dppe ligand.  

Compound 46•CH2Cl2 46•PhMe60 47 47' 52 
Ru-Cp 1.890 1.892 - - 1.898 
M-P(1)  2.2611(8) 2.2640(7) 2.2783(6) 2.281(4) 2.3180(7) 
Ru-P(2) 2.271(1) 2.2754(5) - - 2.3015(9) 
M-C(1) 2.002(4) 2.004(2) 1.997(2) 1.996(13) 1.884(4) 
C(1)-C(2) 1.220(5) 1.210(3) 1.221(3) 1.22(2) - 
C(1)-O - - - - 1.129(6) 
C(2)-C(21) 1.426(5) 1.434(3) 1.437(3) 1.42(2) - 
P(1)-Ru-P(2)  83.71(3) 83.78(2) - - 84.30(3) 
P-Au-C(1)  - - 177.00(7) 176.2(4) - 
M-C(1)-C(2)  178.8(3) 176.9(2) 178.9(2) 174(1) - 
Ru-C(1)-O - - - - 175.4(3) 
C(1)-C(2)-C(21) 174.1(4) 172.1(3) 178.3(3) 178(2) - 
C(24)-C(3)-N 178.7(4) 177.7(3) 179.4(3) 177(2) - 

 
Table 6-3: Selected bond lengths (Å) and angles (°) for complexes 46, 47 and 47' 
along with the cation of complex 52, the bond lengths and angles of the 
previously reported structure of 46 are provided for comparison. 

 

6.2.4 Electrochemistry 

Cyclic voltammetric studies were performed on purified complexes containing a 

redox active {Cp(*)Ru(PP)} metal centre, namely 45, 46 and 48. See Figure 6-15 and 

Figure 6-16 for CVs, while a summary of the electrochemical data is presented in Table 

6-4. 

Compound 1st oxidation 2nd oxidation 
E1/2 (V) ΔE (mV) Ia/Ic E1/2 (V) ΔE (mV) Ia/Ic 

45 0.21 83 0.97 - - - 
46 0.00 89 1.00 - - - 
48 0.26 84 1.02 0.90 137 2.08 

 
Table 6-4: Summary of the electrochemical data obtained for complexes of 40. 

The monometallic complexes 45 and 46 exhibited a single, reversible one electron 

oxidation in the CV (see Figure 6-15). This oxidation is associated with the ruthenium 

centres in these complexes. The oxidation potentials of these complexes are similar to 

those seen for other half sandwich ruthenium alkynyl complexes studied in this thesis (4, 

5, 23 and 24), with the more electron rich {Cp*Ru(dppe)} complex showing an oxidation 

potential 210 mV lower (0.00 V vs 0.21 V). 
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Figure 6-15: Plot of the CVs of the monometallic complexes 45 and 46. 

CVs of the bimetallic complex 48 show two oxidation processes. When the first 

oxidation process is isolated, it appears to be a reversible process (see Figure 6-16). The 

second oxidation process is irreversible and in scans of both oxidation processes the first 

process becomes irreversible. The oxidation potential of the first oxidation process is 

similar to that of the corresponding monometallic alkynyl complex, and is assigned to the 

alkynyl ruthenium centre. The second, higher potential oxidation process is assigned to 

the ruthenium nitrile centre. 

 
Figure 6-16: Plot of CVs of complex 48 showing the two oxidation processes. 
The first is reversible, while the second is irreversible. 
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6.2.5 Spectroelectrochemistry 

The electrochemically characterised complexes 45, 46 and 48 were studied by 

both IR and UV-vis-NIR SEC techniques. Despite the electrochemically reversible nature 

of complex 45 and the first oxidation of complex 48 in CV experiments, these complexes 

were unstable under the conditions of the SEC experiments. In the IR SEC experiments, 

oxidation of 45 or 48 resulted in loss of the ν(C≡C) band, with no new ν(C≡C) band 

forming at lower energy as expected for oxidation of a ruthenium alkynyl complex.79,86 

This process was accompanied by a broadening of the ν(C≡N) band, with no isosbestic 

point. The UV-vis-NIR SEC experiments showed similar decomposition of the 

complexes 45 and 48, with oxidation of the complexes accompanied by a loss of intensity 

in the MLCT band seen in the UV-vis-NIR spectra, with no new bands observed in the 

spectra. For completeness, these spectra are reported in the appendix (Figure A-18). 

Reduction of the oxidised complexes in these experiments did not result in a return to the 

initial spectra. 

In contrast, the complex 46 was well behaved in both IR and UV-vis-NIR SEC 

experiments. Spectra were obtained for the radical cation [46]+ (see Figure 6-17 and 

Figure 6-18), and subsequent reduction reformed the neutral species. 

 
Figure 6-17: IR spectral changes accompanying the oxidation of complex 46 in 
an OTTLE cell. 
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IR SEC studies show that oxidation of complex 46 results in the shift of the 

ν(C≡C) band from 2060 cm-1 (shoulder at 2037 cm-1) to 1945 cm-1, consistent with a 

ruthenium alkynyl based oxidation as seen previously for aryl alkynyl ruthenium 

complexes.79,86 The oxidation is also accompanied by a shift in the ν(C≡N) band to higher 

energy by 10 cm-1. This shift of the nitrile band corresponds to a decreased electron 

density in the triple bond as a result of inductive withdrawing of electron density by the 

cationic ruthenium centre. 

 
Figure 6-18: UV-vis-NIR spectral changes accompanying the oxidation of 
complex 46 in an OTTLE cell. 

The UV-vis-NIR spectrum of complex 46 upon oxidation is consistent with 

previous examples of aryl alkynyl ruthenium complexes.79,86 Upon oxidation, the 

Ru→(C≡C-Ar)π* MLCT band observed at 386 nm (25 900 cm-1) is blue shifted to 329 

nm (30 400 cm-1), accompanied by the formation of a new, broad absorbance band from 

500 to 850 nm. This new absorbance has two maxima, at 580 nm (17 200 cm-1) and 720 

nm (13900 cm-1), which may be assigned to MLCT processes in the oxidised complex. 

The NIR spectra of the oxidised complex contains a weak, broad absorbance at 1400 nm 

(7 140 cm-1) that can be assigned to a dπ-dπ transition, present in previous spectra of 

[Ru(C≡C-Ar)(PP)Cp(*)]+ radical cations.79,86 
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6.3 Summary and Conclusion 

As part of the investigation into bimetallic complexes of 40, a number of new 

monometallic σ-alkynyl ruthenium complexes of 40 were synthesised and characterised, 

and in many cases solid state structure determinations were possible. In addition, the gold 

complex 47 was synthesised, which can assist with future studies, as gold alkynyl 

complexes are useful intermediates in the synthesis of a large range of transition metal 

alkynyl complexes.80 In addition, several known complexes of this ligand have been 

synthesised to allow an electrochemical and spectroelectrochemical investigation of 

complexes of 40. The labile nature of the Ru-N≡C bond affected attempts to synthesise 

and purify new bimetallic complexes with different ruthenium centres coordinated to 

either end of 40.  

The σ-alkynyl complex 46 was stable under the conditions of SEC experiments. It 

was shown to undergo a reversible oxidation to a radical cation which had spectroscopic 

properties that matched previous aryl alkynyl complexes of the {Cp*Ru(dppe)} metal 

centre.21,29 Unfortunately the bimetallic complex 48 was not stable under the conditions 

of the SEC experiments. This prevented comparison of the radical dication 

[CpRu(PPh3)2CC-C6H4-CN-Ru(PPh3)2Cp]2+ with the isoelectronic radical cation 

[CpRu(PPh3)2CC-C6H4-CC-Ru(PPh3)2Cp]+ which is a known mixed valence complex.7 

It was proposed that bimetallic complexes of 40 could be useful in the study of 

rotamers of phenylethynylene bridges in ruthenium alkynyl complexes, an area of 

ongoing study.1 However, the increased lability of the Ru-nitrile bond in comparison to 

the ruthenium alkynyl bond results in limited stability of bimetallic complexes of 40. 

These complexes therefore show little promise for investigating rotamer effects on mixed 

valence ruthenium complexes. 
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6.4 Experimental 

6.4.1 General Considerations 

See Chapter 2 for general experimental and spectroscopic techniques. For IR 

spectroelectrochemical experiments in this chapter, a Cary 600 FTIR spectrometer was 

used. 

HCC-C6H4-CN (40),61 Me3SiCC-C6H4-CN (41),61 CpRu(CO)2Cl,87 

Cp'Ru(CO)2Cl,87 Cp*Ru(CO)2Cl,87 CpRu(PPh3)2Cl,88 CpRu(dppe)Cl,89 

Cp*Ru(dppe)Cl,90 PPh3AuCl,91 CpRu(PPh3)2CC-C6H4CN (45),52 

[CpRu(PPh3)2CC-C6H4CN-Ru(PPh3)2Cp]PF6 (48)52 and Cp*Ru(dppe)CC-C6H4CN 

(46)60 were synthesised according to literature procedures. All other chemicals were 

obtained from commercial sources and used as received. 

See Figure 6-9 in the body of this chapter for the atom numbering used in the 

assignment of the NMR spectra below. 

Crystallographic data for the structures was collected on an Oxford Diffraction 

XCalibur diffractometer fitted with Mo Kα radiation. The refinement process detailed in 

Chapter 2 was used for all complexes. Crystal data and structure refinement details are 

tabulated below. 

 

6.4.2 Synthesis of the Ligands 

Me3Si-CC-C6H4-CN (41): This compound has been previously reported in the 

literature.61 This synthesis was repeated, and the product matched the reported 

spectroscopic spectra. The X-ray crystal structure has been obtained for the first time 

during this study. Crystals suitable for X-ray analysis were obtained through the slow 

evaporation of an n-hexane/EtOAc solution of the complex. 

 

6.4.3 Synthesis of the Complexes 

CpRu(CO)2CC-C6H4CN (42): CpRu(CO)2Cl (200 mg, 0.78 mmol), 40 (100 mg, 

0.79 mmol) and CuI (15 mg, 0.079 mmol) were dissolved in a mixture of THF (50 mL) 

and Et3N (25 mL) and stirred at room temperature for 72 hrs. The reaction mixture was 

evaporated to dryness, dissolved in CH2Cl2 and passed through a short silica plug, eluting 

a yellow band with CH2Cl2, which was taken to dryness and recrystallised from 

CH2Cl2/hexanes to give orange crystals of the product (177 mg, 65 %). A crystal suitable 

for X-ray analysis was obtained through the slow evaporation of a CDCl3 solution of the 

complex. Anal. Calcd. for C16H9NO2Ru: C, 55.17; H, 2.6; N, 4.02. Found: C, 54.8; H, 
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2.66; N, 4.13. M.p. = 145-148°C. 1H NMR (CDCl3, 500 MHz): δ 5.49 (s, 5H, Cp), 7.37 

(d, 3JHH = 8.5 Hz, 2H, H3), 7.47 (d, 3JHH = 8.5 Hz, 2H, H2). 13C{1H} NMR (CDCl3, 126 

MHz): δ 88.1 (Cp), 93.7 (Cα), 108.1 (Cβ), 110.2 (C4), 119.4 (C≡N), 131.7 (C3), 132.0 

(C2), 132.2 (C1), 196.3 (C≡O). IR (CH2Cl2 solution): νC≡N 2226 cm-1, νC≡C 2117 cm-1, 

νC≡O 2050 cm-1 and νC≡O 1999 cm-1. MS (MeCN, ES (+)): m/z 372 ([M+Na]+, 50 %), 401 

([M+H+MeCN]+, 100 %). 

Cp'Ru(CO)2CC-C6H4CN (43): Cp'Ru(CO)2Cl (200 mg, 0.74 mmol), 40 (94 mg, 

0.74 mmol) and CuI (15 mg, 0.079 mmol) were dissolved in a mixture of THF (50 mL) 

and Et3N (25 mL) and stirred at room temperature for 72 hrs. The reaction mixture was 

evaporated to dryness, dissolved in CH2Cl2 and passed through a short silica plug, eluting 

a yellow band with CH2Cl2, which was taken to dryness and recrystallised from 

CH2Cl2/hexanes to give orange crystals of the product (173 mg, 65 %). A crystal suitable 

for X-ray analysis was obtained through the diffusion of hexane into a CH2Cl2 solution of 

the complex. Anal. Calcd. for C17H11NO2Ru: C, 56.35; H, 3.06; N, 3.87. Found: C, 55.93; 

H, 3.04; N, 3.97. M.p. = 118-120°C. 1H NMR (CD2Cl2, 500 MHz): δ 2.10 (s, 3H, MeCp), 

5.20 (m, 2H, Cp' (H2,5)), 5.32 (m, 2H, Cp' (H3,4)), 7.34 (d, 3JHH = 8.5 Hz, 2H, H3), 7.45 (d, 
3JHH = 8.5 Hz, 2H, H2). 13C{1H} NMR (CD2Cl2, 126 MHz): δ 13.8 (MeCp), 84.8 (Cp', 

(C2,5)), 86.9 (Cp', (C3,4)), 100.3 (Cα), 108.0 (C4), 108.5 (Cβ), 113.6 (Cp' (C1), 119.5 

(C≡N), 131.7 (C3), 132.0(C2), 132.5(C1), 196.8 (C≡O). IR (CH2Cl2 solution): νC≡N 2226 

cm-1, νC≡C 2114 cm-1, νC≡O 2046 cm-1 and νC≡O 1995 cm-1. MS (MeCN, ES (+)): m/z 386 

([M+Na]+, 40 %), 415 ([M+H+MeCN]+, 100 %). 

