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Abstract 

Organometallic Complexes Featuring Oligo-Phenylene Ethynylene 

Ligands 

Wan Mohd Khairul Wan Mohamed Zin 

Durham University, 2007 

This thesis describes the synthesis and analysis of organometallic complexes that 

feature oligo-phenylene ethynylene based ligands. Chapter 1 introduces the general 

topic of molecular electronics and provides a general overview of the interest in 

phenylene ethynylene systems as foundation architectures for molecular wires. The 

role of metal complexes in molecular electronics and the application of the cluster -

surface analogy to the study of model systems is also described. 

Chapter 2 describes the synthesis of oligo-phenylene ethynylene pro-ligands of the 

general form Me3SiC=CC6~C=CC6~R (1-5), in which R is either an electron 

donor (Me, OMe) or acceptor (C02Me, N02, CN). The compounds were synthesised 

either via Sonogashira Pd/Cu cross-coupling reactions or via the nucleophilic attack 

of benzoquinones by lithiated acetylide anions and subsequent reduction. The 

desilylation of these compounds afforded the terminal alkynes 

HC=CC6H4C=CC6~R (6-10). Furthermore, the extended "three-ring" 1,4-

bis(phenyl ethynylbenzene) derivatives 

Me3SiC=CC6~C=CC6H4C=C6H4C=CSiMe3, 11 and 

Me3SiC=CC6~C=CC6(0Me)2(H)2C=C6H4C=CSiMe3 , 13 and the terminal alkyne 

HC=CC6H4C=CC6(0Me)2(H)zC=C6H4C=CH, (14) have also been prepared. These 

compounds were fully spectroscopically characterised and in the case of 14 the 

molecular structure analysis is discussed. 

Chapter 3 discusses the synthesis of the gold(l) oligo-phenylene ethynylene 

complexes The complexes were prepared by treating the ligands precursors 1-5 with 

AuCl(PL3) (L = Ph or Cy) in the presence of NaOMe to afford complexes 

Au(C=CC6H4C=CC6~R)PPh3 [R = Me (15), OMe (16), C02Me (17), N02 (18) and 
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CN (19) and Au(C=CC6H4C=CC6H4R)PCy3 [R =Me (20), OMe (21) and NOz (22)]. 

The "three-ring" complexes { Au(PPh3)} z(J.L-C=CC6IitC=CC6H4C=C6H4C=C), 23 

and {Au(PPh3)}z(J.L-C=CC6HtC=CC6(0Me)zHzC=C6H4C=C), 24 were also prepared. 

These complexes were spectroscopically characterised and molecular structural 

analyses reveal intermolecular interactions between the phenylene ethynylene 

portion of the molecules in the solid state, but not aurophilic interactions. 

Chapter 4 examines the synthesis of half-sandwich Ru(L2)Cp' [L = PPh3, Cp' = Cp ; 

L2 = dppe, Cp' = Cp*) acetylide complexes derived from simple phenyl, tolan and 

oligo(phenylene ethynylene) based acetylenes. The electrochemical properties of 

these complexes have been explored, as have some of the molecular structural 

details. 

Chapter 5 describes the synthesis of some cluster complexes. The gold acetylide 

complexes Au(C=CC6IitC=CC6H4R)(PPh3) react readily with Ru3(CO)w(J.t-dppm) to 

afford phenylene ethynylene derivatives Ru3(J.t-AuPPh3)(J.t-CzC6H4C=CC6H4-R)(J.t­

dppm)(C0)7 (38-42) in which the conjugated organic moiety is "end-capped" by the 

cluster and an R group that is either electron donating or withdrawing (R = Me, 

OMe, C02Me, N02, CN). The clusters 38-42 are linked to the hydride clusters 

Ru3(J.L-H)(J.L-CzC6H4C=CC6H4R)(C0)7 (36 and 37) through the well-known isolobal 

relationship between H and Au(PR3). In addition, the his-cluster {Ru3(J.t­

dppm)(C0)7 }z { (J.t-AuPPh3)}z(J.t-CzC6litC=CC6H4C=CC6H4Cz) ( 43) has also been 

prepared. All the clusters reported in this chapter were crystallographically 

determined. Structural, spectroscopic, photophysical and electrochemical studies 

were conducted and have revealed little electronic interaction between the remote 

substituent and the organometallic end-caps. 

Chapter 6 explores the novel, preparative scale stoichiometric transmetallation 

reactions involving the simple Au(C=CR)(PPh3) (R = Ph or C6H4Me) complexes. 

These gold(!) complexes have been treated with several inorganic and 

organometallic compounds MXLn [M= metal, Ln =supporting ligands, X= halide], 

to afforded the corresponding metal-acetylide complexes M(C=CR)Ln, with 

XI 



representative examples featuring metals from Groups 8-11. The acetylide products 

were fully characterised by usual spectroscopic methods including the molecular 

structural analysis. 

Chapter 7 concludes the general summary of the thesis and discusses briefly the 

findings achieved in each chapter and the vital role of oligo-phenyelene ethynylenes 

ligands in the construction of numerous organometallic complexes which show 

interesting and promising properties for the molecular wires development. In 

addition, further future work is also proposed on other systems that feature this 

ligands. 
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1.1. Introduction to Molecular Electronics 

Single molecules that have the ability or potential to be utilised as a self-contained 

electronic devices have attracted attention for the past few decades. It is a widely 

held hope that suitably functionalised molecules may be able to not only act as 

electronic components on a miniature scale but might also provide routes to novel 

device architectures. Amongst the most profound of the early investigations lies the 

work of Aviram and Ratner in 1974. They are arguably responsible for invigorating 

the field of molecular electronics by first proposing a unimolecular rectifier based on 

a Donor-Acceptor (D-A) architecture. 1 However, this proposal was premature in 

terms of both the chemical synthesis of such rectifying molecules and the fabrication 

of a device from these molecules, which involving the vertical stacking of molecules 

to give nanometre-scale thick organic monolayers sandwiched between two metal 

electrodes; such careful control over the bulk assembly of molecular was incredibly 

technically challenging at the time. 

Fortunately developments in chemical synthesis and self-assembly methods have 

enabled these challenging experiments to be carried out in more recent times. For an 

example in 1997, Metzger and eo-workers realised rectification through Langmuir­

Blodgett (LB) multilayers and monolayers of hexadecylquinolinium 

tricyanoquinodimethanide. 2
•
3 Later Read found that instead of using LB films, the 

proposed conjugated oligomers with precisely controlled lengths as molecular 

devices using self-assembly techniques. Nevertheless, to electrically contact these 

functionalised rigid-rod conjugated oligomers with lengths on the order of nanometre 

is technically challenging. 4 

However, whilst the unimolecular rectifier project was arguably the starting point for 

much molecular electronics research in the later decades of the 201
h Century, other 

applications and molecular electronic functions have emerged in more recent times. 

At the time of writing, the most widely investigated roles for the electronic properties 

of molecules within devices are: molecular wires, in which a molecule acts as a 

conduit for charge that is more effective than the transmission through space; 5 
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molecular memories and signal processing, in which the electronic properties of a 

molecule are influenced by a a secondary property such as a non-linear optical effect, 

to permit signal processing and readable memory applications, 6
'
9 as a cheaper 

alternative materials to conventional solid state semi-conductors, in which the 

electronic properties of the bulk material is exploited to perform function. 10
'
11 Of 

these various roles and applications, exploration of use of molecules as wires, which 

are the simplest of electrical devices is particularly suited to the development of 

some fundamental understanding and techniques required for the realisation of 

molecule-scale electronics. 

Several types of molecules have been suggested as 'molecular wires' and they all 

have the same key requirements. The most obvious is that they have to be electron or 

hole conducting in order to carry a current through the circuit. Thus the wire provides 

a pathway for transport of the electrons from one reservoir to another that is more 

efficient than electron transport through space. A molecular wire therefore may be 

defined as a 'one dimensional molecule allowing a through-bridge exchange of an 

electron/hole between its remote ends/terminal groups, themselves able to exchange 

electrons with the outside world.' 12 Some of the molecules that have been examined 

to as potential molecular wires are porphyrin oligomers, 13
•
14 nucleic acid strands, 

15
•
16 carbon nanotubes 17 as well as conjugated organic molecules 18

'
19 and redox­

active metal complexes. 20 

Quantification of the properties of a wire has been approached in different ways that 

generally depend on the technique used to analyse the wire properties. Measurements 

have been carried out of the rate of electron transfer across the wire using 

spectroscopic techniques, whilst techniques employing a Scanning Tunnelling 

Microscope (STM) (Figure 1.1) have been used to obtain current-voltage 

characteristics and to classify wires as metallic or semiconducting. Conjugated 

molecules, comprising alternating single and double (or triple) carbon-carbon bonds, 

can conduct electrons through their 7t-system, and this has been the basis of many 

wires. The wire must also be linear and of a defined length in order to span the gap 

between two compon~nts in the circuit. 21
•
22 
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Mechanically controllable break junctions were originally used to study conductance 

quantisation. Reed and eo-workers were the first to apply this technique to measure 

electronic transport through a single benzene-1 ,4-dithiol molecule. 4 Kergueris and 

eo workers employed a fabricated break junction to study transport through 

oligothiophene molecules. 23 A vertical electrode method, which was first developed 

by Rails, 24 was applied by Zhou to study 4-thioacetylbiphenyl molecules. 25 This 

technique realises the direct and robust metal-molecule contacts and allows for the 

variable temperature measurements, leading to the further understanding of metal­

SAM contacts. 11
•
26 Nevertheless, the issues surrounding the contribution of the 

metal-molecule contact to the overall function of a molecular electronic device 

remains a topic for lively debate and intense investigation. 

Meanwhile, the discovery of the scanning tunnelling microscope (STM} opened a 

new horizon for the study of molecular scale electronics. (Figure 1.1) This device is 

used for imaging, probing and manipulation of the single molecules. 5
•
27

.2
8 For an 

example, the first demonstration of conductivity measurements using scanning 

tunnelling microscope (STM}.was carried out by Bumm and eo workers who used 

the STM to measure electron transport through individual molecules (or perhaps 

bundles of molecules) which were isolated in an insulating alkanethiol matrix. 