Cp*Ru(CO)2CC-C6H4CN (44): Cp*Ru(CO)2Cl (200 mg, 0.61 mmol), 40 (87 

mg, 0.68 mmol) and CuI (10 mg, 10 mol%) were dissolved in a mixture of THF (20 mL) 

and Et3N (30 mL) and stirred at room temperature for 36 hrs. The reaction mixture was 

evaporated to dryness, dissolved in CH2Cl2 and passed through a short alumina plug, 

eluting a yellow band with CH2Cl2, which was taken to dryness and recrystallised from 

CH2Cl2/hexanes to give orange crystals of the product (141mg, 55 %). A crystal suitable 

for X-ray analysis was obtained through the slow evaporation at 4°C of an Et2O solution 

of the complex. Anal. Calcd. for C21H19NO2Ru: C, 60.28; H, 4.58; N, 3.35. Found: C, 

60.03; H, 4.70; N, 3.24. 1H NMR (CD3CN, 600 MHz): δ 2.02 (s, 15H, MeCp), 7.33 (d, 
3JHH = 8.1 Hz, 2H, H3), 7.54 (d, 3JHH = 8.1 Hz, 2H, H2). 13C{1H} NMR (CD3CN, 151 

MHz): δ 10.4 (MeCp), 102.4 (MeCp), 108.3 (C4), 108.8 (Cβ), 112.3 (Cα), 119.5 (C≡N), 

131.7 (C3), 132.0(C2), 132.5(C1), 201.0 (C≡O). IR (CH2Cl2 solution): νC≡N 2223 cm-1, 

νC≡C 2105 cm-1, νC≡O 2026 cm-1 and νC≡O 1975 cm-1. MS (MeOH, ES (+)): m/z 420 

([M+H]+, 100 %). 
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CpRu(PPh3)2CC-C6H4-CN (45): This compound has been previously reported 

in the literature;52 the synthesis has been repeated here. Samples produced here match the 

reported spectroscopic data. Additional characterisation data is presented here: UV-vis 

(CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 227 [3.88], 373 [1.90]. 

Cp*Ru(dppe)CC-C6H4-CN (46): This compound has been previously reported 

in the literature;60 including an X-ray crystal structure. This synthesis was repeated, and 

the product matched the reported spectroscopic data. During the course of this 

investigation, we inadvertently crystallised this complex through the vapour diffusion of 

n-pentane into a CH2Cl2 solution of a bimetallic complex, obtaining a new X-ray crystal 

structure of this complex, with a dichloromethane solvate in contrast to the previously 

reported benzene solvate. Samples produced here match existing characterisation data. 

Additional characterisation data are presented here: UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 

cm-1]: 227 [3.12], 386 [1.81]. 

PPh3AuCC-C6H4-CN (47): To a solution of 40 (46 mg, 0.36 mmol) in EtOH (15 

mL) were added NaOEt (1.0M in EtOH, 0.75 mL, 0.75 mmol) and PPh3AuCl (150 mg, 

0.30 mmol) in EtOH/THF (1:1, 20 mL) solution. The solution was stirred for 16 hrs 

before the volume was reduced in vacuo to 3 mL and cooled in an ice bath. The cream 

coloured precipitate was collected and washed with EtOH (3 mL) then Et2O (2 x 3 mL) to 

yield the product (146 mg, 84%). A crystal suitable for X-ray analysis was obtained 

through the layer diffusion of hexane into a CDCl3 solution of the complex. Anal. Calcd. 

for C27H19AuNP: C, 55.40; H, 3.27; N, 2.39. Found: C, 55.56; H, 3.05; N, 2.32. M.p. = 

118-120°C. 1H NMR (CDCl3, 600 MHz): δ 7.47-7.51 (m, 6H, Hmeta), 7.53-7.57 (m, 13H, 

H2 & H3 & Hortho & Hpara). 13C{1H} NMR (CDCl3, 151 MHz): δ 102.7 (Cβ), 109.9 (C4), 

119.2 (CC≡N), 129.3 (d, 2JCP = 11.2 Hz), Cortho), 129.9 (d, 2JCP = 54 Hz, Cα), 130.2 (s, C1), 

131.7 (d, 4JCP = 2 Hz, Cpara), 131.9 (s, C3), 132.9 (s, C2), 134.4 (d, 3JCP = 14.0 Hz, Cmeta), 

138.8 (m, Cipso). 31P{1H} NMR (CDCl3, 263 MHz): δ 40.81 (broad, PPh3). IR (CH2Cl2 

solution): νC≡N 2228 cm-1, νC≡C 2117 cm-1. MS (MeCN, ES (+)): m/z 721 ([(PPh3)2Au]+, 

100 %). MS (MeCN, ES (-)): m/z 449 ([Au(CCPhCN)2]-, 100 %). 

[CpRu(PPh3)2CC-C6H4-CN-Ru(PPh3)2Cp] (48): This compound has been 

previously reported in the literature,52 the synthesis has been repeated here. Samples 

produced here match existing characterisation data. Additional characterisation data is 

presented here: UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 229 [6.76], 367 [2.21], 420 

[1.03]. 
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[CpRu(PPh3)2CC-C6H4-CN-Ru(CO)2Cp]PF6 (50): CpRu(CO)2Cl (35 mg, 0.13 

mmol) and AgPF6 (45 mg, 0.18 mmol) were dissolved in CH2Cl2 (15 mL) and stirred for 

2 hrs. This reaction mixture was filtered through a short pad of Celite (ø 20 mm x 30 mm) 

into a solution of 45 (100 mg, 0.12 mmol) in MeOH (25 mL) and stirred for 16 hrs. The 

volume was reduced to ca. 15 mL in vacuo and the yellow precipitate was collected (22 

mg crude). 31P{1H} NMR (CDCl3, 263 MHz): δ 50.2 (PPh3), -144.2 (PF6
-). IR (CH2Cl2 

solution): νC≡N 2219 cm-1, νC≡O 2057 cm-1 and νC≡O 2004 cm-1 (ν(C≡C) band was under 

ν(C≡O) band). MS (MeCN, ES (+)): m/z 1058 ([M+H2O]+, 5 %), 818 

([CpRu(PPh3)2CCPhCN+H]+, 10 %), 732 ([CpRu(PPh3)2(MeCN)]+, 30 %), 719 

([CpRu(PPh3)2]+, 100 %). 

[CpRu(CO)2CC-C6H4-CN-Ru(PPh3)2Cp]PF6 (51): CpRu(PPh3)2Cl (115 mg, 

0.16 mmol), 42 (50 mg, 0.14 mmol) and NH4PF6 (47 mg, 0.29 mmol) were dissolved in 

MeOH (20 mL) and heated to reflux for 6 hrs. The volume was reduced to ca. 10 mL in 

vacuo and cooled to 0°C, and a yellow ppt. was collected (27 mg crude). 31P{1H} NMR 

(CDCl3, 263 MHz): δ 50.2 (PPh3), -144.2 (PF6
-). IR (CH2Cl2 solution): νC≡C 2114 cm-1, 

νC≡O 2049 cm-1 and νC≡O 2000 cm-1. MS (MeCN, ES (+)): m/z 1058 ([M+H2O]+, 10 %), 

732 ([CpRu(PPh3)2(MeCN)]+, 100 %). 

Reaction of CpRu(dppe)Cl with 40: CpRu(dppe)Cl (165 mg, 0.28 mmol), 40 

(100 mg, 0.78 mmol) and NH4PF6 were dissolved in methanol (20 mL) and heated to 

reflux for 2 hrs. The solution was cooled to room temperature, DBU (0.25 mL) was added 

and the mixture was stirred for 30 min. A yellow precipitate formed which was collected 

on a glass frit and washed with Et2O (100 mg). Layer diffusion of n-hexane into a 

dichloromethane solution of the product produced a crystal of 52 suitable for X-ray 

structural analysis. 31P{1H} NMR (CD2Cl2, 263 MHz): many peaks in the range 75.0 - 

79.2 ppm (dppe), -144.2 (septet, PF6). IR (CH2Cl2 solution): νC≡O 1993 cm-1 

([CpRu(dppe)(CO)]PF6). MS (MeCN, ES (+)): m/z 724 

([CpRu(dppe)(C(OMe)CH2(4-C6H4CN))]+, 40 %), 593, ([CpRu(dppe)(CO)]+, 80 %), 565 

([CpRu(dppe)]+, 100 %).  
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6.4.4 Crystal Structure Tables 
Compound 41 42 43 44 46●CH2Cl2 
Empirical formula  C12H13N C16H9NO2Ru C17H11NO2Ru C21H19NO2Ru C46H45Cl2NP2Ru 
Formula weight  199.32 348.31 362.34 418.44 845.74 
Temperature/K  100(2) 180(2) 100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal system  Monoclinic Orthorhombic Orthorhombic Monoclinic Triclinic 
Space group  P21/c P212121 P212121 P21/c 1P  
a/Å  18.2660(10) 5.9325(2) 5.9884(1) 8.41430(10) 12.0188(5) 
b/Å  5.7517(2) 9.9811(3) 11.1171(4) 24.0796(3) 12.0463(3) 
c/Å  11.1980(4) 23.3633(8) 21.9209(8) 9.47600(10) 16.0256(6) 
α/°  90.00 90.00 90.00 90.00 78.281(3) 
β/°  102.629(4) 90.00 90.00 105.533(2) 77.188(4) 
γ/°  90.00 90.00 90.00 90.00 61.297(4) 
Volume/Å3  1148.00(9) 1383.41(8) 1459.35(8) 1849.84(4) 1971.75(12) 
Z  4 4 4 4 2 
ρcalcmg/mm3  1.153 1.672 1.649 1.502 1.425 
m/mm-1  0.166 1.132 1.076 0.860 0.648 
F(000)  424 688 720 848 872 
Crystal size/mm3  0.69 × 0.19 × 0.03 0.22 × 0.09 × 0.04 0.31 × 0.18 × 0.09 0.30 × 0.19 × 0.13 0.32 × 0.15 × 0.025 
Θ range for data collection  3.43 to 30.00° 3.32 to 37.00° 3.34 to 33.49° 2.80 to 36.99° 2.89 to 28.50° 
Index ranges  -25 ≤ h ≤ 25, -8 ≤ k ≤ 8, 

-15 ≤ l ≤ 15 
-9 ≤ h ≤ 9, -16 ≤ k ≤ 16, 

-39 ≤ l ≤ 39 
-9 ≤ h ≤ 9, -15 ≤ k ≤ 17, 

-34 ≤ l ≤ 33 
-14 ≤ h ≤ 14, -40 ≤ k ≤ 40, 

-15 ≤ l ≤ 15 
-16 ≤ h ≤ 11, -16 ≤ k ≤ 15, 

-21 ≤ l ≤ 21 
Reflections collected  19432 26574 22260 63580 18713 
Independent reflections  3341[R(int) = 0.0429] 6886[R(int) = 0.0537] 5700[R(int) = 0.0485] 9249[R(int) = 0.0365] 9924 [R(int)=0.0436] 
Data/restraints/parameters  3341 / 0 / 130 6886 / 80 / 228 5700 / 0 / 192 9249 / 0 / 231 9924 / 0 / 474 
Goodness-of-fit on F2  1.206 1.078 1.049 1.117 1.109 
Final R indexes [I>=2σ (I)]  R1 = 0.0572,  

wR2 = 0.1237 
R1 = 0.0452,  
wR2 = 0.0839 

R1 = 0.0328,  
wR2 = 0.0627 

R1 = 0.0320,  
wR2 = 0.0755 

R1 = 0.0541,  
wR2 = 0.1209 

Final R indexes [all data]  R1 = 0.0636,  
wR2 = 0.1267 

R1 = 0.0562,  
wR2 = 0.0883 

R1 = 0.0391,  
wR2 = 0.0654 

R1 = 0.0358,  
wR2 = 0.0773 

R1 = 0.0659,  
wR2 = 0.1261 

Largest diff. peak/hole / e Å-3  0.583/-0.268 1.161/-0.466 0.757/-0.418 2.362/-0.336 2.101/-0.764 
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Compound 47 47’ 52●1.5CH2Cl2 
Empirical formula  C27H19AuNP C27H19AuNP C33.50H32Cl3F6OP3Ru 
Formula weight  585.37 585.37 864.92 
Temperature/K  100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic Monoclinic 
Space group  P21/n P21/c C2/c 
a/Å  6.7672(3) 15.1117(11) 29.1923(16) 
b/Å  16.2530(2) 8.3637(6) 11.1363(3) 
c/Å  19.9746(6) 17.8570(7) 27.4564(15) 
α/°  90.00 90.00 90.00 
β/°  92.084(3) 104.104(6) 127.353(9) 
γ/°  90.00 90.00 90.00 
Volume/Å3  2195.50(12) 2188.9(2) 7095.3(6) 
Z  4 4 8 
ρcalcmg/mm3  1.771 1.776 1.619 
m/mm-1  6.787 6.807 0.863 
F(000)  1128 1128 3480 
Crystal size/mm3  0.36 × 0.20 × 0.11 0.20 × 0.11 × 0.02 0.50 × 0.23 × 0.03 
Θ range for data collection  3.15 to 34.27° 2.80 to 31.82° 2.79 to 31.00° 
Index ranges  -10 ≤ h ≤ 10, -25 ≤ k ≤ 25, 

-31 ≤ l ≤ 31 
-21 ≤ h ≤ 21, -12 ≤ k ≤ 12, 

-26 ≤ l ≤ 26 
-41 ≤ h ≤ 42, -14 ≤ k ≤ 16, 

-39 ≤ l ≤ 39 
Reflections collected  51030 41952 41925 
Independent reflections  8875 [R(int)=0.0462] 7206[R(int) = 0.1172] 11237[R(int) = 0.0452] 
Data/restraints/parameters  8875 / 0 / 271 7206 / 30 / 271 11237 / 3 / 479 
Goodness-of-fit on F2  1.058 1.302 1.044 
Final R indexes [I>=2σ (I)]  R1 = 0.0265,  

wR2 = 0.0512 
R1 = 0.1174,  
wR2 = 0.2881 

R1 = 0.0492,  
wR2 = 0.1242 

Final R indexes [all data]  R1 = 0.0357,  
wR2 = 0.0545 

R1 = 0.1320,  
wR2 = 0.2963 

R1 = 0.0637,  
wR2 = 0.1318 

Largest diff. peak/hole / e Å-3  1.663/-0.666 12.467/-5.678 1.799/-1.784 
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7.1 Introduction 

Previous sections of this thesis have detailed studies on the electronic 

communication between electroactive metal centres. The influence of redox active 

moieties on the photophysical properties of complexes is an area of increasing interest.1 

An outline of previous redox switchable fluorescent materials will be presented, followed 

by an introduction to the work that will be performed in this chapter. 

 

7.1.1 Electrochemically Switched Fluorescence 

Reversible switching of the fluorescent properties of molecules is an area of 

considerable research in materials chemistry, due to potential application in fluorescent 

switches,2,3 fluorescent sensors,4,5 optical memory devices,6,7 OLEDs8 and DSSC solar 

cells.9 A variety of methods exist for the control of fluorescence in molecules including: 

ion sensing 4,10 (pH switching5,11-13 is H+ ion sensing), photochromic,2,14-17 

thermochromic18,19 and redox switched fluorescence.20-27 

Redox switched fluorescence is of particular interest in the synthesis of functional 

materials, particularly as it allows interaction with electronic systems and potentially 

molecular electronic devices. Redox switching takes two main forms; either the 

chromophore itself is redox active,21,22 or the molecule contains a remote redox centre 

that can influence the chromophore.20,23-27 In both cases, the chromophore can be either 

an organic fluorophore20,22,24-26 or a fluorescent metal centre.21,23 Examples exist of 

complexes where the redox process is either metal centred21,23-27 or organic based.20,22 

Redox switched fluorescence has been demonstrated for both polymer films28,29 and 

discrete molecules, examples of which are shown in Figure 7-1. 
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Figure 7-1: Examples of molecules displaying redox switched fluorescent 
behaviour, showing the variety of motifs that exhibit this switching behaviour. a) 
redox active organic fluorophore,22 b) redox active TTF switch,20 c) remote metal 
redox centre,25 and d) remote ferrocene redox centre.23 

Of the metal centres that have been studied as remote redox switches of the 

fluorescence, the ferrocene moiety has been most widely applied.23,24,26,27 In contrast, 

only one example could be found of a ruthenium σ-alkynyl moiety used as the remote 

redox switch for a fluorescent centre.30,31 This is despite the good electronic 

communication between ruthenium and the σ-alkynyl ligand that has been previously 

demonstrated,32-35 which suggests that there should be good communication between the 

ruthenium centre and a remote fluorophore. 

 
Figure 7-2: The previous example of a ruthenium σ-alkynyl metal centre used as 
a remote redox switch of fluorescent behaviour.31 Ln = Y, Yb, Eu, Nd. 

As seen in Figure 7-2 above, the previous study into a ruthenium σ-alkynyl redox 

switch used complexes of 5-ethynyl-2,2'-bipyridine (1), analogous to those described in 

Chapters 2 and 3 of this thesis.31 The successful fluorescent switching demonstrated in 

this study indicates that the ruthenium σ-alkynyl moiety is a promising target for the 

remote redox switching of the fluorescent behaviour in a molecule. 
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7.1.2 Fluorescent Rhenium Complexes 

There have been many studies on the fluorescent properties of rhenium 

complexes. A number of these fluorescent rhenium metal centres are shown in Figure 7-3. 

A common motif in these complexes is (N∩N)Re(CO)3Cl; examples of these complexes 

were synthesised earlier in this thesis. These rhenium tricarbonyl complexes generally 

show moderate quantum yields and fluorescent lifetimes. The fluorescent properties of 

these complexes can be modified through either the diimine ligand,36,37 or the substitution 

of the chloride ligand. The quantum yield and lifetimes are improved by removal of the 

chloride ligand and coordination of a neutral ligand to form a cationic complex.38-40
 

 
Figure 7-3: Examples of fluorescent rhenium centres that have been studied for 
their fluorescent properties. a) substituted diimine complexes,37 b) amide 
carboxylate complexes,41 c) pyridyl complexes,42 d) tetrazolato complexes.38

 

Recently, neutral rhenium complexes containing tetrazole ligands have been 

reported,38 as seen in Figure 7-3 d) above. These complexes show improved fluorescence 

behaviour over the chloride complexes. It was postulated that synthesis of rhenium 

tetrazolato complexes with a pendant ethynyl moiety could allow coordination of an 

additional metal centre with the goal of providing redox control of the fluorescent 

properties of the rhenium centre. 

There is a previous example of a rhenium complex containing a redox active 

group 8 σ-alkynyl metal centre43 (see Figure 7-4), that has demonstrated the ability to 

have electrochemical control over the fluorescent properties of a bimetallic complex. The 

neutral species of this complex is not fluorescent. However on oxidation of the iron 

centre, the complex becomes fluorescent and emits at 590 nm, similar to the emission 

band of related monometallic rhenium complexes.43
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Figure 7-4: Representation of an existing bimetallic rhenium complex that 
demonstrates redox control of the fluorescent behaviour of the complex.43

 

To allow the synthesis of bimetallic complexes incorporating the rhenium 

tetrazolato moiety, a ligand is required that contains a both a tetrazole and an alkyne 

moiety. There are no known small molecules that contain both a tetrazole and an alkyne 

in conjugation. As a result, the compound 5-(4-ethynylphenyl)-tetrazole (53) was 

proposed as a new ligand: see Figure 7-5. 

 
Figure 7-5: Proposed new ligand 5-(4-ethynylphenyl)-tetrazole (53) for the 
synthesis of bimetallic rhenium tetrazolato complexes. 

This chapter will examine the synthesis of the ligand 53, followed by the synthesis 

of mono- and bi-metallic complexes of 53. These complexes were characterised, and their 

fluorescent properties investigated. 
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7.2 Results and Discussion 

7.2.1 Synthesis of 5-(4-ethynylphenyl)tetrazole 

The ligand 5-(4-ethynylphenyl)tetrazole (53) is a new compound that has not been 

previously reported in the literature. Several synthetic routes were trialled in an attempt to 

synthesise compound 53, which are illustrated in Scheme 7-1. The first approach 

involved a Sonagashira reaction between 5-(4-bromophenyl)1H-tetrazole 

(4-Br-C6H4-tetH) (synthesised in a literature reaction from 4-bromo-benzonitrile 

(4-Br-C6H4-CN)44) and TMSA, with subsequent deprotection of the alkyne to produce 

compound 53. This approach was unsuccessful, with the Sonogashira reaction not 

proceeding to completion, even with high (25 mol%) catalyst loadings and elevated 

reaction temperatures (110°) in sealed reaction vessels. The separation of trimethylsilyl 

protected compound 54 from the starting material 4-Br-C6H4-tetH could not be achieved 

through chromatography, as the two compounds had very similar r.f.s on both silica and 

alumina. The solvent system used in these chromatographic separations contained 1 % 

AcOH as an additive to the mobile phase to reduce the binding of the acidic tetrazole 

moiety (pKa of 5-phenyl-tetrazole = 4.7) to the stationary phase, improving the elution of 

the compounds. Additionally the trimethylsilyl protecting group was not stable under the 

chromatography conditions, causing compounds 53, 54 and 4-Br-C6H4-tetH to co-elute 

from the column.  

It has previously been observed that unprotected tetrazole compounds can poison 

the palladium catalysts used in cross coupling reactions,45 which is probably the cause for 

the poor conversion of 4-Br-C6H4-tetH to compound 54. The tetrazole group can be 

protected in the N-2 position with a trityl group, with protection and deprotection 

occurring under mild conditions. Palladium catalysed cross coupling reactions can then 

successfully be performed on these trityl protected tetrazoles;45 the alternative synthetic 

route to compound 53 shown in Scheme 7-2 was developed before this protecting group 

methodology could be attempted on this substrate.  
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Scheme 7-1: Different approaches to the synthesis of 53 from the starting 
material 4-bromo-benzonitrile. i) [2+3] cycloaddition, ii) Sonogashira reaction, 
iii) desilylation reaction. 

After these problems were encountered in the Sonogashira coupling of 

4-Br-C6H4-tetH, an alternative synthetic route from 4-Br-C6H4-CN was devised. In this 

route, the Sonagashira reaction of 4-Br-C6H4-CN and TMSA gave compound 41 (see 

Chapter 6), and the [3+2] cycloaddition reaction could then be performed on compound 

41 (see Scheme 7-1) to give compound 54. Removal of the trimethylsilyl protecting 

group produced ligand 53. The key to this synthetic route would be the selectivity of the 

[3+2] cycloaddition reaction of compound 41, with both the C≡C and C≡N groups able to 

undergo a cyclisation reaction with the azide anion. Despite concerns over the selectivity 

of the reaction, initial attempts at this reaction (under the reaction conditions used for the 

synthesis of 4-Br-C6H4-tetH above44) resulted in the synthesis of 54 in good yield. 

However this reaction proved poorly reproducible, with repeated reactions producing 

either a good yield of 54, or a mixture of byproducts (see section 7.2.2 below for a 

discussion of these byproducts). 

There are many reaction conditions available for the synthesis of 5 substituted 

tetrazoles via the [3+2] cycloaddition reaction,46,47 including metal free acid catalysed 

conditions,48,49 organostannane azide reactions,50,51 Lewis acid metal catalysed 

reactions52,53 and a growing number of microwave syntheses.54,55 With this number of 

alternatives, different reaction conditions were trialled to improve the selectivity and 

conversion in the synthesis of compound 54 from compound 41.  
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The first set of alternative reaction conditions to be trialled was another acid 

catalysed reaction,48 as illustrated in Scheme 7-2. Compared with the previous 

experimental conditions, both the amine salt and solvent were changed. Under these new 

reaction conditions, the reaction proceeded to completion (consumption of compound 41 

by TLC) in 16hrs. Upon an aqueous workup and column chromatography, compound 54 

was isolated that contained ca. 20 % compound 53 from hydrolysis of the TMS group 

during chromatography. Subsequent deprotection of this mixture with methanolic KF 

yielded ligand 53 in excellent yield over two steps. 

 
Scheme 7-2: The final synthetic route to ligand 53, a [3+2] cycloaddition and 
deprotection of compound 41. 

It is worth noting at this point that a colleague56 has developed an alternative route 

to the synthesis of ligand 53 through a 'chemistry on the complex' approach, in which the 

ligand is formed in an organic reaction from a rhenium tetrazolato complex containing a 

4-Br-C6H4-tet ligand that is a precursor to 53, as shown in Scheme 7-3. 