Control wltages for plezotube 

and display 

Figure 1.1. The design of Scanning Tunelling Miscroscope (STM}. 29 
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To improve contact between the molecules of interest and the STM tip a metallic 

nanoclusters, usually gold, have been self-assembled on top of the conjugated 

molecules of interest by Dorogi 30 and many others. 31
-
33 In this way, for example, the 

!(V) characteristics of xylene-dithiol has been determined using a STM tip placed 

above gold cluster on a xylene-dithiol SAM covered gold surface. An intriguing 

avenue of current research is centred on the synthesis and properties of "insulated" 

molecular wires, in which a p-conjugated "core" is contained within a sheath of 

saturated organic material. 34
-
38 

In addition to research focusing on the electrical characterisation of conducting 

molecules, investigations of molecules with the ability to behave as switches have 

been ongoing for a considerable period of time. These lines of investigation were 

probably inspired by the idea of controlled current flow (rectification) developed by 

Aviram and Ratner 1 in 1974, which was elaborated upon by Aviram who proposed a 

molecular spiro switch in 1988. 39 Hopfield and eo-workers also developed a 

molecular shift register to be used in molecular electronics memories. 40 Molecular 

switching concepts are now well developed with much of the work being directed 

towards the use of a controlled change in molecular geometry, and hence conjugation 

pathways, to influence the conductivity of the molecule in question. 41
-
45 

Recently, there are growing number of research project involving the experimental 

results on switching and memory behaviour been reported in memory devices. 

Collier and eo workers have reported irreversible switch with a low current density 

involving LB film. 46 

The combination of these molecular elements of wires, switches and memories to 

create nanoscale devices with more complex functionality is the next step in the 

further development of molecular electronics. Nevertheless, the production of new 

molecular materials for applications in the various areas summarised by the term 

"molecular electronics" is an on-going and challenging process. 
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1.2 Oligo(phenylene ethynylene)s 

One interesting branch of molecular electronics concern the properties and 

applications of rigid-rod, n-conjugated systems such as the 1,4-

bis(phenylethynyl)benzene (BPEB) derivatives (Figure 1.2), and related oligomeric 

derivatives (OPE). These compounds which feature acetylenic substructures, display 

interesting structural, electronic, non-linear optical and luminescent properties. 

Similar motifs have attracted considerable attention in recent years as a conduit for 

electronic effects between molecular probe groups and consequently as a potential 

molecular framework from which to construct a range of molecular components for 

electronics. 4
'
47

-
54 

Q-c=c-Q-c=c-Q 
Figure 1.2. 1 ,4-bis(phenylethynyl)benzene. 

The conjugated n-system offered by ethynyl-aromatic structures, such as 1,4-

bis(phenylethynyl)benzene, has led to the development of molecular wire 

architectures and these fascinating properties may be directly attributed to the 

extended, linear n-conjugation along the principal molecular axis. 5
•
55

•
56 The concept 

of molecular switching through control over the relative orientation of the phenylene 

rings has been hotly debated in the literature, 50
•
57

-
64 with the low energy barrier to 

rotation proving to be a challenging obstacle that is yet to be overcome. 65 

One major advantage of building electronic devices based on OPEs is that these 

conjugated organic molecules can be prepared with a precise length by exploiting a 

range of known organic chemical reactions in their synthesis. For an example, not so 

long ago, Tour prepared an OPE that has a length of 128 A (Figure 1.3). 52 

C12H2s 

Et
2
N

3 
( A ·~ C=CL SiMe

3 \\=!- J;; 
Figure 1.3. An example of an oligo(phenylene ethynylene) (OPE). 52 
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In principle, oligomers are synthesised by joining one molecular unit repeatedly to 

itself a few times. This repeated unit is the equivalent of the unit cell in the solid state 

and is referred to as a monomer. Different from the more commonly encountered 

polymers that generally consist of strands of large molecules with varying length, 

structure and morphology, oligomers are synthesized as precisely controlled 

processes producing well defined chains. 66
'
67 In conjugated oligomers, in addition to 

the a-framework that establishes the structure of molecules, 1t electrons are 

delocalized along the molecule. Within the context of single molecules for 

electronics, the best known example of conjugated oligomers are phenylene 

ethynylenes derivatives system that feature wire-like properties.49
,
68

-
76 

The preparation of conjugated molecules of defined length and constitution is vital 

for the realisation of both molecules and polymers suitable for use as materials for 

molecular-scale electronics, organic luminescent devices, and nonlinear optical 

(NLO) media. 77
'
78 The ability to tailor organic molecular structure using organic 

synthetic techniques provides great versatility to modulate the properties of these 

molecules toward various applications. Conjugated oligomers of precise length and 

constitution have received considerable attention both as models for analogous bulk 

polymers and as candidates for molecular wires and molecular scale electronic 

devices. 79 Shape persistent oligo(phenyleneethynylenes) (OPEs) appear especially 

attractive for their excellent main-chain rigidity and interesting electronic 

characteristics. Several synthetic methods including solution and solid phase 

synthesis have been reported for preparing oligophenyleneethynylenes. The most 

common apparoach is through the reaction of a terminal alkyne with an aryl halide 

via a Sonogashira cross-coupling reaction 80 or by use of the benzoquinone carbon 

centres. 81
-
84 In most of the reported methods, isolation of environmentally sensitive 

terminal alkynes or bis(terminal alkynes) for use as intermediates is necessary, 

although protecting group strategies are becoming more widely employed. 85
-
87 
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1.3. The Role of Metal Complexes in Molecular Electronics 

Once the wire has been synthesised the key problem is how to attach this wire into a 

system in which it can be tested and eventually integrated into a circuit. In addition 

to the methods outlined above, the incorporation of transition metals which poses 

different redox state at each end of the molecular wire candidate can also allow the 

concept of "conductivity" of the wire to be tested thoroughly as shown in Figure 1.4. 

The best studied examples are dinuclear transition metal complexes. 12 

Bridge 

I Q-0'' -Ru-N _' ~ /; ----

1 repeat unit 
End group 
(redox site) 

----~N-~u-
~-\\/. I 

Wire 

End group 
(redox site) 

Figure 1.4. Schematic illustration of a molecular wire incorporated into a mixed 

valence system. 88 

The metal centres act as donor and acceptor sites for electrons transfer across the 

bridge or wire. These donor-bridge-acceptor systems have the advantage of 

generating the electron in-situ so there is no need to connect the molecule to a 

macroscopic system. The key requirement is that there is good overlap between the 

d-orbitals of the metal and the n-orbitals of the bridging segments so that there is 

delocalisation from one metal to the other, allowing the transfer of the electrons. 

However, the rate at which these electrons are transferred can be related to the 

properties of the wire for an example, the length and the degree of conjugation. 88 

The properties of these mixed valence systems is usually assessed by analysis of the 

inter-valence charge transfer transition that results from photo-induced electron 

transfer between the two end units. The timescale of the transition and intensity and 

shape of the absorption band provides quantitative information on the extent 

coupling between the two metals, which can provide information relate to the 

efficiency of the wire. 21
'
89

-
91 Needless to say a wide range of bridging ligands 

including polyenes, polyynes and polyphenylenes have been studied for their 

electron transfer (ET) ability between two redox active metals. 
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Creutz and Taube are the pioneers in the field of mixed-valence metal complex, 

through their detailed studies of what is now known as the Creutz-Tau be ion (Figure 

1.5) 92
•
93 The ion has overall 5+ charge, with one ruthenium nominally in the 2+ 

oxidation state and the other in 3+ state. The interpretation of the electronic spectra 

of this mixed-valence (MV) compound has led to a greater understanding of the 

electron transfer process. Of the many conclusions that can be drawn, critical to the 

design of metal complexes for use in molecular electronics is the recognition that the 

coupling between the metal d-orbitals and the p-orbitals of the bridge is largely 

responsible for the magnitude of the bridge-mediated interaction between the metal 

centres. 

Figure 1.5. The Creutz-Taube ion. 92
·
93 

In seeking to design complexes which display strong metal-metal interactions metal 

acetylide complexes have come under close scrutiny as a result of the sensitivity of 

the metal-acetylide p-bonding interactions to both the nature of the metal and the 

acetylide substituents. 94
-
97 Consequently, the chemistry of metal complexes featuring 

alkyne and acetylide ligands which poses rigid-rod backbone, high stability and 

possible 7t-conjugation along the long molecular axis has long been thought useful in 

molecular electronics. 98
-
103 Some metal alkynyl complexes offer additional useful in 

physical properties including liquid crystallinity. 104
-
108 

It is has been demonstrated that physical properties of the metal acetylide polymers 

especially in oligo(phenylene ethynylene) derivatives may posses the extended 7t­

conjugation along the polymer backbone due to the overlap of metal d1t and alkyne 

p7t orbitals, thus, these polymers may have similar optical and electronic properties to 

the conjugated organic polymers. 101 This in turn motivates the design of new 

monomeric models in order to evaluate the 'communication' between two metal 

centres, 'Ml' made possible by an organic bridge (Figure 1.6a), according to the 
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nature of the metal-bridge linkage. The influence of an additional metal fragment 

'M2' in the conjugated organic chain (Figure 1.6b) on the properties of these 

systems is also bring a great interest. 109 

Organic Bridge 

I 
M1----c=:=J-M1 

(a) (b) 

Figure 1.6. The simple schematic diagram of the representation design of 

monomeric model for metal-organic linkage. 

As discussed above, the arylene ethynylene motif has attracted considerable attention 

in recent years as a conduit for electronic effects between molecular probe groups, 

and consequently as a potential molecular framework from which to construct a 

range of molecular components or materials for electronics, 110
-
112 or optic 

applications. 113
'
114 Most of the studies in which the phenylene ethynylene motif has 

been incorporated with organometallic and inorganic molecular probes have 

concentrated on the properties of mono-metallic species, and take advantage of the 

energy or electron transfer events, or magnetic interactions, that can be observed 

between the metal termini as a means of assessing the metal-ligand interaction, and 

hence provide a prelude for studies of the efficacy of organic bridge as a conduit for 

these processes. 115
-
118 Similar monometallics moieties have been incorporated with 

conjugated phenylene ethynylene ligands for use in the production of 

metallopolymers. 99
•
119

•
120 whilst in the case of gold(!) complexes, the linear 

coordination chemistry, together with the linearity of the C=C bond in alkynyl 

ligands, make alkynylgold(l) complexes attractive candidate for the design of linear­

chain metal containing polymers with the extended backbone electronic conjugation. 
121 Multimetallic end-caps to phenylene ethynylene moieties, especially those larger 

than 1 ,4-diethynyl aromatics, are, however, less common. 
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1.4. Introduction to Metal Carbonyl Cluster Chemistry 

Although many studies have been directed towards understanding the molecular 

factors that might influence the wire-like properties of ethynyl aromatic structures, 

much less is known about the metal-molecule interface which is critical to the 

interface of molecular components with the macroscopic world. While the cluster­

surface analogy has fallen into disuse, transition metal clusters do offer convenience 

structural models of binding of molecules to surfaces. 122·123 The binding of alkyne 

derivatives to clusters is different from the mononuclear metal centres and the novel 

structures that formed may give clues for the surface chemistry. For an example, 

some time ago Adam and eo-workers carried out some investigations of the cluster 

chemistry of a simple phenylene ethynylene derivative and the reported results of a 

study of the binding modes of a thiol terminated 1 ,4-bis(phenylethynyl)benzene to 

osmium clusters. 124 

Carbon chain complexes with cluster capping groups usually involve the terminal 

carbon atom of the chain being attached to all three metal atoms by between one and 

three cr-type bonds, the 113-11 1 mode (Figure 1.7a). Such capping groups include 

M3(Jl-H)3-(C0)9 (M= Ru, Os), Co3(C0)9 and M3Cp'3 (M= Co, Rh, Ir; Cp' = Cp, 

Cp*). However there are far fewer examples of complexes in which a Cn chain is 

attached by two of the carbon atoms in a 113-113 mode (Figure 1.7b). 

AilCR 
M M 

M 

~CR 
M~ 

(a) (b) 

Figure 1.7. The attachment of terminal carbon to the metal atoms by (a) 113-111 mode 

and (b) 113-113. 

Numerous di- and tri- metal carbonyl complexes are known to react readily with 

alkynes to give heteronuclear complexes. 125•126 Thus, the poly-ynediyl M-(C=C)n-M 

and polyynyl complexes M-(C=C)n-H are becoming precursors for cluster 

compounds containing a one dimensional carbon chain, with adduct formation 
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typically occumng at the least hindered alkyne linkage. 127 This interaction to 

multiple metal centres serves to stabilise the unstable poly-ynyl compounds. The 

common route of the formation of these clusters is via initial formation of 112 -alkyne 

complex, which subsequently interacts with other metal atoms of the cluster, and 

therefore attached to the all three metal atoms. Bruce and eo-workers have 

demonstrated this initial formation of a 113-112 -alkyne cluster and subsequent 

hydrogen migration to the cluster to give a hydrido-alkynyl complex. 128 To give a 

wide idea about the mechanism, Scheme 1.1 shows an example of this procedure. 

The reaction between Ru3(C0)10(NCMe)2 with the C4 complex 

W(C=CC=CH)(C0)3Cp afforded the 113-alkyne complex, Ru3{!l3-T]2-

HC2C=C[W(C0)3Cp] }(Jl-CO)(C0)9 in 40 % yield. 129 The bridging CO ligand was 

easily identified in the IR spectrum as a weak band at 1879 cm-1, while in the 1H 

NMR spectrum of (=CH) proton was observed at 8 7.86 ppm. This complex was 

readily converted into the corresponding hydrido-alkyl cluster, Ru3(Jl-H){Jl3-

C2C=C[W(C0)3Cp]}(C0)9 by briefly heated at reflux in benzene (Scheme 1.1). The 

1H NMR spectrum of this complex contained the metallohydride resonance at 8-
129 20.33 ppm. 

HC===C-C=C-W(COhCp 

C6H6/reflux 

/c 

_....W(COhCp 
~c 

t~l(CO), 
(OC)JRu I /Ru(COh 

H 
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The isolobal nature of the hydride and the { Au(PR3)} + species has enabled the 

rational synthesis of new gold containing clusters in which the cluster cores differ 

structurally from examples such as those shown in Scheme 1.1 only by the 

replacement of the hydride ligand by the { Au(PR3)} + moiety. 130
'
131 Therefore the 

reaction between Ru3(l!-dppm)(C0) 10 and Au(C2Ph){P(tol)3} in THF has afforded 

the heteronuclear cluster of AuRu3(l!3-C2Ph)(l!-dppm)(C0)7{P(tol)3} in 92 % yield 

as shown in Scheme 1.2. 132 

Ph-C=C-AuP(tolh 

THF t-. 

/Ph Ph2 

1-;ft;p/ 
(OC),~Ru(cOJ!'Ph, 
\I 

Au 
\ 
P(tolh 

Scheme 1.2. The preparation of AuRu3(l!3-C2Ph)(l!-dppm)(C0)7{P(tol13. 132 

Complexes containing more than one cluster located at the termini of a linear 

conjugated ligand may serve as mimics for molecular wires suspended between two 

macroscopic interfaces. Such species have been prepared by reacting poly-yne 

species with greater than one equivalent of the metal carbonyl. For instance, the 

reaction between Ru3(l!-dppm)(C0)10 and {Au[P(tol)3]}2{l!-C=CC=C) in THF 

generated a mixture clusters of {AuRu3(C0)9[P(tol)3]}2(l!3, l{l-13, 112-C2C2) and the 

monocluster complex AuRu3{l!3, 112-CzC=CAu[P(tol)3]}(C0)9{P(tol)3} in 10 and 31 

%yield respectively (Scheme 1.3). The 31 P NMR spectra contained signals at o 59.9 

ppm for the symmetrical di-cluster complex and at o 40.0 ppm and 59.5 ppm for 

C=CAu {P(tol)3} and Ru3Au {P(tol)3} respectively in mono-cluster complex. 133 
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(tolhPAu-C=C-C=C-AuP(tolh 

Scheme 1.3. The preparation of AuRu3(C0)9[P(tol)3]}2(Jl3, 1{Jl3, 112-C2C2) and the 

monocluster complex AuRu3 {Jl3, 112 -C2C=CAu[P(tol)3] }(C0)9 {P(tol)3. 133 

In this thesis, reactions of terminal alkynes and gold(I)tripheylphosphine of 

oligo(phenylene ethynylene) ligands with Ru3(Jl-dppm)(C0) 10 are described and 

these clusters are fully characterised spectroscopically, structurally and investigations 

of their photophysical and electrochemical properties are also have been carried out. 

1.5. The Aims and Objectives of the Thesis 

While the preparation of a simple metal complexes containing conjugated ligand 

system that feature one aryl groups are widely developed, there are few examples of 

complexes featuring oligo(phenylene ethynylene ligands. The most general aim of 

this thesis is to explore the synthesis, characterisation and properties of conjugated 

molecular systems featuring different metal groups and oligo(phenylene ethynylene) 

as ligands. The studies described herein include the synthetic approach, 

spectroscopic characterisations, photophysical properties, crystallographic studies, 

and in some cases computational studies will be described. 
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Chapter 2 of the thesis presents a discussion of the preparation and characterisation 

of the oligo(phenylene ethynylene) pro-ligand. These pro-ligands have been prepared 

. by typical Sonogashira Pd/Cu cross-coupling reaction or via the electrophilicity of 

carbonyl carbon centres in benzoquinone. In addition, different e_lectron donating or 

withdrawing groups are also have been introduced and the capacity of the OPE 

fragment to transmit this electronic information to the remote metal centre is 

investigated. The effect of the length of the molecular backbone has also been 

investigated. Thus, the synthesis of the extended "three-ring" ligands derived from 

the prototypical 1 ,4-bis(phenyl ethynyl)benzene is also described. 

In Chapter 3 the use of the pro-ligands in the preparation of gold(!) phenylene 

ethynylene complexes with phosphine co-ligands (PPh3 and PCy3) will be presented. 

The structures of these complexes in the solid state have been determined, along with 

their photophysical properties which can be compared with the properties of simpler 

conjugated systems. 

Chapter 4 details the chemistry of ruthenium complexes, and contains details of the 

electrochemistry of the complexes that containing these OPE ligands. By the 

attachment of the electron rich Ru(PPh3) 2Cp and Ru(dppe)Cp* fragments to the OPE 

based fragments, a new series of redox active complexes has been prepared. The key 

idea is to investigate the role of the. molecular backbone of the ligands and the 

influence of various electron donating and withdrawing groups in these properties. 

The Chapter contains details of electrochemical studies (cyclic voltammetry), IR 

spectroelectrochemistry, UV -vis-NIR spectroelectrochemistry, and DFT calculations 

studies for selected complexes. 

In Chapter 5, several complexes in which clusters containing bridging hydride 

ligands "end-cap" the phenylene ethynylene motif have been prepared: The isolobal 

analogy of hydride and (AuPR3) has also led to of the preparation of similar clusters 

with a j.l-Au(PR3) centre to be prepared. These clusters have been fully studied 

spectroscopically and structurally. Further studies electrochemical and photophysical 

methods are also described. The results obtained have been compared with those 
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from the ligand precursors and the role of the clusters core as well as the ligands in 

the molecular structure revealed. 

Transmetallation is a process of increasing importance in the area of transition metals 

in organic synthesis, but has been a little studied and poorly understood. In the final 

chapter (Chapter 6) of the thesis, the readily availability complexes 

Au(C=CR)(PPh3) (R =Ph, or C6H4Me) have been used in the preparation of several 

acetylide complexes, via transmetallation of the acetylide fragment from gold. In 

addition, simple reactions have been carried out to investigate the mechanism 

involved in the formation of these complexes. 
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Chapter 2. 'Syntheses and Characterisation of Conjugated Oligo-phenylene 

ethynylenes As Ligands' 

2.1. Introduction 

Long 'rigid-rod' orgamc molecules with extended n-conjugated systems are of 

considerable interest within the fields of both molecular materials for electronics and 

also molecular electronics, 1 due to their numerous potential applications as 

components within electrical circuits. These applications include not only use as 

molecular wires and switches, taking advantage of the extended linear n-conjugated 

framework, but also as emitting components within light-emitting devices and as 

lumophores in sensors, particularly in the case of molecular materials containing 

aromatic moieties with the extended n-framework, due to the efficient photo­

excitation and luminescent decay often associated with such systems. 2
-
7 Although 

much of the work with "wire-like" molecules described to date has been concerned 

with materials derived from 1,4-bis(phenylethynyl)benzene, 8
-
18 there is a rapidly 

growing body of work associated with longer phenylene ethynylene derivatives 

which are suitably functionalised to allow the assembly of multi-nanometre long 

molecules onto metallic or semi conducting surfaces. 19
-
23 These very long, 

chemically well defined species, the associated metal-molecule-metal test structures 

that can be constructed from them and the measurements of "through-molecule" 

conductivity (i.e. molecular wire-like properties) represent the cutting-edge of 

molecular electronics research. 

Before being classified as "molecular wires" candidate molecules must meet the 

same requirements needed to act as a wire at the macroscopic level. In other words, 

whilst molecular wires can in principle be sub-classified as either electron­

conducting or hole-conducting, the essential criterion is that the molecular 

framework is able to carry a current through the circuit. Thus the wire provides a 

pathway for transport of electrons (or holes) from one reservoir to another that is 

more efficient than electron transport through space. 14
•
24

-
28 For purely practical 

reasons, many workers have chosen to impose other critical requirements on 
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molecular wire candidates. These include demands that the candidate molecules must 

be linear and of a known, finite and specified length in order to facilitate fabrication 

of test devices in which the candidate molecules span a well-defmed gap between 

two components in the circuit. Issues of how the molecular wire candidate will be 

attached to interfaces with the macroscopic world, usually a metallic or semi­

conducting surface, must also be addressed. 