 
Scheme 7-3: Synthesis of rhenium complexes of 53 through a 'chemistry on the 
complex' approach.56 

 

7.2.2 Determination of Byproducts from the [3+2] Cycloaddition Reaction of 

Me3SiCC-C6H4-CN 

The synthesis of compound 54 through the [2+3] cyclisation of 

Me3SiCC-C6H4-CN (41) and NaN3 with NH4Cl in DMF44 did not give reproducible 

results. In all cases, the reaction was worked up in the manner previously reported,44 with 

acidification of the reaction mixture giving a high yield of a cream coloured precipitate. 

In some cases, this product was found to be compound 54, however in other reactions, it 

was determined to be a mixture of two compounds, 

5-(4-(1H-1,2,3-triazol-4-yl)phenyl)-1H-tetrazole (Htri-C6H4-tetH, 55) and 

1,4-bis-(1H-tetrazol-5-yl)benzene (Htet-C6H4-tetH, 56) (see Scheme 7-4).  
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Scheme 7-4: Alternative products formed in the reaction of 41 with NaN3. 

Compound 55 has not previously been reported in the literature. Compound 55 is 

the product that is formed from the [3+2] cycloaddition reaction of the N3
- anion with 

both the alkyne and nitrile functional groups of compound 41, accompanied by the loss of 

the trimethylsilyl group. Though this side reaction was a concern when devising a 

protocol to synthesise ligand 53, were intrigued by the variability in this reaction in 

producing either compound 54 or a mixture of compounds 55 and 56. It was observed that 

the variability in this reaction correlated with the source of compound 41, with results in 

the attempted synthesis of compound 54 consistent across a single batch of compound 41. 

It is known that the stepwise Huisgen cycloaddition of an alkyne and an azide is very 

efficiently catalysed by copper compounds.57 The synthesis of 41 uses a palladium and 

copper catalysed Sonogashira reaction. To investigate the possibility that trace levels of 

residual metal were catalysing the reaction of the alkyne and azide, ICP-AES was used to 

measure the levels of copper and palladium in samples of 41. The level of palladium in all 

samples was below the detection limit of the instrument used (< 0.1 ppm), while no 

copper was detected (< 0.1 ppm) in a sample of 41 that formed 54 under the reaction 

conditions described above. In contrast, a sample of 41 that led to the formation of 55 and 

56 contained 20 ppm of copper. It is expected that this level of copper is high enough to 

catalyse the [3+2] cycloaddition reaction of the alkyne and azide57 in addition to the 

ammonium catalysed [3+2] cyclisation of the nitrile and azide to give 55, see Scheme 7-4. 

The formation of the bis-tetrazole 56 requires 55 to undergo further reaction. 

There is precedence for the rearrangement of a 1,2,3-triazole to a tetrazole in the presence 

of an azide.58 It was thought that this results from the decomposition of the 4-substituted 

1,2,3-tetrazole into a nitrile and diazomethane.59 This nitrile then undergoes a [3+2] 

cycloaddition with the azide to give a tetrazole, as shown in Scheme 7-5. Evidence for 

this decomposition pathway is seen in the formation of benzonitrile in the photolysis of 

4-phenyl-1,2,3-triazole.60
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Scheme 7-5: Conversion of 55 into 56 through a nitrile intermediate. 

Separation of this mixture of compounds 55 and 56 could not be achieved through 

either chromatographic or crystallisation methods, so an attempt was made to selectively 

synthesise either compound 55 or compound 56. The reaction between compound 41 and 

NaN3 in DMF with NH4Cl showed consumption of compound 41 (by TLC) after 24 

hours. At this point, the reaction was quenched with aqueous HCl to give compound 55 

containing 25 % 56 (by integration of 1H NMR aromatic signals). Shorter reaction times 

(8 hrs) produced a low yield (< 30 % mass recovery) of compounds 54 and 55, which was 

presumably due to a low conversion of 41. Extending the reaction time to 120 hours 

resulted in isolation of pure 56 in excellent yield. 

 

7.2.3 Synthesis of the Complexes 

Synthesis of ruthenium σ-alkynyl complexes of ligand 53, shown in Scheme 7-6, 

was attempted under the conditions utilised previously in this thesis. These reactions 

appeared to give the desired products, as determined by spectroscopy of the crude 

reaction mixtures; however purification of the complexes was problematic. The tetrazole 

moiety of these complexes is acidic (pKa of 5-phenyl-tetrazole = 4.7), resulting in the 

formation of a tetrazolate anion under the basic reaction conditions used for the formation 

of the σ-alkynyl complexes. Attempts to purify these complexes via chromatographic 

methods were not successful, as the compounds could not be eluted from either silica or 

alumina columns. 

 
Scheme 7-6: Attempted synthesis of ruthenium σ-alkynyl complexes of 53. 
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Attempts at the synthesis of 57 resulted in the isolation of a product formulated as 

[CpRu(CO)2(CC-C6H4-tet)][Et3NH]●Et3NHCl. The 1H NMR spectrum of the crude 

reaction product from the synthesis of 57 showed signals corresponding to the Cp and 

CCPhtet ligands, along with two equivalents of HNEt3. One equivalent comes from 

reaction with the HCl released during the formation of the alkynyl complex, while the 

second equivalent comes from reaction with the acidic proton of 53.  

The synthesis of 58 proceeds via a well established two-step reaction, through 

initial formation and subsequent deprotonation of a vinylidene species (see Chapter 2 for 

a discussion of this process). In this case, addition of DBU to the intermediate vinylidene 

deprotonates both Hβ of the vinylidene and the tetrazole proton. Indeed evidence of the 

DBUH+ ion is seen in a 1H NMR of the crude reaction product. 

Acidification of [57]- and [58]- to form the neutral complexes is complicated by 

the acid sensitivity of the σ-alkynyl moiety. To selectively protonate the tetrazole without 

protonating Cβ requires the tetrazolate to be more basic than Cβ. The acidification needs 

to be carefully controlled, using either a stoichiometric amount of acid or an acid that is 

strong enough to protonate the tetrazolate, but not strong enough to protonate Cβ. Within 

these guidelines, formation of the neutral complex of [57]- was trialled using water as an 

acid, in an attempt to protonate the tetrazole in the presence of the σ-alkynyl group. A 

CH2Cl2 solution of crude [57]- was washed with water in a separating funnel and then the 

organic layer was dried and the solvent removed in vacuo. The proton NMR of this 

product showed no signals resulting from the HNEt3
+ ion, suggesting that the protonation 

of the tetrazolate was successful. However there were a number of additional signals in 

the region of the spectra containing the Cp signal, indicating that 57 was decomposing 

under these conditions to several products. 

As we were unsure of the relative acidities of the tetrazole and Cβ in these alkynyl 

complexes, it was not known whether the σ-alkynyl form of these complexes would even 

be stable, or whether they would exist as a zwitterionic tetrazolate vinylidene complex 

(see Figure 7-6). Due to these uncertainties, no further attempts at synthesising 

monometallic σ-alkynyl complexes of 53 were made. Future efforts may be able to 

synthesise σ-alkynyl complexes of N-protected 53, for example trityl protected tetrazole, 

as previously used for palladium cross-catalysed reactions of tetrazole containing 

compounds.45
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Figure 7-6: Representation of the zwitterionic conformation that σ-alkynyl 
ruthenium complexes of 53 may adopt. 

Synthesis of rhenium tetrazolato complexes of 53 was achieved using a method 

developed by Massi and co-workers for the synthesis of 5-phenyl-tetrazolato complexes 

of rhenium:38 see Scheme 7-7. In this reaction, the halide ion is abstracted with a silver 

salt to form the acetonitrile solvato complex [(N∩N)Re(CO)3(MeCN)]+, which 

subsequently reacts with a tetrazole under basic conditions to form the tetrazolato 

complex. When these reactions condition were applied to 53, the complexes 59 and 60 

were synthesised in good yield. 

 
Scheme 7-7: Synthetic route to rhenium tetrazolato complexes of 53. 

With the target of this project being the synthesis of rhenium tetrazolato 

complexes bearing a pendant alkyne moiety, an alternative to complexes 59 and 60 was 

considered in which the pendant alkyne was appended to the bidentate nitrogen ligand 

rather than the tetrazole ligand. The synthesis of rhenium tricarbonyl chloride complexes 

of alkynyl bipyridine ligands has already been covered in this thesis (Chapter 3 and 

Chapter 4). The replacement of the chloride ligand of complex 14 with a phenyl tetrazole 

ligand was accomplished under the same reaction conditions shown above to give 62: see 

Scheme 7-8. 
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Scheme 7-8: Synthetic route to complex 62 from 14. 

Having synthesised rhenium tetrazolato complexes bearing a terminal alkyne 

moiety, attempts were made to synthesise σ-alkynyl complexes to give bimetallic 

complexes. Coordination of the tetrazole moiety to the rhenium centre forms a complex 

without the acidic proton observed for the free tetrazole ligand. As a result it was 

anticipated that the synthesis of σ-alkynyl complexes of 59 would proceed in a 

straightforward manner when compared to the σ-alkynyl complexes of 53 described 

above. 

Both 63 and 64 were readily synthesised using established methods for the 

synthesis of σ-alkynyl complexes of the {CpRu(CO)2}61 and {(PPh3)Au}62 metal centres: 

see Scheme 7-9. These complexes were isolated in good yield, indicating that the 

problems encountered in the synthesis of monometallic σ-alkynyl complexes are due to 

the presence of the acidic tetrazole proton. 

 
Scheme 7-9: Synthesis of bimetallic complexes 63 and 64. 
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7.2.4 Spectroscopy 

The ligands and by-products synthesised here were identified by their NMR 

spectra: see Figure 7-7 for atom numbering. The proton NMR spectra of 53, 54 and 55 

revealed little information. The spectra contained two peaks with an AA'BB' splitting 

pattern in the aromatic region of the spectra, as expected for a para substituted benzene 

ring, along with a singlet for the C-H and SiMe3 protons in the spectra of 53 and 54 

respectively. The carbon NMR spectra provided more information on these compounds; 

the carbon atom of the tetrazole moiety exhibited a characteristic downfield signal (δ ≈ 

155 ppm). The signal of the tetrazole carbon in the 1H-13C HMBC spectra of these 

compounds showed a cross peak with H3, allowing the assignment of the two aromatic 

proton signals. The signals from other carbon atoms were also assigned with the aid of 2D 

NMR spectra. The symmetrical nature of 56 meant that the NMR spectra of this 

compound contained only a single proton signal and three carbon signals.63 In the proton 

spectra of 53, 54, 55 and 56, no signal was observed for the tetrazole proton, consistent 

with previous reports.48,63
 

 
Figure 7-7: Atom numbering for the NMR spectral assignments. 

The identities of these compounds were confirmed by mass spectroscopy. All 

tetrazole compounds had a parent ion of [M-H]- in the ESI(-) spectra resulting from 

deprotonation of the tetrazole. In addition IR spectroscopy of 53 and 54 showed the 

alkyne stretch expected for these compounds. 

The complexes synthesised here were characterised by a number of spectroscopic 

techniques. The crude products from the synthesis of the σ-alkynyl complexes were 

identified through their IR spectra. The spectra of both 57 and 58 showed signals assigned 

to an alkynyl ν(C≡C) band at 2113 and 2071 cm-1 respectively, along with the absence of 

a terminal alkyne proton signal around 3300 cm-1. In addition, the spectra of complex 57 

showed two ν(C≡O) bands at 2043 and 1990 cm-1, consistent with previous examples of 

{CpRu(CO)2} complexes presented in this thesis. 
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The 1H NMR spectra of the crude reaction products from these monometallic 

σ-alkynyl complexes showed signals corresponding to the metal complex, as well as 

signals resulting from the ammonium cations that accompany the deprotonated tetrazole 

complexes. In addition, the 31P NMR spectrum of 58 showed a single peak at 50.2 ppm, 

consistent with previous examples of {CpRu(PPh3)2} σ-alkynyl complexes presented in 

this thesis. Further evidence for the formation of these complexes is provided by the mass 

spectra of the crude reaction mixtures. Parent ions corresponding to [M+H]+ were 

observed in the ESI(+) mass spectra of each complex, along with daughter ions 

corresponding to loss or decomposition of the alkynyl ligand from 57 or 58. The ESI(-) 

mass spectrum of 58 showed two peaks, a parent ion corresponding to [M-H]- (m/z = 859) 

and a daughter ion attributed to [M-H-PPh3]- (m/z = 597). 

The rhenium tetrazolato complexes 59, 60 and 62 were identified through a 

number of spectroscopic means. The spectra were consistent with previous examples of 

rhenium tetrazolato complexes,38 with the addition of signals attributed to the alkyne 

moiety. This is exemplified in the IR spectra of complexes 59 and 60, which showed two 

very strong signals from the carbonyl ligands (2029 and 1924 cm-1), along with weaker 

signals for the ν(C≡C) band and the ν(C≡C-H) band. 