Whilst numerous and diverse molecular scaffolds have been designed, synthesised 

and tested in a variety of contexts as molecular wires, 4
•
7

•
19

•
21

•
29

-
30 including those 

which can be considered as possessing an integrated insulating sheath. 31
•
32 Arguably 

the most prototypical examples all posses a delocalised n-electron system based on 

linear carbon-rich strings comprised of alternating single and double or triple carbon­

carbon bonds. 19
'
33

-
37 

However, for synthetic simplicity instead of using conjugated linear carbon chains 

for the construction of the wires, chains of various aromatic rings linked by acetylene 

units, for example oligo(1,4-phenylene ethynylene) derivatives, 38
-
41 have been 

perhaps the most widely studied systems. These studies of generic arylene 

ethynylene based molecular wires have provided the incentive for the preparation 

and study of more elaborate molecules of nanometre proportions in what amounts to 

a synthetic tour de force of acetylene chemistry. 22
•
23

•
42 

In order to ensure that molecular wires can be attached to the metal surfaces, so­

called 'molecular alligator clips' are often introduced to each end of the molecular 

wire. 43
-
46 The most common example of these molecular alligator clips are thiols, 

which form gold-thiolates on exposure to gold surfaces. 4748 This chemical 

attachment of the wire to the metal surface, the nature of which is still not fully 

understood, nevertheless does provide a dramatic increase in "through molecule" 

conductivity. 49
-
52 However thiols are oxidatively unstable and the optimal method of 

assembling thiols onto gold surfaces is likely to be via an in-situ deprotection 

approach. 53
-
55 Research into other methods of molecule-metal attachment has also 

been carried out. 56 Very recently, Langmuir-Blodgett assembled films of 1,4-
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bis(phenylene ethynylene) derivatives featuring carboxylic acid, nitrile and amine 

surface binding groups have attracted attention. 57
•
58 Common to all of the "alligator 

clips" is the desire to allow the molecular wire to be more or less firmly attached to 

two electrodes so that a current can be passed efficiently. This is then allows the 

direct measurement of the conductivity of a molecular wire, which has become 

possible with the development of methods involving the use of the Scanning 

Tunnelling Microscope (STM), 19
•
59

-
63 break-junctions 64

-
67 and nano-pore 

assemblies. 68
-
72 

Before discussion of the results contained in this thesis, it is important to summarise 

the key synthetic methodologies that underpin the preparation of oligo(phenylene 

ethynylene) based molecular materials. Whilst there are many synthetic methods 

available for the preparation of acetylenes, 73
-
75 including oligo(phenylene 

ethynylene) derivatives, the most common approach used at the present time 

involves the Sonogashira Pd0 /Cu1 catalysed cross-coupling reaction. Phenylene 

ethynylene oligomers are often prepared from iodo- or bromo arenes and the terminal 

acetylenes by application of the Sonogashira cross-coupling protocol. 9
•
74

•
76

-
79 

However, the introduction of different acetylenic substituents around a single 

aromatic core can involVe tedious, often multi-step synthetic strategies based on the 

use of an excess of dihalo arene, necessitating chromatographic separation of the 

product from the unreacted reagent, (Scheme 2.1) 80 or chemospecific reaction 

sequences ofiodobromobenzenes, for an exaples is shown in Scheme 2.2. 34
•
54

•
81

-
85 

+ 1-o-1 
3 equivalent 

2 % PdCI2(PPh3h/ 2 % Cui 

;Pr2NH 
02N-Q-c=c-Q-1 

Scheme 2.1. The use of excess dihaloarene often involves tedious chromatographic 

separations. 80 
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1) t-BuONO 
BF3.0Et2 

2) Nal, 12 62% 

TMSA 

PdCI2(PPh3h, Cui 
TEA, THF 95% 

N02 

Acs-Q-c=c-0-c=c-siMe3 

Scheme 2.2. Synthesis of mononitro compound which involving regiospecific 

reaction sequence ofiodobromobenzene. 81 

Alternatively, a linear synthetic route requiring functional group inter-conversions to 

give halide (preferably iodide) derivatives for further cross-coupling reactions can be 

employed as shown in Scheme 2.3. 34 

. N0
2 

H2N-O-Br 

N02 1) t-BuONO 
TMSA, Pd(dbah A BF

3
.0Et

2
, _30·c 

PPh3, Cui, RT, 71 % H2N~C=C-SiMe3 -----
2) Nal, 12 69% 

Scheme 2.3. An example of synthetic route to the conversion of the amine group to 

the iodide. 34 

Fortunately, there is an alternative way of preparing series of compounds which 

make use of the electrophilicity of carbonyl carbon centres in quinones. 97
-
99 The 

protocol is believed to be simple and cost effective, and is readily adapted to the 

preparation of both symmetric and differentially substituted materials. The addition 

of diones, naphthaquinone and anthraquinone to tow molar equivalent of 

trimethylsilylacetylide readily afforded the corresponding enediols which obtaines as 

a mixture of syn and anti in an approximately 1 :2 ratio. Both isomers are readily 

reduce by tin(II) chloride followed by reduction as shown in the Scheme 2.4. 86 
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0.5 equiv.of A, 8 or C 

KF/MeOH 

o=(}=o {} 0 0 

/; 

A 8 c 

Scheme 2.4. The synthesis of diethynyl aromatic compounds from the aromatic 

diones A, B, and C. 86 

Another umque characteristics of this sequence is introduced by the sequential 

reaction of the lithiated acetylides that allows the rapid assembly of the carbon 

skeleton of differentially substituted 1 ,4-bis( ethynyl)diols in one-pot, with 

subsequent reduction affording the dialkynyl aromatics. 

This method of synthesis of phenylene ethynylenes, has proven to give better yield 

result than the typical Sonogashira Pd/Cu cross-coupling reaction. For an example, 

the subsequential reaction of 1 ,4-benzoquinone with lithium phenylacetylide 

followed by lithium trimethylsilylacetylide gave trimethylsilyl ethynyl tolan in 61 % 

overall yield. 86 In contrast as the sequence of Sonogashira Pd/Cu reactions with 1-

bromo-4-iodobenzene only managed to obtain 53 % overall yield. 44 

In this thesis, the syntheses of phenylene-ethynylene oligomer were prepared by 

Sonogashira Pd/Cu cross-coupling reactios via the nucleophilic attack of the 

benzoquinone by lithialated anions, and subsequent reduction of the intermediate 

diols formed has been undertaken. 

One of the general atms of this project was to investigate the propagation of 

electronic effects from a donor or acceptor group located at one end of an oligomeric 

(phenylene ethynylene) based structure to an organometallic group located at the 
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remote terminus. This Chapter describes the synthesis and characterisation of the 1 ,2-

diphenyl acetylene [tolan] and 1,4-bis(phenylethynyl) benzene [BPEB] derivatives 

that underpin the synthetic work in this Thesis. 

2.2. Result and Discussion 

2.2.1. Syntheses 

The trimethylsilyl-protected ethynyl tolan derivative 1 is available via a simple 

synthetic route involving the sequential reaction of lithium tolylacetylide and lithium 

trimethylsilylacetylide with benzoquinone and reduction by SnCh of the mixture of 

mesa and anti diols thus formed. Compound 1 was obtained as cream-coloured solid 

in 63 % yield (Scheme 2.5). 

i) -78°C 

o==C)=o u-c=c-Q-Me 

ii) rt 

U-C=C-SiMe3 

iii) NH4CI(aq) 

Me3Si-C=cD-c=cD-Me 

(1) 

HC=cD-c=cD-Me 

(6) 

Scheme , 25~' Synthesis of compound '1 via bertzoquincme · nucleopliilic att'ack 

followed by desilyation to afford terminal alkyne 6. 
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However, following the development of conditions that permit the multi-gram scale 

preparation of 4-(trimethylsilyl ethynyl)phenyl acetylene, 34•87
•
88 it proved possible 

and expeditious to utilise this compound as a key building block in the assembly of 

other ethynyl tolans 2-5 (Scheme 2.6). The PdCh(PPh3)2/Cui catalysed cross­

coupling reaction of 1-trimethylsilylethynyl-4-ethynylbenzene with a range of aryl 

halides carried out in refluxing NEt3 afforded ethynyl tolans featuring substituents 

with various electron withdrawing (C02Me, N02, CN) or donating (OMe) properties. 

In each case the progress of the reaction was monitored by spot TLC and when 

judged complete, the reaction mixtures were purified by conventional or flash 

chromatography on silica and/or recrystallisation from hot toluene. The yellow 

compounds 2-5 were obtained in 50-90 % isolated yields. 

+ 

Hai-Q-x 

Ha I = I, X = OM e. 
Hal = Br, X= C02Me, N02, CN. 

Me3Si-c=c-Q-c=c-Q-x 
(2-5) 

Hc=c-Q-c=c-Q-x 

(7-10) 

Scheme 2.6. Syntheses of compounds 2-5 via Pd/Cu Sonogashira cross-coupling 

reaction followed by desilyation to afford terminal alkynes 7-10. 

Compounds 1-5 were desilylated at room temperature by reaction with K2C03 in 

MeOH. The reaction mixture was partitioned between H20/diethylether and dried 

over MgS04 to afford terminal alkynes 6-10 as cream and yellow solid in 50-90% 

yield. 
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X= SiMe3, R =Me (1) 
= SiMe3 R = OMe (2) 
= SiMe3' R = C02Me (3) 
= SiMe3 R = N02 (4) 
= SiMe3' R = CN (5) 

X= H R =Me (6) 
= H, R = OMe (7) 
= H R = C02Me (8) 
= H. R = N02 (9) 
= H R = CN (10) 

Scheme 2.7. Numbering scheme for NMR spectral assignment of 1-5 and 6-10. 

All the TMS protected (1-5) and terminal alkynes tolans (6-10) were fully 

characterised by the usual spectroscopic methods. The numbering scheme for 1H and 
13C NMR spectral assignment is shown in Scheme 2.7. 

In 1H NMR spectra of 1-5 the expected TMS resonances can be observed at ea. DH 

0.26 ppm. In addition, methyl resonance can be observed at DH 2.37 ppm for 1 and 

methoxy and methyl ester resonances at ea. DH 3.90 ppm for 2 and 3. The aromatic 

protons of 1-5 are often observed as distinctive pseudo-doublet resonances between 

DH 6.9-8.2 ppm but in some cases (1, 2 and 5) only gave rise to unresolved singlet 

resonances. Unsurprisingly, these characteristics are strongly influenced by the 

various p-substituents groups at the phenyl ring. The spectroscopic properties of the 

terminal alkyne tolan derivatives (6-10) are very similar to those of the precursors 1-

5. The most notable exception is the loss of TMS resonances which have been 

replaced by the terminal alkyne protons, which can be observed at ea. DH 3.2 ppm. 