The NMR spectra of 59, 60 and 62 contained the expected resonances for the 

bidentate nitrogen ligands and coordinated 53 (Phtet for 62). The largest difference in the 

spectra of 53 upon coordination to rhenium was seen in the 13C NMR spectra, where the 

signal from the carbon atom in the tetrazole moiety was shifted downfield by ca. 10 ppm 

to ca. 163 ppm. The signals from the other atoms in 53 were only very slightly shifted 

upon coordination to rhenium. 

The bimetallic complexes 63 and 64 were identified through a number of 

spectroscopic means. The spectra were consistent with the parent tetrazolato complex 59 

combined with additional signals from the new metal centre in the σ-alkynyl complexes. 

The IR spectra of both 63 and 64 contained bands from the rhenium carbonyl ligands and 

the σ-alkynyl ν(C≡C) band. The spectrum of 63 contained two additional ν(C≡O) bands 

from the carbonyl ligands of the ruthenium, as shown in Figure 7-8. 
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Figure 7-8: IR spectra of bimetallic complex 63 along with the component 
monometallic complexes 57 and 59. 

The NMR spectra of 63 and 64 contained the resonances of both 59 and the 

additional metal centre, {CpRu(CO)2} and {(PPh3)Au} respectively. The largest change 

in the spectra of 59 upon formation of the alkynyl complexes was seen in the 13C NMR 

spectra, with a downfield shift observed for Cɑ and Cβ, note that Cɑ was not observed in 

64, it would appear as a low intensity doublet due to coupling with PPh3. 

 

7.2.5 Structural Determinations 

Crystals suitable for single crystal X-ray diffraction studies were obtained for the 

ligand and precursor 53 and 54, along with rhenium tetrazolato complexes 59 and 60 and 

the solvato complex 61. The structures of these are shown below in Figure 7-9, Figure 

7-11 and Figure 7-12, while selected interatomic parameters are collected in Table 7-1. 

Ligand 54 crystallised as a hydrate, while complex 60 crystallised with one molecule of 

acetone.  

Compound 53 crystallised with two inequivalent molecules in the unit cell. These 

differ in the degree of rotation about the phenyl-tetrazole bond, but are otherwise 

extremely similar. The dihedral angles between the tetrazole and phenyl planes are 

16.37(6)° and 0.37(5)° for molecules 1 and 2, respectively; see Figure A-9 in the 

appendix for a comparison. The tetrazole hydrogen atoms are located on the N(1) 

nitrogen atoms and are disordered between each side of the molecules. These are 

involved in hydrogen bonding to the adjacent molecule, forming a one-dimensional 

hydrogen bonded polymer as seen in Figure 7-10. 
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Compound 54 also forms a hydrogen bonded network in the solid state, as seen in 

Figure 7-10. In this structure, the water molecule is integral to the 2D network formed. 

The hydrogen bonded network is comprised of the oxygen atom of the water hydrogen 

bonded to the proton on N(1), while the hydrogen atoms of the water are hydrogen 

bonded to two adjacent molecules via N(2) and N(3), respectively. 

 
Figure 7-9: Representation of the molecular structures of 53 and 54. Only 
molecule 1 of 53 is shown, with ellipsoids drawn at 50 % probability.  

 
Figure 7-10: Representations of the H-bonding networks in the solid state 
structures of; left) 53 looking along the c-axis, showing the 1D H-bonded 
network; one set of disordered H atoms has been omitted. right) 54 looking along 
the b-axis of the unit cell showing the hydrogen bonding network. Hydrogen 
atoms not involved in hydrogen bonding have been omitted. 

The structures of both 59 and 60 confirmed the coordination of the tetrazole N2 

atom to the rhenium, with bond lengths and angles about the {(N∩N)Re(CO)3(Ntet)} 

core consistent with previous examples of this moiety.38 The phenyl and tetrazole rings of 

the ligand were almost coplanar, with dihedral angles of 12.83° and 16.78° for complexes 

59 and 60 respectively. The complexes exhibited an octahedral coordination 

environment, with the largest deviation from a standard octahedral environment seen in 

the bite angle of the diimine ligand. The constrained diimine ligand had a bite angle of ca. 

75°, less than the optimal 90° for an octahedral complex. 
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Figure 7-11: Representation of the molecular structures of 59 and 60, with 
solvent and hydrogen atoms omitted and ellipsoids drawn at 50 % probability. 

The structure of the solvato complex 61 contained bond lengths and angles around 

the rhenium atom consistent with both the previously reported solvato complex 

[(bpy)Re(CO)3(MeCN)]ClO4,64 and the precursor complex 14 (see Table A-3 in the 

appendix). The orientation of the 5-ethynyl bipyridine ligand was the same as that seen in 

the structure of 14. The acetonitrile ligand was linear (the N(1)-C(6)-C(7) angle was 

179°), while the carbonyl ligand trans to the acetonitrile was co-linear (C(7)-Re-O(3) 

angle of 175.9°). 

 
Figure 7-12: Representation of the molecular structure of 61, hydrogen atoms 
omitted for clarity and ellipsoids drawn at 50 % probability. 
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Compound 59 60 61 
Re(1)-N(2) 2.1723(13) 2.160(6) 2.142(3) 
Re(1)-N(11) 2.1733(12) 2.170(6) 2.174(3) 
Re(1)-N(21) 2.1701(12) 2.165(5) 2.176(3) 
Re(1)-C(11) 1.9225(16) 1.928(8) 1.926(4) 
Re(1)-C(21) 1.9220(15) 1.918(8) 1.926(4) 
Re(1)-C(31) 1.195(15) 1.929(8) 1.923(4) 

N(2)-Re(1)-N(11) 83.34(5) 82.2(2) 85.73(10) 
N(11)-Re(1)-N(21) 76.05(4) 74.9(2) 74.81(10) 
N(2)-Re(1)-C(11) 97.98(6) 93.8(3) 91.14(13) 
N(2)-Re(1)-C(21) 90.29(5) 90.4(3) 91.91(14) 
N(2)-Re(1)-C(31) 172.11(5) 175.7(3) 179.14(13) 

 
Table 7-1: Selected bond lengths (Å) and angles (°) for the structurally 
characterised metal complexes 59, 60 and 61. 

 

7.2.6 Photophysical Studies 

A preliminary study was undertaken to determine the photophysical properties of 

some of the rhenium complexes presented in this thesis. The rhenium tetrazolato 

complexes 59 and 60 were studied to allow comparison with previously reported rhenium 

tetrazolato complexes.38 The other complex studied was 14, to allow comparison with 

(bpy)Re(CO)3Cl (18) to determine whether the pendant alkyne moiety had an impact on 

the photophysical properties of complex 14. 

 
Figure 7-13: Absorption spectra of the rhenium complexes 14, 59 and 60. 
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The absorption spectra of 59 and 60, shown in Figure 7-13 resemble that of 

previously reported (N∩N)Re(CO)3(tetPh) (N∩N = Phen and bpy) complexes. Both 

showed a strong π-π* absorption band around 275 nm, along with a broad absorbance 

centred around 370 nm that is attributed to an MLLCT state as a result of the very similar 

energy of tetrazolato to diimine LLCT and rhenium to diimine MLCT transitions.38,65 

Complex 14 shows a lower intensity π-π* absorption band, and a number of lower energy 

bands that may be attributed to MLCT and other transitions. 

 
Figure 7-14: Normalised excitation and emission spectra of complexes 14, 59 
and 60. Excitation spectra were recorded with emission wavelengths of 660, 550 
or 600 nm respectively, while emission spectra were recorded with an excitation 
wavelength of 405, 377 or 300 nm respectively. 

Compound 
absorption emission 
λ (ε) nm 

(cm-1M-1) λ nm τ ns Φ 

14 400(2910) 675 (13) - 
1838

 385(3650) 600 51 0.005 
59 370(3640) 588 496 (304) 0.077(0.043) 
(Phen)Re(CO)3(tetPh)38

 358(4250) 571 740 0.036 
60 368 (2900) 600 (94.7) (0.019) 
(bpy)Re(CO)3(tetPh)38

 370 (2900) 578 102 0.012 
 
Table 7-2: Summary of the photophysical properties of complexes 14, 59 and 60, 
along with literature values for (N∩N)Re(CO)3(tetPh) and 18.38 Absorption 
measurements were recorded in air equilibrated CH2Cl2 solutions, emission 
measurements were performed at room temperature in deaerated CH2Cl2 (values 
in brackets are for air equilibrated solutions). 
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The emission spectra of these complexes, seen in Figure 7-14, exhibited a broad, 

featureless emission band that may be attributed to a 3MLLCT transition by comparison 

to previously reported rhenium tetrazolato complexes.38 The differences between 59 and 

60 were very similar to the differences between the parent (N∩N)Re(CO)3(tetPh) 

complexes. The phenanthroline complexes had emission lifetimes and quantum yields 

several times higher than the bipyridyl analogues due to the less flexible nature of the 

phenanthroline ligand.38,66 The alkyne substituted complexes 14, 59 and 60 showed quite 

different photophysical properties to the equivalent alkyne free complexes 18 and 

(N∩N)Re(CO)3(tetPh); the alkyne substituted complexes had red-shifted absorption and 

emission peaks, along with reduced emission lifetimes and, for 59 and 60, increased 

quantum yields. The emission lifetimes of complexes 14, 59 and 60 were reduced, as 

expected for the more flexible alkyne appended ligands of these complexes. In contrast, 

the quantum yields of 59 and 60 were increased despite the presence of the more flexible 

alkyne appended ligand. 
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7.3 Summary and Conclusion 

A synthetic route to the new compound 53 was developed to allow its use as a 

ligand in the synthesis of rhenium tetrazolato complexes containing a pendant alkyne 

group. Byproducts obtained during the attempted synthesis of 53 were identified as the 

new compound 55 and the well studied compound 56;63 these compounds resulted from 

the undesired [3+2] cyclisation reaction with the alkyne functional group in 41. The 

mixed triazole-tetrazole compound 55 may be of interest in the synthesis of coordination 

polymers analogous to those formed by the bis-tetrazole compound 56.67-69
 

Synthesis of monometallic σ-alkynyl complexes of 53 proved problematic, as the 

acidic tetrazole moiety hindered isolation of the alkynyl complexes that were identified 

spectroscopically from the reaction mixtures. Future efforts towards the synthesis of 

these complexes may require the use of tetrazole protected versions of 53. In contrast, the 

synthesis of rhenium tetrazolato complexes of 53 was successful, producing the 

structurally characterised complexes 59 and 60 in good yield.38
 

The tetrazolato complex 59 was subsequently used to synthesise bimetallic 

complexes using standard reaction conditions for the synthesis of σ-alkynyl complexes. 

The successful synthesis of 63 and 64 is an excellent proof of concept for the future 

synthesis of bimetallic complexes of 53 containing redox active metal centres to 

potentially allow electrochemical control of the fluorescent properties of the rhenium 

tetrazolato metal centre.  

Unfortunately, only fluorescence studies of 14, 59 and 60 were achieved. The 

fluorescent properties of these complexes resemble those of previously reported rhenium 

tetrazolato complexes.38 The synthesis and fluorescence study of redox active bimetallic 

complexes of 53 is a promising area of future research. Future work could include a study 

into the redox dependent fluorescent properties of ruthenium-rhenium bimetallic 

complexes synthesised in previous chapters of this thesis. 
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7.4 Experimental 

7.4.1 General Considerations 

See Chapter 2 for general experimental and spectroscopic techniques. For this 

chapter, UV-vis absorbance spectra were recorded on a Cary 4000 UV-vis-NIR 

spectrometer as CH2Cl2 solutions. 

(Phen)Re(CO)3Cl,70 (bpy)Re(CO)3Cl,70 PPh3AuCl,71 CpRu(CO)2Cl,72 

CpRu(PPh3)2Cl73 and 5-Ph-tetrazole48 were synthesised according to literature 

procedures, while 14 and 41 were prepared earlier in this thesis. 4-Br-C6H4-tetH44 was 

prepared by Mr Phil Wright; all other reagents were obtained from commercial sources 

and used as received. 

Note: Azide salts, organic azides and nitrogen rich compounds are potentially 

explosive. Take care to avoid incompatible materials including acids, heavy metal ions, 

oxidising agents and CH2Cl2. Reactions involving heating of solutions containing azide 

ions were performed behind polycarbonate screens; acid work-ups of reactions were 

performed in a well ventilated fumehood. 

Samples of 41 for ICP analysis were prepared by an aqua regia digest. The 

samples were analysed on an ARL 3520B sequential scanning ICP-OES instrument. 

Copper and palladium concentrations were observed at their 342.75 and 340.45 nm 

emission lines, respectively. 

Absorption and emission spectra were recorded at room temperature using an 

Edinburgh Instruments FLS-920 fluorimeter. The wavelengths for the emission and 

excitation spectra were determined using the absorption maxima of the 

metal-ligand-to-ligand charge transfer (MLLCT) transition bands (emission spectra) and 

at the maxima of the emission bands (excitation spectra). Lifetime measurements were 

done with an Edinburgh Instruments Mini Tau lifetime fluorimeter with an EPL 405 laser 

(exciting at 405 nm). 

See Figure 7-7 in the body of this chapter for the atom numbering used in the 

assignment of NMR spectra below. 

Crystallographic data for the structures was collected on an Oxford Diffraction 

Gemini diffractometer fitted with Mo Kα (59) or an Oxford Diffraction XCalibur 

diffractometer fitted with Mo Kα radiation (60 and 61). The refinement process detailed 

in Chapter 2 was used for all complexes. Crystal data and structure refinement details are 

tabulated below. 
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7.4.2 Synthesis of the Ligands: 

TMSCC-C6H4-tetH (54): 

Method 1: 41 (3.21 g, 16 mmol), NaN3 (1.15 g, 17 mmol) and NH4Cl (13.5 g, 250 

mmol) were dissolved in DMF (125 mL) and heated at 100°C for 48 hrs, when TLC 

showed complete consumption of starting material. The reaction mixture was cooled to 

room temperature and then slowly poured into ice cold HCl (2.0M, 400 mL). The yellow 

precipitate that formed was collected on a filter, and the filtrate was extracted with EtOAc 

(3 x 50 mL) and the solvent evaporated. The precipitate and extract were combined to 

give the crude product as a pale yellow powder. This was purified through column 

chromatography on a silica column (ø 4 cm x 20 cm), eluting with 30 % EtOAc in hexane 

with 1 % AcOH added, giving the product as a white powder (2.19 g, 56 %). 

Method 2: 41 (500 mg, 2.5 mmol), NaN3 (325 mg, 5.0 mmol) and NEt3HCl (515 

mg, 3.7 mmol) were dissolved in toluene (20 mL) and heated to 100°C for 16 hrs. The 

reaction mixture was cooled to room temperature and extracted with water (3 x 25 mL); 

the aqueous extract was acidified dropwise with HCl (conc.) with the formation of a 

white precipitate. The crude product was purified by column chromatography on a short 

(ø 2.5 cm x 5 cm) silica column, eluting with 50 % EtOAc in hexane with 1 % AcOH to 

give 53 as a white powder (367 mg, 86 %). 

 A crystal suitable for X-ray structural analysis was obtained through evaporation 

of an acetone/hexane (1:1) solution of the compound. 1H NMR (d6-DMSO, 500 MHz): δ 

0.26 (s, 9H, Me3Si), 7.68 (d, 3JHH = 8.5 Hz, 2H, H2), 8.03 (d, 3JHH = 8.5 Hz, 2H, H3). 
13C{1H} NMR (d6-DMSO, 126 MHz): δ -0.21 (SiMe3), 96.8 (Cα), 104.3 (Cβ), 124.6 (C4), 

127.1 (C3), 132.5 (C2), 132.6 (C1), 155.2 (Ctet). IR (solid, ATR): 2960 cm-1 (m), 2566 

cm-1 (br, tetrazole), νC≡C 2156 cm-1 (s), 1614 cm-1 (s), 1492 cm-1 (s), 1249 cm-1. MS 

(MeCN, ESI (-)): m/z 241 ([M-H]-, 15%), 185 ([M-SiMe3+H2O]-, 100%). 

HCC-C6H4-tetH (53): 54 (800 mg, 3.3 mmol) was dissolved in a mixture of THF 

(50 mL) and MeOH (50 mL) before the addition of KF (800 mg, 13.8 mmol). The 

reaction mixture was stirred for 16 hrs. Removal of the solvent was followed by 

purification on a short (ø 2.5 cm x 5 cm) silica column, eluting with 50 % EtOAc in 

hexane with 1 % AcOH to give 53 as a white powder (543 mg, 96 %). A crystal suitable 

for X-ray structural analysis was obtained by layering an acetone solution of the 

compound on water. 1H NMR (d6-DMSO, 500 MHz): δ 4.40 (s, 1H, Hα), 7.69 (d, 3JHH = 

8.0 Hz, 2H, H2), 8.04 (d, 3JHH = 8.0 Hz, 2H, H3). 13C{1H} NMR (d6-DMSO, 126 MHz): δ 

82.8 (Cβ), 83.0 (Cα), 124.0 (C4), 125.1 (C1), 127.1 (C3), 132.6 (C2), 155.5 (Ctet). IR 

(solid, ATR): νC≡C-H 3267 cm-1 (s), 2615 cm-1 (br, tetrazole), νC≡C 2111 cm-1 (m). MS 
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(MeCN, ESI (-)): m/z 169 (M-H)-. 

HTri-C6H4-tetH (55): 41 (2.00 g, 10 mmol), NaN3 (10.45 g, 161 mmol) and 

NH4Cl (8.60 g, 160 mmol) were dissolved in DMF (100 mL) and heated to 120°C for 24 

hrs. This reaction mixture was cooled to room temperature and poured into aqueous HCl 

(2.0 M, 300 mL) giving a pale yellow precipitate (2.42 g). Integration of 1H NMR signals 

showed that this solid was 75% 55 and 25% 56, data for the signals resulting from 55 are 

reported here. 1H NMR (d6-DMSO, 600 Mhz): δ 4.11 (br, 2H, NH) 8.10 (d, 3JH2H3 = 8.2 

Hz, 2H, H2), 8.15 (d, 3JH2H3 = 8.2 Hz, 2H, H3), 8.50 (s, H5'). 13C{1H} NMR (d6-DMSO, 

151 MHz): δ 123.6 (C1), 126.5 (C2), 127.4 (C5'), 127.9 (C3), 133.16 (C4), 144.6 (C4') 

and 155.1 (CN). 

Htet-C6H4-tetH (56): 41 (0.5 g, 2.5 mmol), NaN3 (2.61 g, 40 mmol) and NH4Cl 

(2.15 g, 40 mmol) were dissolved in DMF (25 mL) and heated to 120°C for 5 days. This 

reaction mixture was cooled to room temperature and poured into aqueous HCl (2.0 M, 

300 mL) giving a white precipitate (362 mg, 67 %). Samples produced here match 

existing NMR characterisation data.63 MS (MeCN, ESI (-)): m/z 213 ([M-H]-, 100 %). 

 

7.4.3 Synthesis of the Complexes 

CpRu(CO)2(CC-C6H4-tetH) (57): CpRu(CO)2Cl (100 mg, 0.39 mmol), 53 (66 

mg, 0.39 mmol) and CuI (6 mg, 0.32 mmol) were dissolved in a mixture of Et3N (10 mL) 

and THF (50 mL). The reaction mixture was stirred at room temperature for 40 hours, 

then filtered through a celite plug. The solvent was removed in vacuo, giving a sticky 

brown oil (264 mg, quantitative for [CpRu(CO)2(CC-C6H4-tet)][Et3NH]●Et3NHCl). 1H 

NMR (d6-acetone, 600 MHz): δ 1.38 (t, 3JHH = 7.3 Hz, 18H, NCH2CH3), 3.11 (q, 3JHH = 

7.3 Hz, 12H, NCH2CH3), 5.60 (s, 5H, Cp), 7.53 (d, 3JHH = 8.5 Hz, 2H, H2), 8.04 (d, 3JHH = 

8.5 Hz, 2H, H3). IR (solid, ATR): νC≡C 2113 cm-1, νC≡O 2043 cm-1, νC≡O 1990 cm-1. MS 

(MeCN, ESI (+)): 393 ([M+H]+, 20%), 239 ([CpRu(CO)2(H2O)]+, 100%). 

CpRu(PPh3)2(CC-C6H4-tetH) (58): CpRu(PPh3)2Cl (200 mg, 0.28 mmol), 53 

(76 mg, 0.45 mmol) and NH4PF6 (100 mg, 0.61 mmol) were dissolved in MeOH (20 mL) 

and heated to reflux for 1 hour. The reaction mixture was cooled to room temperature and 

DBU (200 μL) was added. The reaction mixture was then cooled to 0°C and the yellow 

precipitate was collected and washed with ice-cold MeOH (2 x 2 mL) to give the product 

(60 mg, 22 % based on [CpRu(PPh3)2CCPhtet)][DBUH]). 31P{1H} NMR (d6-acetone, 

263 MHz): δ 50.2 (PPh3). IR (CH2Cl2 solution): νC≡C 2071 cm-1. MS (MeCN, ESI (+)): 

m/z 861 ([M+H]+, 10%), 719 ([CpRu(PPh3)2(CO)]+, 100 %). MS (MeCN, ESI (-)): m/z 

859 ([M-H]-, 30%), 597 ([M-PPh3-H]-, 100%).  
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[(N∩N)Re(CO)3(MeCN)]PF6: (N∩N)Re(CO)3Cl (200 mg) and AgPF6 (1.2 mol 

equiv.) were suspended in MeCN (150 mL) and refluxed for 15 hrs. The solution was 

then filtered through a Celite pad to remove insoluble silver salts. The solution was then 

concentrated to 50 mL and used as is without further purification. The same procedure 

was used for N∩N = phen, bpy, HCCbpy (1). 

(Phen)Re(CO)3(tet-C6H4-CCH) (59): To a solution of 

[(Phen)Re(CO)3(MeCN)]PF6 (0.41 mmol) in MeCN (50 mL) (prepared as above) was 

added 53 (84 mg, 0.49 mmol) and Et3N (50 μL, 0.49 mmol). The solution was refluxed 

for 20 hours. The solvent was removed, and the crude product purified by column 

chromatography, using a short column of silica (ca. 3 cm) and eluting with 25% MeCN in 

CH2Cl2, the yellow fraction was collected to yield the title compound (113 mg, 43 %). 

Crystals suitable for X-ray analysis were obtained through the layer diffusion of 

n-heptane into an acetone solution of the complex. Anal. Calcd. for C24H13N6O3Re: C, 

46.52; H, 2.11; N, 13.56. Found: C, 46.62; H, 2.02; N, 13.65. 1H NMR (d6-acetone, 600 

MHz): δ 3.63 (s, 1H, Hα), 7.33 (d, 3JHH = 8.2 Hz, 2H, H2), 7.61 (d, 3JHH = 8.2 Hz, 2H, H3), 

8.14 (dd, 3JHaHb = 8.2 Hz, 3JHbHc = 5.1 Hz, 2H, Hb), 8.27 (s, 2H, He), 8.94 (d, 3JHbHc = 8.2 

Hz, 2H, Hc), 9.63 (d, 3JHaHb = 5.1 Hz, 2H, Ha). 13C{1H} NMR (d6-acetone, 151 MHz): δ 

79.8 (Cα), 84.0 (Cβ), 122.7 (C4), 126.6 (C3), 127.4 (Cb), 128.7 (Ce), 131.5 (C1), 131.7 

(Cd), 132.8 (C2), 140.4 (Cc), 148.2 (Cf), 155.1 (Ca), 162.9 (Ctet), 194.8 (CCO), 197.9 

(CCO). IR (CH2Cl2 solution): νC≡CH 3295 cm-1 (w), νC≡C 2107 cm-1 (w), νC≡O 2029 cm-1 

(vs), νC≡O 1924 cm-1 (vs). UV-vis (CH2Cl2) λ (nm) [ε × 104 M-1 cm-1]: 275 [5.26], 370 

[0.47] (broad band). MS (MeCN, ESI (+)): m/z 643 ([M+Na]+, 80%), 621 ([M+H]+, 

10%), 492 ([(Phen)Re(CO)3(MeCN)]+, 20 %), 451 ([(Phen)Re(CO)3]+, 100%). 

(bpy)Re(CO)3(tet-C6H4-CCH) (60): To a solution of 

[(bpy)Re(CO)3(MeCN)]PF6 (0.43 mmol) in MeCN (50 mL) (prepared as above) was 

added 53 (88 mg, 0.52 mmol) and Et3N (52 μL, 0.52 mmol). The solution was refluxed 

for 20 hours. The solvent was removed, and the crude product purified by column 

chromatography, using a short column of silica (ca. 3 cm) and eluting with 25% MeCN in 

CH2Cl2, the yellow fraction was collected to yield the title compound (140 mg, 55 %). 