The 13C NMR spectra of the TMS protected tolans, 1-5 and terminal alkyne tolans 6-

10, are, as might be expected, similar, and are consistent with the structures. For 

example, compounds (1-6) contain TMS resonances at ea. De 0.1 ppm. In addition, 

the spectra of 1 and 6 contain methyl resonances at De 22 ppm, whereas the methoxy 

and methyl ester carbons in (2 and 7) and (3 and 8) were observed above De 50 ppm. 

In addition, the distinctive carbonyl carbon in 4 and 9 were observed near <>e 167 

ppm, whilsfinthe caseof5 and fo, the CN c~b~~,-~as~~b;~~-~~t;t-~~.-8c I:2'2~p~. -

The acetylide carbons C1 and C2 were observed at ea. De 80 ppm (Scheme 2.6). 
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Another set of acetylenic carbons (C7 and C8) can be found at ea. 8c 90 ppm. The 

aromatic carbons of the tolan fragment c3 - c6 and c9 - CIO are all clearly observed 

and assigned on the basis of comparisons within the series of compounds 1-5 and 6-

10. Thus, C3 can be found between 8c 115-130 ppm, with C4 and C5 falling at higher 

chemical shift ea. 8c 132 ppm; c6 and c9 are found at ea. 8c 120 ppm. The CIO 

resonances are observed near 8c 130 ppm, whilst Cu and C12 can be found between 

8c 114-132 ppm and 8c 112-160 ppm, respectively. The IR spectra of 1-5 and 

terminal alkynes 2-10 were recorded as Nujol mulls, and show one v(C=C) band at 

ea. 2150 cm·1 and another near 2200 cm·1
, the latter likely being attributable to the 

terminal acetylene moiety. 

The positive ion electron-impact mass spectra [EI-MSt of 1-5 contained :M+ at m/z 

288 and [M-Met at m/z 273 for 1, for 2 M+ at m/z 304, [M-OMet at mlz 274 and 

[M-Met at mlz 201. Meanwhile, for 3, contained M+ at m/z 332, [M-Met at mlz 317 

and [M-OMet at 301. For 4 and 5 only M+ found at mlz 319 and mlz 299 

respectively. The [EI-MSt compounds 6-10 were also recorded showing M+ at m/z 

216 for 6, M+ at mlz 232 and [M-Met at m/z 217 for 7. For 8, M+ at rn/z 260 and [M­

OMet at mlz 229. M+ at m/z 247 and a simple protonated species of [M-N02Ht for 

9. Another protonated species was found for 10 showing [M+Ht at mlz 228, M+ at 

mlz 277 and another fragment of [M-C=Nt at m/z 201. 

+ 

X 1*1 
X 

X=H(11) 
X= OMe (13) 

X 

Me3Si-Cec-Q-cec-P-cec-Q-cec-siMe3 

X 
(11and 13) 

OMe 

HC•c-Q-c·c-P-c·c-Q-c•cH 

M eO 
(14) 

Scheme 2.8. Syntheses of compound 11 and 13 via Pd!Cu Sonogashira cross­

coupling reaction followed by desilyation of 13 to afford terminal alkyne 14. 
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Sonogashira cross-coupling protocols were also used to prepare the extended three 

rings system 11 and 13 with ea. 69 % yield (Scheme 2.8). Desilylation of 11 

afforded HC=CC6~C=CC6~C=CC6~C=CH, 12 89 which was insoluble in 

methanol. The introduction of the two methoxy groups to the middle ring of the 

similar system, 13, gives increased the solubility in most organic solvents. 

Desilylation of 13 afforded 14 in a high yield (95 %). 

X 

R-c,=c,-c~c,-c,•c,-c{")-c=c--Q-c=c-R 
c4-Cs p11 

X 

R = SiMe3, X = H (11) R = H, X= H (12) 

R = SiMe3, X= OMe (13) R = H, X= OMe (14) 

Scheme 2.9. Numbering scheme for NMR spectral assignment of 11-12 and terminal 

alkynes 13 and 14. 

Compounds 11, 13 and terminal alkyne 14 were fully characterised by the usual 

spectroscopic methods. The numbering scheme for 1H and 13C NMR spectral 

assignment are shown in Scheme 2.9. 

The 1NMR spectra of 11 and 13 are consistent with the proposed structures, the TMS 

moieties being observed at ea. oH 0.25 ppm. In the aromatic region, two unresolved 

singlet resonances at oH 7.45 ppm and OH 7.50 ppm can be observed for 11. For 13, a 

singlet methoxy resonance can be observed at oH 3.90 ppm. In the aromatic region, 

singlet resonance can be observed at oH 7.01 ppm which corresponds to two aromatic 

protons in the middle ring. In addition, a distinctive two pseudo-doublets resonances 

can be observed at oH 7.45 ppm CJHH = 8.8 Hz) and oH 7.51 ppm CJHH = 8.8 Hz). 

The desilylation of 13 afforded 14, evidenced by the lost of the TMS peak in the 1H 

NMR spectrum, which was replaced by terminal acetylene peaks at OH 3.18 ppm. 

Like the parent compound 13, a methoxy resonance also can be observed at oH 3.90. 

In the aromatic region, a singlet resonance can be observed at oH 7.03 ppm which 
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corresponds to two aromatic protons in the middle ring. Two sets of pseudo-doublet 

resonances can be observed at OH 7.48 ppm (JHH = 8 Hz) and OH 7.53 ppm {JHH = 

8Hz). 

Unsurprisingly, the 13C NMR spectra for compounds 11, 13 and the desilylated 

compound 14 are very similar. Both compounds 11 and 13 contain TMS resonances 

at ea. Oc 0.1 ppm. The methoxy resonance in 13 and 14 can be observed at ea. Oc 57 

ppm. The acetylide carbons C1 and C2 and C7 and C8 are identified and observed 

between Oc 90-100 ppm (Scheme 2.8). For the aromatic carbons, there are six 

identifiable resonances for 11 and seven in the case of 13 and 14 as expected on the 

basis of symmetry. Thus, C3 and C6 can be found at ea. oc 123 ppm, with C4 and C5 

falling at higher chemical shift ea. Oc 132 ppm; for C9, the resonance is found in 

between Oc 114-123 ppm. The C10 resonances are observed between Oc 116-132 

ppm, whilst the resonance for carbon C11 in 13 and 14 can be found at higher 

chemical shift, oc 154 ppm. 

The electro-spray [MS-ESt mass spectrum for 11 and MALDI-TOF(+)-MS 

spectrum for 13 and 14 all show isotopic envelopes corresponding to molecular ions 

[Mt at mlz 470 for 11, for 13 M+ at mlz 530 and M+ at mlz 386 for 14. In addition, 

all compounds also exhibit ions arising from the simple protonated species [M+Ht · 

at mlz 471 for 11, at mlz 531for 13 and at mlz 387 for 14. 

2.2.2. Molecular Structural Analysis of 14 

The molecular structure of 14, has been determined by single crystal X-ray 

diffraction. Crystallographic data, selected bond lengths and angles are listed in 

Table 2.1 and Table 2.2. The crystallographic work has been carried out by Dr D. S. 

Yufit. 
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Figure 2.1. A plot of molecule of 14, illustrating the atom numbering scheme. 

Figure 2.2. Representative Packing diagram of 14 revealing intermolecular 0 ... H 
interactions. 

There are several structurally characterised 1-4-bis(phenylethynylbenzene) 

derivatives. 18
'
90

-
93 However, none of these feature terminal C=CH units. In fact, the 

only 4,4" -diethynyl-1-4-bis(phenylethynylbenzene) derivative and structurally 

characterised to date is that prepared and characterised by Luo 94 (Figure 2.3). The 

terminal acetylenes in 14 are unusually short when compared with "normal" 

acetylenic bond lengths [C(l)-C(2) and C(9)-C(10) 1.327(19) and 1.1759(18) A]. 

The structure is essentially linear with C(l)-C(2)-C(3) and C(6)-C(9)-C(10) 

[175.51(15) and 175.85(14)0
], and comparable with the structure reported by Xue 

[C(1)-C(2)-C(3) and C(6)-C(9)-C(l0) 177.8(6) and 176.8(6t]. 

OC6H13 

Mes-o-c:c--Q-c~c--):)-c=c--Q-c~c--Q-sMe 
C6H130 

Figure 2.3.: Structure no. 9 synthesised by Xue and Luo. 94 
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Table 2.1. Crystal data for and parameters of refinement of the structure 14*. 

14 
Molecular formula CzsH1s02 
Formula WeightM I g mor1 386.42 
Crystal system Monoclinic 
a I A 12.0449(3) 
b I A 7.1061(2) 
c I A 12.6949(3) 
a/ o 90 
fJ/0 115.26(1) 
y/ 0 90 
V I A3 982.70(4) 
Space group P21/c 
z 2 
Dcalc I (Mg/m3

) 1.306 
Crystal size I mm 0.24x0.22x0.1 0 
Crystal habit plate 
F (000) 404 
Radiation Mo(Ka) 
Wavelength I A 0.71073 
~I mm-1 0.081 
Temperature I K 120(2) 
Data collection range I 0 1.87-27.99 
Reflections measured 12310 
Data, restraints, parameters 2380, 0, 172 
R1, wR2 (all data) 0.0538, 0.1405 
Goodness-of-fit on Y (all data) 1.064 
peak, hole I eA-3 0.476,-0.197 
*Symmetry transformations used to generate equivalent atoms: #1 -x+ 1, -y+ 1, -z+ 1. 
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Table 2.2. Selected bond lengths (A) and anglesCO) for 14 

C( 1 )-C(2)-C(3) 
C(6)-C(9)-C(l 0) 
C(9)-C( 1 0)-C( 11) 

C(1)-C(2) 
C(2)-C(3) 
C(3)-C(4, 8) 

C(4)-C(5),C(7)­
C(8) 
C(6)-C(5, 7) 

C(6)-C(9} 
C(9)-C(10) 
C(10)-C(11) 
C(11)-C(12) 
C(12)-C(13), 

14 

175.51(16) 
175.85(14) 
178.72(14) 

14 

1.1327(19) 
1.4810(17) 
1.4132( 18), 
1.4150(18) 
1.3895(16), 
1.3796(17) 
1.3986(18), 
1.4000(18) 
1.4549(17) 
1.1759(18) 
1.4435(16) 
1.4000(17) 
1.3920(16) 

2.2.3. Photophysical Properties 

The electronic absorption properties of the tolans (1-5 and 6), and the extended 

"three-ring" system 11, and selected luminescent properties, have been investigated 

and fully described in the Chapter 5 ('Photophysical and Electrochemical 

Properties of Triruthenium Carbonyl Clusters Featuring Phenylene Ethynylene 

Ligands'). These data provide opportunity for comparisons with the triruthenium 

carbonyl acetylide clusters (36-43) along with the mononuclear gold(15-19) and his­

gold (23) acetylide complexes described later in this Thesis. 