Crystals suitable for X-ray analysis were obtained through layer diffusion of n-hexane 

into an acetone solution of the complex. 1H NMR (d6-acetone, 500 MHz): δ 3.66 (s, 1H, 

Hα), 7.43 (d, 3JHH = 8.5 Hz, 2H, H2), 7.77-7.82 (m, 4H, H3 & Hb), 8.35 (ddd, 3JHbHc = 7.7 

Hz 3JHcHd = 8.2 Hz, 2H, Hc), 8.68 (ddd, 3JHcHd = 8.2 Hz, 2H, Hd), 9.25 (m, 3JHaHb = 5.5 Hz, 

2H, Ha). 13C{1H} NMR (d6-acetone, 151 MHz): δ 79.4 (Cα), 83.7 (Cβ), 122.4 (C4), 124.4 

(Cd), 126.4 (C3), 128.3 (Cb), 131.3 (C1), 132.6 (C2), 141.0 (Cc), 154.3 (Ca), 157.1 (Ce), 
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162.8 (Ctet), 194.5 (CCO), 197.7 (CCO). IR (CH2Cl2 solution): νC≡CH 3295 cm-1 (w), νC≡C 

2107 cm-1 (w), νC≡O 2029 cm-1 (vs), νC≡O 1924 cm-1 (vs). UV-vis (CH2Cl2) λ (nm) [ε × 104 

M-1 cm-1]: 280 [3.51], 368 [0.29]. MS (MeCN, ESI (+)): m/z 597 ([M+H]+, 100 %). 

[(HCCbpy)Re(CO)3(MeCN)]PF6 (61): A solution of 61 in MeCN was prepared 

as described above. A small aliquot was removed for IR spectra and crystallisation 

attempts, vapour diffusion of Et2O into a CH2Cl2 solution of 61 yielded crystals suitable 

for X-ray analysis. IR (CH2Cl2 solution): νC≡CH 3296 cm-1 (w), νC≡C 2122 cm-1 (w), νC≡O 

2042 cm-1 (vs), νC≡O 1941 cm-1 (vs) (νC≡N was not observed). MS (MeCN, ESI (+)): m/z 

492 ([M]+, 20%), 451 ([(HCCbpy)Re(CO)3]+, 100%). 

(HCCbpy)Re(CO)3(tetPh) (62): To a solution of 61 (0.41 mmol) in MeCN (50 

mL) (prepared as above) was added Phtet (72 mg, 0.49 mmol) and Et3N (50 μL, 0.49 

mmol). The solution was refluxed for 20 hours. The solvent was removed, and the crude 

product purified by column chromatography, using a short column of silica (ca. 3 cm) and 

eluting with 25% MeCN in CH2Cl2, the 2nd yellow fraction was collected to yield the title 

compound (132 mg, 55 %). For 62, atom numbering of NMR assignments uses the 

numbering scheme from Chapter 3, the Phtet atoms designated by their position on the 

phenyl ring. 1H NMR (d6-acetone, 500 MHz): δ 3.74 (s, 1H, Hα), 7.25-7.32 (m, 3H, Hmeta 

& Hpara), 7.78-7.84 (m, 3H, H5' & Hortho), 8.35-8.42 (m, 2H, H4 &H4'), 8.70-8.72 (m, 2H, 

H3 & H3'), 9.26-9.28 (m, 2H, H6 & H6'). 13C{1H} NMR (d6-acetone, 151 MHz): δ 78.3 

(Cα), 80.5 (Cβ), 123.7 (Cipso), 124.4 (C3), 125.3 (C3'), 126.8 (Cortho), 128.98 & 129.03 

(C5' & Cpara), 129.2 (Cmeta), 131.3 (C5), 141.3 (C4'), 143.7 (C4), 154.7 (C6'), 156.6 (C6), 

156.7 & 157.1 (C2 & C2'), 163.8 (Ctet), 194.6 (CCO), 197.9 (CCO). IR (CH2Cl2 solution): 

νC≡CH 3296 cm-1 (w), νC≡C 2122 cm-1 (w), νC≡O 2030 cm-1 (vs), νC≡O 1925 cm-1 (vs). MS 

(MeCN, ESI (+)): m/z 1048 ([(HCCbpy)Re(CO)3{(CCbpy)Re(CO)3(tetPh)}+H]+, 

100%), 619 ([M+Na]+, 25%), 597 ([M+H]+, 100%), 451 ([(HCCbpy)Re(CO)3]+, 80%). 

(Phen)Re(CO)3(tet-C6H4-CCRu(CO)2Cp) (63): 59 (60 mg, 0.096 mmol) and 

CpRu(CO)2Cl (24 mg, 0.094 mmol) were dissolved in a mixture of THF (10 mL) and 

Et3N (5 mL) before the addition of CuI (5 mg, 30 mol %). The solution was stirred for 40 

hrs before the solvent was removed in vacuo. The crude product was purified by column 

chromatography, using a short column of silica (ca. 3 cm) and eluting with 30% MeCN in 

CH2Cl2, the second, orange fraction was collected to yield the title compound (69 mg, 87 

%). 1H NMR (d6-acetone, 600 MHz): δ 5.64 (s, 5H, Cp), 7.09 (d, 3JH2H3 = 8.7 Hz, 2H, 

H2), 7.49 (d, 3JH2H3 = 8.7 Hz, 2H, H3), 8.15 (dd, 3JHaHb = 5.1 Hz, 3JHbHc = 8.2 Hz, 2H, Hb), 

8.28 (s, 2H, He), 8.94 (d, 3JHbHc = 8.2 Hz, 2H, Hc), 9.64 (d, 3JHaHb = 5.1 Hz, 2H, Ha). 
13C{1H} NMR (d6-acetone, 151 MHz): δ 85.4 (Cα), 89.44 (Cp), 111.0 (Cβ), 126.2 (C3), 
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127.3 (Cb), 127.8 (C4), 128.6 (Ce), 129.5 (C1), 131.6 (Cd), 131.9 (C2), 140.3 (Cc), 148.2 

(Cf), 155.1 (Ca), 163.5 (Ctet), 195.0 (CCO), 198.0 (CCO), 198.9 (CCO). IR (CH2Cl2 

solution): νC≡C 2118 cm-1, νC≡O 2048 cm-1, νC≡O 2028 cm-1, νC≡O 1996 cm-1, νC≡O 1923 

cm-1. MS (MeCN, ESI (+)): m/z 865 ([M+Na]+, 100%).  

(Phen)Re(CO)3(tet-C6H4-CCAu(PPh3)) (64): To a solution of 59 (46 mg, 0.36 

mmol) in EtOH (15 mL) were added NaOEt (1.0M in EtOH, 0.75 mL, 0.75 mmol) and 

[Au(PPh3)Cl] (150 mg, 0.30 mmol) in EtOH/THF (1:1, 20 mL) solution. The solution 

was stirred for 16 hrs before the volume was reduced in vacuo to 3 mL and cooled in an 

ice bath. The yellow precipitate was collected and washed with Et2O (2 x 3 mL) to yield 

the product (146 mg, 84%). 1H NMR (d6-acetone, 600 MHz): δ 7.22 (d, 2H, H2), 7.53 (d, 

2H, H3), 7.58-7.64 (m, 15H PPh3), 8.17 (dd, 2H, Hb), 8.29 (s, 2H, He), 8.95 (d, 2H, Hc), 

9.65 (d, 2H, Ha). 13C{1H} NMR (d6-acetone, 151 MHz): δ 126.3, 126.7, 127.4, 128.7, 

129.2, 130.3 (d), 130.7, 131.0, 131.7, 132.6 (d), 135.1 (d), 140.3, 148.2, 155.1, 163.3 (s, 

Ctet), 194.9 (CC≡O), 198.0 (CC≡O), (Cα not observed). 31P{1H} NMR (CDCl3, 243 MHz): δ 

41.96 (broad, PPh3). IR (CH2Cl2 solution): νC≡C 2110 cm-1, νC≡O 2028 cm-1 and νC≡O 1923 

cm-1. MS (MeCN, ESI (+)): m/z 721 ([(PPh3)2Au]+, 100%), 1101 ([M+Na], 20%). MS 

(MeCN, ESI (-)): m/z 984 ([(Re(CO)3(phen)(tetPhCC)Au(CCPhtet)]-, 100%). 
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7.4.4 Crystal Structure Tables 
Compound 53 54●H2O 59 60●(CH3)2CO 61 
Empirical formula  C9H6N4 C12H16N4OSi C24H13N6O3Re C25H19N6O4Re C17H11F6N3O3PRe 
Formula weight  170.18 260.38 619.60 653.66 636.46 
Temperature/K  100(2) 100(2) 100(2) 100(2) 100(2) 
Wavelength/Å 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic Monoclinic Orthorhombic Monoclinic 
Space group  P2/c P21/c P21/n Pnna C2/c 
a/Å  9.4304(5) 20.423(7) 11.70740(10) 15.94441(5) 30.0303(5) 
b/Å  12.3073(5) 5.7582(12) 10.39390(10) 26.0228(11) 6.85530(10) 
c/Å  7.0834(5) 12.481(2) 17.4064(2) 12.1298(5) 19.4666(5) 
α/°  90.00 90.00 90.00 90.00 90.00 
β/°  107.630(7) 103.45(3) 98.7020(10) 90.00 95.125(2) 
γ/°  90.00 90.00 90.00 90.00 90.00 
Volume/Å3  183.51(8) 1427.5(6) 2093.72(4) 5032.8(3) 3991.50(14) 
Z  4 4 4 8 8 
ρcalcmg/mm3  1.443 1.212 1.966 1.725 2.118 
m/mm-1  0.095 0.159 5.846 4.872 6.249 
F(000)  352 552 1192 2544 2416 
Crystal size/mm3  0.25 × 0.13 × 0.06 0.44 × 0.29 × 0.035 0.57 × 0.32 × 0.15 0.54 × 0.03 × 0.015 0.31 × 0.05 × 0.04 
Θ range for data collection  3.34 to 27.50° 3.08 to 26.99° 3.72 to 37.61° 2.89 to 26.99° 3.05 to 32.50° 
Index ranges  -12 ≤ h ≤ 10, -15 ≤ k ≤ 15, 

-9 ≤ l ≤ 9 
-9 ≤ h ≤ 25, -7 ≤ k ≤ 7, -15 

≤ l ≤ 13 
-19 ≤ h ≤ 19, -17 ≤ k ≤ 17, 

-29 ≤ l ≤ 29 
-20 ≤ h ≤ 19, -33 ≤ k ≤ 33, 

-15 ≤ l ≤ 15 
-44 ≤ h ≤ 45, -10 ≤ k ≤ 10, 

-29 ≤ l ≤ 26 
Reflections collected  6904 5433 70549 49205 37193 
Independent reflections  1802[R(int) = 0.0302] 3034[R(int) = 0.0479] 10828[R(int) = 0.0335] 5501[R(int)=0.0871] 7223 [R(int)=0.0440] 
Data/restraints/parameters  1802 / 0 / 123 3034 / 2 / 174 10828 / 0 / 307 5501 / 48 / 344 7223 / 0 / 281 
Goodness-of-fit on F2  1.111 1.105 1.072 1.281 1.100 
Final R indexes [I>=2σ (I)]  R1 = 0.0499,  

wR2 = 0.1152 
R1 = 0.0733,  
wR2 = 0.1704 

R1 = 0.0196,  
wR2 = 0.0402 

R1 = 0.0672,  
wR2 = 0.0992 

R1 = 0.0349,  
wR2 = 0.0720 

Final R indexes [all data]  R1 = 0.0635,  
wR2 = 0.1228 

R1 = 0.0949,  
wR2 = 0.1838 

R1 = 0.0253,  
wR2 = 0.0423 

R1 = 0.0901,  
wR2 = 0.1053 

R1 = 0.0442,  
wR2 = 0.0751 

Largest diff. peak/hole / e Å-3  0.335/-0.166 0.730/-0.355 1.185/-1.187 1.772/-2.061 3.044/-0.704 
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A.1 Crystal Structures 

Additional crystal structures beyond those shown in the main text of this thesis are 

presented here. In most cases these are polymorphs, crystallographically independent 

molecules or are very similar to previously presented structures and compounds. 

Molecules have been divided according to the chapters in which related structures and 

molecules have been presented. Additional tables of bond lengths and angles are also 

presented here. 

 

A.1.1 Chapter 2 

 
Figure A-1: Side to side comparison of the ruthenium complex in the crystal 
structures 2 and 2' showing the almost identical nature of the 2 structures. 
Structure 2' is the toluene solvate 2•2PhMe. Hydrogen atoms and solvent atoms 
of 2' are omitted for clarity and ellipsoids are drawn at 50% probability. 

 

A.1.2 Chapter 3 

 
Figure A-2: Side by side comparison of the 2 crystallographically inequivalent 
isomers of 12, with hydrogen atoms omitted for clarity and ellipsoids drawn at 
50%, to show the extremely similar structure of these two molecules. 
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A.1.3 Chapter 4 

 
Figure A-3: Representation of the 2 crystallographically inequivalent molecules 
of 28 that were found, including the disorder of the bpy moiety in molecule 1 and 
the Cp* ring in molecule 2. Hydrogen molecules are omitted for clarity and 
ellipsoids are drawn at 50%.  

 

 
Figure A-4: Representation of the disorder present in the crystal structure of 32, 
including the disorder of the bpy moiety in molecule 1 and the Cp* ring in 
molecule 2. Hydrogen molecules are omitted for clarity and ellipsoids are drawn 
at 50%. 
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A.1.4 Chapter 5 

 
Figure A-5: Side by side comparison of the cation 38, and the previously 
reported structure of the same cation (CSD ref: AQOSOO),1 with non water 
hydrogen atoms omitted for clarity and ellipsoids drawn at 50% (no ellipsoids 
available in the cif file retrieved from the CSD), to show the extremely similar 
structure of these two cations. 

 CEZWUZ LUWTUS MEHXUT 
Ru-Cl(1) 2.4434 2.460(1) 2.4774(8) 
Ru-Cl(2) 2.4510 2.477(1) 2.4419(9) 
Ru-P(1) 2.3360 2.341(1) 2.3347(7) 
Ru-P(2) 2.3025 2.2997(9) 2.3112(7) 
Ru-P(3) 2.3386 2.353(1) 2.3394(8) 
Ru-P(4) 2.3179 2.310(1) 2.3032(7) 

O(1)-Ru-O(2) 84.15 84.37(2) 85.10(3) 
P(1)-Ru-P(2) 72.13 71.77(2) 72.23(2) 
P(3)-Ru-P(4) 71.99 72.50(2) 72.10(2) 
O(1)-Ru-P(2) 163.42 163.03(2) 160.64(3) 
O(2)-Ru-P(4) 164.03 162.61(2) 162.00(3) 

 
Table A-1: Selected bond lengths (Å) and angles (°) for the three published x-ray 
crystal structures of cis-[Ru(dppm)2Cl2] to allow comparison with the halide 
abstraction complexes 37, 38 and 39 structurally characterised in Chapter 5, with 
bond lengths and angles reported in Table 5-2. Data retrieved from the CSD; 
CEZWUZ,2 LUWTUS3 and MEHXUT,4 all measurements taken from cif files 
retrieved from the CSD. 
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A.1.5 Chapter 6 

 
Figure A-6: Side by side comparison of the structure of complex 46, and the 
previously reported structure of the same complex (CSD ref: MEBWIA),5 with 
hydrogen atoms omitted for clarity and ellipsoids drawn at 50% (no ellipsoids 
available in the cif file retrieved from the CSD). 

 

 
Figure A-7: Side by side comparison of the two polymorphs of 47, to show the 
extremely similar structure of these two molecules, with hydrogen atoms omitted 
for clarity and ellipsoids drawn at 50% probability. 
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 52 CUHQEB DOPHUL FOLMUP GAZDIU TAMJEW 
Ru-Cp 1.898 1.897 1.898 1.909 1.937 1.902 
Ru-P(1)  2.3180(7) 2.361(2) 2.3400(7) 2.3220(5) 2.350(2) 2.335(2) 
Ru-P(2) 2.3015(9) 2.350(2) 2.3269(8) 2.3316(5) 2.359(2) 2.316(2) 
Ru-C(1) 1.884(4) 1.84(1) 1.869(3) 1.859(2) 1.843(6) 1.843(6) 
C(1)-O 1.129(6) 1.16(1) 1.144(3) 1.149(3) 1.152(8) 1.148(7) 
P(1)-Ru-P(2)  84.30(3) 100.51(7) 99.47(2) 83.00(2) 82.80(6) 83.74(5) 
Ru-C(1)-O 175.4(3) 173.4(9) 174.2(2) 171.1(2) 168.2(6) 173.3(5) 

 
Table A-2: Selected bond lengths (Å) and angles (°) for the cation of 52, along 
with previously reported cationic half sandwich ruthenium diphosphine carbonyl 
complexes for comparison. Data retrieved from the CSD; CUHQEB 
([CpRu(dppr)(CO)]PF6),6 DOPHUL ([CpRu(PPh3)2(CO)]BPh4),7 FOLMUP 
([Cp*Ru(dppe)(CO)]PF6),8 GAZDIU ([Cp*Ru(dippe)(CO)]BPh4)9 and 
TAMJEW ([CpRu(dchpe)(CO)]OTf);10 all measurements, except for 52, are 
taken from cif files retrieved from the CSD. 

A.1.6 Chapter 7 

 
Figure A-8: Comparison of molecule 1 and molecule 2 of 53, showing the 
different dihedral angle between the phenyl and tetrazole rings. Both locations 
for the disordered tetrazole proton are shown, ellipsoids drawn at 50% 
probability. 

 14 16 1811
 35 61 FAXPUQ 

Re-N(1) 2.183(2) 2.20(1) 2.176(6) 2.170(5) 2.174(3) 2.172(3) 
Re-N(2) 2.175(2) 2.18(1) 2.173(6) 2.171(4) 2.176(3) 2.172(2) 
Re-C(11) 1.937(3) 1.95(1) 1.938(9) 1.971(5) 1.926(4) 1.931(3) 
Re-C(21) 1.934(2) 1.93(2) 1.919(7) 1.922(6) 1.926(4) 1.921(4) 
Re-C(31) 1.914(2) 1.94(1) 1.932(7) 1.932(5) 1.923(4) 1.925(3) 
Re-Cl 2.4827(5) 2.489(4) 2.460(2) 2.472(1) - - 
Re-N(3) - - - - 2.142(3) 2.140(3) 
N(1)-Re-N(2) 74.51(6) 75.3(4) 74.9(2) 75.2(2) 74.81(10) 74.6(1) 
N(1)-Re-Cl 85.76(5) 86.6(3) 85.7(2) 83.4(1) - - 
N(1)-Re-N(3) - - - - 85.73(10) 84.1(1) 
C(31)-Re-Cl 174.05(7) 174.5(4) 175.6(3) 175.0(2) - - 
C(31)-Re-N(3) - - - - 179.1(1) 178.2(1) 

 
Table A-3: Selected bond lengths (Å) and angles (°) for structurally 
characterised rhenium diimine tricarbonyl chloride complexes from this thesis, 
along with the solvato cation 61 and the previously reported solvato complex 
[(bpy)Re(CO)3(MeCN)]ClO4,12 CSD id; FAXPUQ.  
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A.2 Electrochemistry 

Below are reproduced the cyclic voltammograms of all metal complexes that were 

studied through electrochemical methods. These plots are provided in addition to the 

selected plots that were printed in the main body of the text. The plots have been divided 

according to the chapter in which the electrochemistry of the relevant molecule is 

discussed. 

Unless otherwise stated, all data was collected with a Pt electrode, in 0.1M 
nBu4NPF6/CH2Cl2 at 100 mV/s with an internal Me10Fc reference (-480 mV) reported vs. 

[Fc]/[Fc]+. 

 

A.2.1 Chapter 2 

  

 
Figure A-9: All CVs of complexes studied electrochemically in Chapter 2. 
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A.2.2 Chapter 3 
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Figure A-10: All CVs of complexes studied electrochemically in Chapter 3. 

 

A.2.3 Chapter 4 
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Figure A-11: All CVs of complexes studied electrochemically in Chapter 4, 
except for complex 34, many CVs were reported in the main text, along with a 
discussion of the unusual electrochemical response of 34. 

 

A.2.4 Chapter 6 

 

   
Figure A-12: All CVs of complexes studied electrochemically in Chapter 6. 
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A.3 Spectroelectrochemistry 

Below are reproduced the spectroelectrochemical plots for all metal complexes 

that were studied through spectroelectrochemical methods. The plots have been divided 

according to the chapter in which the spectra are discussed. 

Unless otherwise mentioned, all data was collected in an OTTLE cell, with 

CH2Cl2 solutions of the complexes containing 0.1 M nBu4NPF6 electrolyte. The cell was 

fitted into the sample compartment of a Thermo 6700 IR spectrometer (for Chapter 2 and 

3) or a Cary 600 FTIR Spectrometer (for Chapter 6), or Cary 5000 UV-vis-NIR 

spectrophotometer, and electrolysis in the cell was performed with either a PGSTAT-30 

or EmStat potentiostat. 

 

A.3.1 Chapter 2 
 

 
Figure A-13: Plot of the IR spectra of 2 during oxidation in an OTTLE cell, as a 
THF solution containing 0.1M nBu4NPF6, this spectra is very similar to that seen 
for a CH2Cl2 solution as described in the main body of the text. 
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Figure A-14: Plot of the IR spectra of 2, 2+ and 2 that were obtained during an 
oxidation/reduction cycle in the OTTLE cell as a THF solution. This is very 
similar to the spectra observed for CH2Cl2 solutions, and is described in the main 
body of the text. 
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Figure A-15: Additional plots obtained during spectroelectrochemical 
experiments performed in Chapter 2, plots shown in the main text are not 
reproduced here. 
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A.3.2 Chapter 3 
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Figure A-16: Additional plots obtained during spectroelectrochemical 
experiments performed in Chapter 3, plots shown in the main text are not 
reproduced here. 
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A.3.3 Chapter 6 
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Figure A-17: Additional plots obtained during spectroelectrochemical 
experiments performed in Chapter 6, plots shown in the main text are not 
reproduced here. 
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A.4 VT-NMR 

A.4.1 Chapter 4 

 
Figure A-18: Spectra obtained from a variable temperature 1H NMR study of 23. 

 
Figure A-19: Spectra obtained from a variable temperature {1H}31P NMR study 
of 23.  
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A.5 Theory 

A.5.1 Chapter 2 and 3 

 4 4´ [4´]+ 9 9´ [9´]+ 10 10´ [10´]+ 
Ru-C(1) 1.999(7) 2.008 1.94 2.017(6) 1.992 1.945 2.004(4) 1.998 1.986 
C(1)-C(2) 1.20(1) 1.236 1.248 1.225(8) 1.238 1.244 1.204(5) 1.237 1.24 
C(2)-C(15) 1.45(1) 1.419 1.408 1.444(9) 1.409 1.411 1.429(5) 1.414 1.406 
Ru-P(1) 2.291(2) 2.363 2.409 2.33(2) 2.367 2.415 2.289(1) 2.364 2.377 
Ru-P2 2.287(2) 2.371 2.425 2.326(2) 2.376 2.434 2.286(1) 2.373 2.381 
Ru-Cp 1.884(3) 1.984 2 1.905(3) 1.983 1.999 1.882(2) 1.984 1.984 
M-Cl - - - 2.474(2) 2.563 2.555 2.468(1) 2.54 2.397 
M-N(1) - - - 2.192(4) 2.207 2.208 2.109(3) 2.122 2.105 
M-N(2) - - - 2.183(5) 2.205 2.205 2.089(3) 2.116 2.102 
Ru(2)-Cp’ - - - - - - 1.777(2) 1.866 1.933 
Ru-C(1)-C(2) 177.1(6) 175.56 175.13 177.0(5) 174.53 174.21 173.2(3) 174.2 175.63 
C(1)-C(2)-C(15) 172.6(7) 177.38 177.79 166.1(7) 179.11 179.42 171.3(4) 179.13 178.06 
Cp-Ru-C(15)-C(14) 100.1 18.01 9.6 -176.94 -169.9 -166.91 174.25 -167.03 -144.62 
C5-C6-C8-C9 170.3(7) 179.68 -179.79 5.9(9) -0.57 0.71 1.8(7) -0.05 1 

 
Table A-4: Comparison of bond lengths (Å) and angles (°) for the theoretically determined structures and the crystallographically determined 
structures of 4, 9 and 10. 
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A.5.2 Chapter 4 

Compound 24●0.83C6H14
●0.17 CHCl3 

24’ 33 33’ 34’ 

Ru-C(1) 1.9975(16) 2.0076 1.979(4) 1.9897 1.9988 
C(1)-C(2) 1.224(2) 1.2370 1.221(6) 1.2406 1.2385 
C(2)-C(14) 1.428(2) 1.4169 1.417(6) 1.4043 1.4104 
Ru-P(1) 2.2683(4) 2.3430 2.2771(12) 2.3496 2.3440 
Ru-P(2) 2.2739(4) 2.3386 2.2714(11) 2.3418 2.3407 
M-N(1) - - 2.176(3) 2.1954 2.1220 
M-N(2) - - 2.164(3) 2.2071 2.1153 
M-Cl - - 2.4547(15) 2.5674 2.5456 
Ru(1)-C(1)-C(2) 179.37(15) 175.32 173.1(4) 175.88 176.33 
C(1)-C(2)-C(14) 171.17(17) 179.78 176.3(5) 178.73 178.09 
P(1)-Ru(1)-P(2) 83.902(15) 84.54 83.41(4) 83.67 83.59 
N(1)-C(12)-C(22)-N(2) -178.6(2) 179.45 -0.5(5) -0.20 0.67 
Cp-Ru-C(14)-C(13) -76.22 174.89 -136.93 173.02 164.09 

 
Table A-5: Comparison of bond lengths (Å) and angles (°) for the theoretically determined structures and the crystallographically determined 
structures of 24, 33 and 34. 
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