2.3. Conclusions 

The targeted oligo-phenylene ethynylene ligands precursors were prepared via 

Sonogashira Pd/Cu cross-coupling reactions or via nucleophilic attack of 

benzoquinones by lithiated acetylide anions and subsequent reduction in good yields. 

These TMS protected tolans contain donor (Me, OMe) and acceptor groups (C02Me, 
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N02, CN). These tolans were desilylated in methanolic solution containing K2C03 to 

afford the terminal alkynes 6-10, also in good yields. A simple Sonogashira cross­

coupling reaction was employed in the preparation of the symmetric phenylene 

ethynylene oligomers 11 and 13. Desilylation of 11 afforded 

HC=CC6~C=CC6H4C=CC6~C=CH (12), which was insoluble in methanol. The 

introduction of the two methoxy groups to the middle ring (i.e. 13) gives increased 

solubility. Desilylation of 13 afforded 14 in a high yield (95 %). All these ligands 

precursors were fully characterised spectroscopically and show little differences in 

the data obtained. In addition, the molecular structural of 14 was also determined by 

X-ray analysis; the structure is essentially linear and the crystal packing shows there 

is intermolecular 0 ... H interaction in the solid state. The terminal acetylenes in 14 

are unusually short when compared with "normal" acetylenic bond lengths and the 

first of the 1-4-bis(phenylethynylbenzene) derivatives with C=CH units ever to have 

been structurally determined. 
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2.4. Experimental Details 

2.4.1. General Condition 

All reactions were carried out under an atmosphere of nitrogen usmg standard 

Schlenk techniques. Reaction solvents were purified and dried using an Innovative 

Technology SPS-400, and degassed before use. No special precautions were taken to 

exclude air or moisture during work-up. The compounds PdCh(PPh3) 2, 
95 and 1-

trimethylsilylethynyl-4-ethynylbenzene 87 were prepared by literature routes. Other 

reagents were purchased and used as received. 

The NMR spectra were recorded on a Bruker Avance eH 400.13 MHz, 13C 100.61 

MHz, spectrometer from CDCh solutions and referenced against solvent resonances 

(
1H, 13C). The IR spectra were recorded using a Nicolet Avatar spectrometer from 

nujoll mull suspended between NaCl plates. Mass spectra were recorded using 

Thermo Quest Finnigan Trace MS-Trace GC or Thermo Electron Finnigan L TQ FT 

mass spectrometers or or Matrix-Assisted Laser Desorption!Ionisation-Time-of­

Flight (Mass Spectrometry) (MALDI-TOF MS) ABI Voyager STR. 

Diffraction data for 14 were collected at 120K on a Bruker SMART 6000 CCD 

three-circle diffractometers, using graphite-monochromated Mo-Ka radiation. The 

diffracrometer were equipped with Cryostream (Oxford Cryosystems) low­

temperature nitrogen cooling devices. The structures were solved by direct-methods 

and refined by full matrix least-squares against F of all data using SHELXTL 

software. 97 All non-hydrogen atoms where refined in anisotropic approximation 

except the disordered ones, H atoms were placed into the calculated positions and 

refined in "riding" mode. The crystallographic data and parameters of the 

refinements are listed in Table 2.1 and Table 2.2. 
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2.4.2. Experimental 

2.4.2.1. (1) 

A solution of n-butyllithium (17.8 ml, 1.6 M in hexane, 25.8 mmol) was added 

slowly to a solution of 4-tolylacetylene (3.00 g, 25.8 mmol) in THF (20 mL) at -78 

°C. The reaction mixture was allowed to come to 0 °C and stirred for 45 mins, before 

being cooled again to -78 °C and added dropwise to a solution of benzoquinone in 

THF (20 mL) (3.08 g, 25.8 mmol), also at -78 °C. The reaction mixture was stirred 

for 1 h at -78 °C, then a solution of lithium trimethylsilylacetylide [prepared by 

addition of n-butyllithium (17.8 ml, 1.6 M in hexanes, 25.8 mmol) to 

trimethylsilylacetylene (2.77 g, 25.8 mmol) in THF (20 mL) at -78 °C and stirred for 

45 mins before warming to 0 °C] was added, also at -78 °C. The reaction mixture 

was allowed to come to room temperature overnight before being quenched (0 °C) 

with aqueous NILtCl and extracted into ethyl acetate (2 x 100 mL). The organic 

extracts were passed through a silica pad with ethyl acetate and dried in vacuo to 

afford a mixture of mesa and anti diols as a dark caramel-coloured solid, which was 

not purified further. The crude mixture of diols (8.24 g) was dissolved in 30 mL of 

EtOH and treated with a solution ofSnCh (5.27 g, 0.278 mmol) in 15 ml acetic acid I 

15 ml water, and the mixture heated at 45 °C for 45 mins. The reaction mixture was 

filtered, and the filtrate purified by column chromatography (silica/hexane), the 

solvent was removed in-vacuo to give a white solid of 1 (4.70 g, 63 %). IR(nujol): 

v(C=C) 2202,2151 cm-1
• 

1H NMR(CDCh, 400.13 MHz): () 0.26 (s, 9H, SiMe3); 2.37 

(s, 3H, Me); 7.16 (pseudo-d, JHH =8Hz, 2H, C6H4); 7.42 (pseudo-d, JHH =8Hz, 2H, 

C6H4); 7.40 (s, 4H, C6~} 13C NMR (CDCh, 100.61 MHz): () 0.00 (s, SiMe3); 21.6 

(s, Me); 88.5, 91.6, 96.2, 104.8 (4 x s, 4 x C=C); 119.9, 121.7, 124.0, 129.2, 131.4, 

131.5, 132.0, 138.7 (8 x s, Ar). EI+-MS(m/z): 288, M+; 273, [M-Met. Found: c 
83.41, H 6.86 %. C2oH2oSi requires: C, 83.30; H, 6.94 %. 
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Me3Si-C=c-G-c=c-G-oMe 

2.4.2.2. Preparation of Me3SiC=CC6H4C=CC6~0Me (2) 

A 500 ml Schlenk flask was charged with 1-iodo-4-methoxybenzene (2.34 g, 10 

mmol), 1-trimethylsilylethynyl-4-ethynylbenzene (2.18 g, 11 mmol), PdCh(PPh3)2 

(0. 70 g, 0.1 mmol) and Cui (0.19 g, 0.1 mmol), and was evacuated and purged with 

nitrogen 3 times. Triethylamine (ea. 250 ml) was transferred to the reaction flask via 

cannula under nitrogen. The reaction mixture was heated to reflux for 2 h. The 

solvent was removed in vacuo and the residue passed through a silica pad with 

hexane and CHzCh. The solvent was removed in-vacuo to give a yellow solid of the 

title product (2) which was recrystallised from hexane and CH2Ch (1.90 g, 63%). 

IR(nujol): v(C=C) 2215, 2158 cm-1
• 

1H NMR (CDCh, 400.13 MHz): o 0.25 (s, 9H; 

SiMe3), 3.83 (s, 3H; OMe), 6.88 (pseudo-d, JHH = 8.6 Hz, 2H; C6H4), 7.43 (s, 4H; 

C6H4), 7.46 (pseudo-d, JHH = 8.6 Hz, 2H; C6H4). 13C NMR (CDCi), 100.61 MHz): o 
0.13 (s, SiMe3), 55.3 (OMe), 85.7, 91.4, 96.0, 104.8 (4 x s, C=C), 114.1, 115.1, 

122.5, 123.7, 131.2, 131.8, 133.1, 159.8 (8 x s, Ar). Et-MS(m/z): 304, M+; 274, [M­

OMet; 201, [M-SiMe3t. Found: C, 78.24; H, 6.58 %. CzoH200Si requires: C, 78.90; 

H, 7.11 %. 

2.4.2.3. (3) 

A 500 ml Schlenk flask was charged with 4-bromo-benzoic acid methyl ester (2.14 g, 

10 mmol), 1-trimethylsilylethynyl-4-ethynyl benzene (2.18 g, 11 mmol), 

PdClz(PPh3)2 (0.70 g, 0.1 mmol) and Cui (0.19 g, 0.1 mmol) and was evacuated and 

purged with nitrogen 3 times. Triethylamine (ea. 250 ml) was transferred to the 

reaction flask via cannula under nitrogen. The reaction mixture was heated to reflux 

for 20 h. The solvent was removed and the residue passed through a silica pad 

eluting with cold toluene and then with hot toluene. The solvent was removed in­

vacuo to give a yellow solid of the title product (3) which was recrystallised from hot 

toluene (1.6 g, 49%). IR(nujol): v(C=C) 2211, 2155 cm-1
• 

1H NMR (CDCi), 400.13 
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MHz): 8 0.26 (s, 9H, SiMe3); 3.93 (s, 3H, OMe); 7.47 (pseudo-d, JHH =2Hz, 4H, 

C6H4); 7.59 (pseudo-d, JHH = 8.4 Hz, 2H, C6H4); 8.03 (pseudo-d, JHH = 8.4 Hz, 2H, 

C6H4). 13C NMR (CDCh, 100.61 MHz): 8 0.13 (s, SiMe3), 52.3 (OMe), 90.5, 91.8, 

96.7, 104.5 (4 X s, C=C), 122.7, 123.8, 127.8, 129.7, 129.7, 131.5, 131.9, 132.1 (8 X 

s, Ar), 166.5 (s, C=O). Et-MS(rnlz): 332, M+; 317, [M-Met; 301, [M-OMe( 

Found: C, 75.85; H 5.95 %. C21H2o02Si requires: C, 75.86; H, 6.05 %. 

Me3Si-C=c-Q-c=c-Q-No2 

2.4.2.4. (4) 

Triethylamine (200 ml) was degassed by three freeze-pump-thaw sequences before 

1-bromo-4-nitrobenzene (2.00 g, 9.90 mmol), 1-trimethylsilylethynyl-4-

ethynylbenzene (1.96 g, 9.90 mmol), Cui (38 mg, 0.2 mmol) and PdCh(PPh3)2 (140 

mg, 0.2 mmol) were added. The mixture was allowed to stir overnight overnight (ea. 

12 h) at reflux. The solvent was removed and the residue purified by column 

chromatography (silica, hexane: CH2Ch 70:30) to afford a yellow band of compound 

4. (2.43 g, 84 %). IR(nujol): v(C=C) 2209, 2149 cm-1. 1H NMR (CDCh, 400.13 

MHz): 8 0.26 (s, 9H, SiMe3); 7.48 (pseudo-d, JHH =2Hz, 4H, C6H4); 7.65 (pseudo-d, 

JHH = 9.2 Hz, 2H, C6~); 8.22 (pseudo-d, JHH = 9.2 Hz, 2H. 13C NMR (CDCh, 

100.61 MHz): 8 0.13 (s, SiMe3); 79.8, 83.2, 89.6, 94.2 (4 x s, 4 x C=C); 122.7, 

123.3, 123.9, 130.1, 131.9, 132.0, 132.5, 147.4 (8 x s, Ar). Et-MS(rnlz): 319, M+. 

Found: C, 71.44; H 4.62; N, 4.94 %. C19H11N02Si requires: C 71.47; H 5.33; N 4.39 

%. 

2.4.2.5. (5) 

Triethylamine (200 ml) was degassed by three freeze-pump-thaw sequences before 

1-bromo-4-cyanobenzene (2.00 g, 11.0 mmol), 1-trimethylsilylethynyl-4-

ethynylbenzene (2.18 g, 11.0 mmol), Cui (42 mg, 0.22 mmol) and PdCh(PPh3)2(154 

mg, 0.22 mmol) were added. The mixture was allowed to stir overnight overnight 

(ea. 12 h) at reflux. The solvent was removed and the residue purified by column 
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chromatography (silica, hexane: CH2Clz 60:40) to afford a yellow band of compound 

5. (3.00 g, 91 %). IR(nujol): v(C=C) 2209, 2149 cm-1
• 

1H NMR (CDCh, 400.13 

MHz): () 0.26 (s, 9H, SiMe3); 7.47 (s, 4H, C6H4); 7.60 (pseudo-d, JHH = 8 Hz, 2H, . 

C6H4); 7.65 (pseudo-d, JHH =8Hz, 2H, C6H4). 13C NMR (CDCh, 100.61 MHz): 8 

0.0 (s, SiMe3); 89.6, 93.4, 97.1, 104.5 (4 x s, 4 x C=C); 111.9, 118.6, 122.5, 124.0, 

131.7, 131.9, 132.2, 132.2 (8 x s, Ar); 121.7 (s, CN). E1+-MS(m/z): 299, M+. Found: 

C, 79.90; H, 5.63; N, 4.23 %. C20H17NSi requires: C, 80.22; H, 5.72; N, 4.68 %. 

2.4.2.6. Preparation of HC=CC6H4C=CC6H4Me (6) 

A solution of 1 (780 mg, 2.71 mmol) and K2C03 (370 mg, 2.71 mmol) in MeOH (70 

ml) was stirred under nitrogen at room temperature for ea. 48 hours. The reaction 

mixture was partitioned between EhO (100 ml) and H20 (100 ml), the organic layer 

collected, dried over MgS04, and finally dried in vacuo to afford 6 as a cream solid 

(473 mg, 81 %). IR(nujol): v(C=C) 2212, 2103 cm-1
• 

1H NMR(CDCh, 400.13 MHz): 

8 2.38 (s, 3H, Me); 3.17 (s, 1H, C=CH); 7.16 (pseudo-d, JHH =8Hz, 2H, C6H4); 7.42 

(pseudo-d, JHH = 8 Hz, 2H, C6H4); 7.45 (s, 4H, C6~} 13C NMR (CDCl3, 100.61 

MHz): () 21.5 (s, Me); 78.7, 83.3, 88.2, 91.6 (4 x s, 4 x C=C); 119.9, 121.7, 124.0, 

129.2, 131.4, 131.5, 132.0, 138.7 (8 x s, Ar). E1+-MS(rnlz): 216, M+. Found: C, 

94.32; H, 5.62%. C17H12 requires: C, 94.40; H, 5.59 %. 

2.4.2.7. Preparation ofHC=CC6H4C=CC6H40Me (7) 

A solution of2 (150 mg, 0.49 mmol) and K2C03 (270 mg, 1.97 mmol) in MeOH (30 

ml) was stirred under nitrogen at room temperature overnight (ea. 12 h). The reaction 

mixture was partitioned between EhO (50 ml) and H20 (50 ml), the organic layer 

collected, dried over MgS04, and finally dried in vacuo to afford 7 as a yellow solid 

(102 mg, 89 %). IR(nujol): v(C=C) 2214, 2028 cm-1
• 

1H NMR (CDCh, 400.13 

MHz): () 3.16 (s, 1H, C=CH); 3.83 (s, OMe); 6.90 (pseudo-d, JHH = 8.6 Hz, 2H, 

C6H4); 7.48 (pseudo-d, JHH = 8.6 Hz, 6H, C6~). 13C NMR (CDCh, 100.61 MHz): () 
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55.3 (s, OMe); 78.7, 83.3, 87.6, 91.5 (4 x s, 4 x C=C); 114.1, 115.1, 121.5, 124.2, 

131.3, 132.0, 133.1, 159.9 (8 x s, Ar). Et-MS(rnlz): 232, M+; 217, [M-Met. Found: 

C, 87.24; H, 5.05 %. C17H120 requires: C, 87.93; H, 5.17 %. 

2.4.2.8. Preparation of HC=CC6H4C=CC6H4C02Me (8) 

A solution of 3 (300 mg, 0.90 mmol) and K2C03 (120 mg, 0.90 mmol) in MeOH (70 

ml) was stirred under nitrogen at room temperature overnight overnight (ea. 12 h). 

The reaction mixture was partitioned between Et20 (25 ml) and H20 (25 ml), the 

organic layer collected, dried over MgS04, and finally dried in vacuo to afford 8 as a 

yellow solid (200 mg, 85 %). IR(nujol): v(C=C) 2211, 2101 cm·1. 1H NMR (CDCh, 

400.13 MHz): 8 3.19 (s, 1H, C=CH); 3.93 (s, OMe); 7.49 (s, 4H, C6~); 7.60 

(pseudo-d, JHH = 8.4 Hz, 2H, c6~); 8.04 (pseudo-d, JHH = 8.4 Hz, 2H, c6~). 13C 

NMR (CDCi], 100.61 MHz): 8 52.5 (s, OMe); 79.5, 83.4, 90.7, 91.9 (4 x s, 4 x 

C=C); 122.6, 123.4, 127.8, 129.8, 129.9, 131.7, 131.8, 132.4 (8 x s, Ar); 166.7 (s, 

C=O). Et-MS(rnlz): 260, M+; 229, [M-OMet. Found: C, 81.37; H, 4.59 %. 

C1sH1202 requires: C, 83.08; H, 4.62 %. 

2.4.2.9. Preparation of HC=CC6~C=CC6H4N02 (9) 

A solution of 4 (1.2 g, 3.76 mmol) and K2C03 (2.08 g, 15.1 mmol) in MeOH (50 ml) 

was stirred under nitrogen at room temperature overnight overnight (ea. 12 h). The 

reaction mixture was partitioned between EhO (75 ml) and H20 (75 ml), the organic 

layer collected, dried over MgS04, and finally dried in vacuo to afford 9 as a yellow 

solid (825 mg, 89 %). IR(nujol): v(C=C) 2210, 2101 cm·1. 1H NMR (CDCh, 400.13 

MHz): 8 3.21 (s, 1H, C=CH); 7.51 (s, 4H, C6H4); 7.60 (pseudo-d, JHH = 9.2 Hz, 2H, 

C6H4); 8.24 (pseudo-d, JHH = 9.2 Hz, 2H, C6~). 13C NMR (CDCi], 100.61 MHz): 8 

79.6, 83.0, 89.3, 93.9 (4 X s, C=C); 122.5, 123.1, 123.7, 129.9, 131.7, 132.2, 132.3, 

147.2 (8 x s, Ar). E1+-MS(rnlz): 247, M+; 200 [M-N02Ht. Found: C, 77.72; H, 3.89; 

N, 5.31 %. C16H9N02 requires: C, 77.73; H, 3.64; N 5.67 %. 
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2.4.2.10. Preparation of HC=CC6~C=CC6H4CN (10) 

A solution of5 (1.5 g, 5.02 mmol) and K2C03 (2.77 g, 20.0 mmol) in MeOH (70 ml) 

was stirred under nitrogen at room temperature overnight overnight (ea. 12 h). The 

reaction mixture was partitioned between EhO (100 ml) and H20 (100 ml), the 

organic layer collected, dried over MgS04, and finally dried in vacuo to afford 10 as 

a yellow solid (707 mg, 51 %). IR(nujol): v(C=C) 2209, 2100 cm-1
• 

1H NMR 

(CDCh, 400.13 MHz): 3 3.21 (s, 1H, C=CH); 7.49 (s, 4H, C61Lt); 7.61 (pseudo-d, 

JHH = 8.8 Hz, 2H, C6H4); 7.66 (pseudo-d, JHH = 8.8 Hz, 2H, C61Lt). Be NMR 

(CDCh, 100.61 MHz): 3 79.5, 83.0, 89.5, 93.1 (4 x s, C=C); 111.8, 118.4, 122.9, 

122.9, 131.7, 132.1, 132.1, 132.2 (8 x s, Ar); 121.9 (s, CN). Et-MS(m/z): 228, 

[M+Ht; 227, M+; 201, [M-C=Nt. Found: C, 89.43; H, 3.98; N, 5.74 %. C17H9N 

requires: C, 89.87; H, 3.96; N 6.17 %. 

2.4.2.11. Preparation of Me3SiC=CC6~C=CC6~C=CC6H4C=CSiMe3 

(11) 

Triethylamine (150 ml) was degassed by three freeze-pump-thaw sequences before 

1 ,4-diiodobenzene (2.00 g, 5.06 mmol), 1-trimethylsilylethynyl-4-ethynylbenzene 

(2.40 g, 12.10 mmol), Cui (19 mg, 0.10 mmol) and PdCh(PPh3)2 (71 mg, 0.10 mmol) 

were added. The mixture was allowed to stir overnight (ea. 15 h) at room 

temperature. The solvent was removed and the residue purified by column 

chromatography (silica, hexane: CH2Ch 60:40) to afford a pale yellow band 

containing compound 11 which was recrystallised from hexane (2.45 g, 69 %). 

IR(nujol): v(C=C) 2152 cm-1
• 

1H NMR (CDCh, 400.13 MHz): 3 0.26 (s, 18H, 

SiMe3); 7.45 (s, 8H, C6H4); 7.50 (s, 4H, C6H4). Be NMR (CDCh, 100.61 MHz): 3 

0.1 (s, SiMe3); 91.2, 91.3, 96.7, 104.8 (4 x s, 4 x C=C); 123.2, 123.4, 123.4, 131.6, 

131.8, 132.2 (6 x s, Ar). ES+-MS(m/z): 470, M+. 471 [M+Ht Found: C 81.88; H 

6.24 %. C32H3oSh requires: C 81.70; H 6.38 %. 
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2.4.2.12. 

OMe 

Me3Si-C=c-0-c=c--P-c=c-o-c=c-s;Me3 

M eO 

Preparation of 

Me3SiC=CC6H4C::CC6H2(0Me )2C=CC6H4C::CSiMe3 (13) 

Triethylamine (220 ml) was degassed by three freeze-pump-thaw sequences before 

1 ,4-diiodo-2,5-bismethoxybenzene (2.00 g, 5.13 mmol), 1-trimethylsilylethynyl-4-

ethynylbenzene (2.13 g, 11.00 mmol), Cui (20 mg, 0.10 mmol) and PdCh(PPh3)2 (72 

mg, 0.10 mmol) were added. The mixture was allowed to stir overnight (ea. 15 h) 

under nitrogen. The solvent was removed and the residue purified by column 

chromatography (silica, hexane: ethyl acetate 80:20) to afford a yellow band 

containing compound 13. (1.85 g, 68 %). IR(nujol): v(C=C) 2155, 2027 cm·1• 
1H 

NMR (CDCh, 400.13 MHz): o 0.25 (s, 18H, SiMe3); 3.90 (s, 6H, OMe); 7.01 (s, 2H, 

C6Hz(0Me)z); 7.45 (pseudo-d, JHH = 8.8 Hz, 4H, C6H4); 7.51 ( pseudo-d, JHH = 8.8 

Hz, 4H, C6~). 13C NMR (CDCh, 125.7 MHz): o 0.2 (s, SiMe3); 56.7 (s, OMe); 87.8, 

95.1, 96.6, 104.9 (4 X s, 8 X C=C); 113.6, 115.8, 123.3, 123.5, 131.7, 132.2, 154.2 

(7x s, 18 x Ar). TOF+-MALDI(m/z): 530, M+, 531, [M+Ht. Found: C 76.25; H 6.26 

%; C34H3402Sh requires: C 76.87; H 6.41 %. 

2.4.2.13. 

(14) 

OMe 

Hc=c-0-c=c--P--c=c-0-c=cH 
M eO 

Preparation of HC=CC6H4C=CC6H2(0Me)2C=CC6H4C=CH 

A solution 12 (250 mg, 0.47 mmol) and KzC03 (522 mg, 3.78 mmol) in MeOH (70 

ml) was stirred under nitrogen at room temperature for ea. 48 h. The reaction mixture 

was partitioned between EtzO (100 ml) and H20 (100 ml), the organic layer 

collected, dried over MgS04, and dried in vacuo followed by recrystallisation from 

CHCh to afford 14 as a yellow crystals (172 mg, 95 %). IR(nujol): v(C=C) 2101, 

2017 cm·'. 1H NMR (CDCh, 400.13 MHz): o 3.18(s, 2H, C=CH); 3.91(s, 6H, OMe); 

7.03(s, 2H, (C6Hz(OMe)2); 7.48(pseudo-d, JHI-I = 8 Hz, 4H, C6H4); 7.53 (pseudo-d, 

JHH =8Hz, 4H, C6~). 13C NMR (CDCh, 125.7 MHz): o 56.7 (s, OMe); 79.3, 83.5, 

87.98, 94.8 (4 X s, 8 X C=C); 113.5, 115.8, 122.3, 123.9, 131.8, 132.3, 154.2 (7 X s, 
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18 x Ar). TOF+-MALDI(m/z): 386, M+, 387, [M+Ht. Found: C 87.03; H 4.53 %; 

C2sH1s02 requires: C 87.02; H 4.69 %. 
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Chapter 3. 'Synthesis and Structural Characterisation of Gold(I) 

Oligo(phenylene ethynylene) Complexes' 

3.1. Introduction 

There is a long standing interest in the preparation and properties of so-called "rigid­

rod" compounds. 1
'
2 These compounds attract interest because of the useful physical 

properties that can arise from their shape, such as liquid crystalline phases 3
-
6 and 

mechanical stability. 7
-
9 When combined with an extended, delocalised n-system, 

molecular rigid-rods can also offer a range of potentially technologically valuable 

electronic and photochemical properties. For example, the extended n-system in 1,4-

bis(phenylethynyl) benzene has resulted in the incorporation of this motif in the 

design of numerous molecular materials for use as molecular wires. 10
-
20 whilst the 

intense luminescence from 9,10-bis(phenylethynyl)anthracene has led to the 

applications in sensors, 21
-
23 chemiluminesent devices and as the emitting layer in 

organic light emitting diode (OLED) based displays. 24
•
25 

In order to tune the physical, electronic and photochemical properties of rigid-rod 

molecules, and related polymers, many workers have investigated the incorporation 

of metal centres within the linear rigid-rod framework. For the most part, these 

studies have sought to extend electronic conjugation along the length of the rod 

through dn-pn bonding, 26
-
33 or to take advantage of the particular structural 

properties offered by the metal centre. 31
•
3441 

The introduction of gold(l) within rigid-rod systems has recently attracted the 

attention of many workers. 42
-
51 The presence of relatively strong aurophilic 

interactions 52
-
55 can be used to tailor intricate macromolecular shapes in the solid 

state. 56
-
61 However, the introduction of a heavy, third-row transition element also 

results in significant effects on the photophysical properties of the resulting materials 

by promoting spin-orbit coupling and increasing the population of triplet states. 62
-
66 

However, as a donor for use in the design of second-order NLO materials, gold(l) 

phosphines were found to be less effective than metal fragments based on, for 
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example, ruthenium. 67-69 Gold(!) acetylides are therefore attractive motifs for use in 

the construction of functionalised molecular materials. The linear -{AuC=C)- moiety 

makes systems based on this motif attractive and promising candidates for the design 

of linear-chain metal-containing materials. 45
•
70·71 

As indicated above, gold(!) compounds often aggregate in the solid state through 

aurophillic interactions. Equally, phenylene ethynylene based organic materials 

display a wide range of 7t-7t, C-H ... 7t and other intermolecular interactions in the 

solid state. 3·72
•
73 In this Chapter the preparation, chracterisation and molecular 

structures of a range of compounds of general type [Au(C=CC6H4C=CC6HJ()L] is 

described. Selected photophysical and chemical reactivity studies are described in 

later Chapters of this thesis. 

3.2. Result and Discussion 

3.2.1. Syntheses 

The gold phenylene ethynylene complexes were prepared from the corresponding 

TMS-terminated ethynyl tolans in the presence of NaOMe. In this manner the 

complexes Au(C=CC6~C=CC6~X)(PL3) [L = Ph, X= Me (15), OMe (16), C02Me 

(17), N02 (18), CN (19); L = Cy, X= Me (20), OMe (21), N02 (22)] were prepared, 

as shown in Scheme 3.1. 
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X= Me (1), OMe (2), C02Me (3), N02 (4), CN (5) 

L =Ph; X= Me (15), OMe (16), C02Me (17), N02 (18), CN (19) 

L = Cy; X= Me (20), OMe (21), N02 (22) 

Scheme 3.1. Syntheses of 15-22 from the TMS-protected tolans (1-5) as ligands 

with the presence ofNaOMe. 

Desilylation of the TMS protected ethynyl tolans by NaOMe at room temperature in 

the first step of the reaction generates a solution containing the nucleophilic acetylide 

as shown in Scheme 3.2. The addition of AuCl(PL3) (L = Ph or Cy) to these 

solutions gives the desired products, which were isolated as precipitates from the 

reaction mixtures, and purified by recrystallisation from CHCh/MeOH to afford 

white to yellow crystals in between 65-84 % yield. Similar reaction conditions are 

often used in the preparation of gold(!) acetylides. 50
• 
62

-
64

•
74

-
77 

+ "' R-C=C-SiMe3 c 
-oMe 

,....... 

-
----- L

3

PJAu-C_I ___ _ [AuCI(PL3) 

R-C=C R-C=CH 

Scheme 3.2. The general mechanism for gold acetylides synthesis. 74 

+ NaCI 

Each of the complexes 15-22 were characterised by the usual spectroscopic methods. 

In the case of compound 15, a singlet at oH 2.36 ppm was observed arising from the 

methyl protons of the tolan moiety. The methoxy and methyl ester moieties in 16 and 

17 were observed at ea. oH 3.9 ppm. However, the numerous aromatic protons in 15-
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19 were not fully resolved, but were observed as a series of heavily overlapped 

signals in the range oH 6.9-8.2 ppm. The pseudo-doublet resonances from the tolan 

portion of the molecule were not distinctly observed. 

The 31P NMR spectra of 15-22 show singlet phosphorus resonances near Op 43 ppm 

in each case, which is shifted downfield from AuCl (PPh3) (op 33 ppm). 78 The 

similarities of Op in 15-22 indicate a similar electronic environment associated with 

the phosphine in each case. Clearly, the electronic properties of the tolan substituent 

are not reflected in the 31P NMR chemical shift of the phosphine moiety. 

9 o-:Au-c,=c,-c~1Cs-C7=Ca-C~1 c12-R I ,, 'I ,, 'I 
c; c4-Cs C1o·C11 

(
'eo 

11 
::::..... ,Cm 

Cp 

Scheme 3.3. Numbering scheme for NMR spectral assignment of 15-19 

The 13C NMR spectra of 15-19 are, as might be expected, similar, and are consistent 

with the structures. For example, the spectrum of 15 contains a methyl resonance at 

oc 22 ppm, whereas the methoxy and methyl ester carbons in 16 and 17 were 

observed above oc 50 ppm. In addition, the distinctive carbonyl carbon in 17 was 

observed near oc 167 ppm, whilst in the case of 19, the CN carbon was observed at 

oc 121 ppm. The acetylide carbons C1 and C2 were observed, and identified on the 

basis of the Jcp coupling constants, with a doublet at ea. oc 135 ppm with coupling 

constant 2Jcp- 142Hz being assigned to c~. and another doublet at lower chemical 

shift (ea. oc 104 ppm, 3Jcp - 27 Hz) assigned to C2 (Scheme 3.3). Similar 

characteristic resonances have been reported for similar systems. 54
•
79 It is interesting 

to note that the C1 resonances are shifted downfield from that in Au(C=C1Bu)(PCy3) 

. (oc 120.9 ppm), 80 and this can be attributed to the greater electron-donating ability 

of the tert-butyl group. Another set of acetylenic carbons (C7 and C8) can be found at 

ea. oc 90 ppm. The aromatic carbons of the tolan fragment C3 - C6 and C9 - C10 are 

all clearly observed and assigned on the basis of comparisons within the series of 
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complexes 15-19 and also the analogous ligand precursors. Thus, C3 can be found 

between <>c 116-130 ppm, with C4 and C5 falling at higher chemical shift ea. <>c 132 

ppm; C6 and C9 are found at ea. <>c 120 ppm. The C 10 resonances are observed near 

<>c 130 ppm, whilst ell and cl2 can be found between <>c 114-132 ppm and <>c 112-

160 ppm, respectively. 

The aromatic carbons associated with the triphenyl phosphine ligand are clearly 

distinguishable from those of the tolan moiety on the basis of the coupling to the 

phosphorus nucleus, and assigned on the basis of the size of the coupling constant. 

Thus, C; is observed as doublet at ea. <>c 130 ppm eJcp ~ 56 Hz), Co at <>c 135 ppm 

eJcp ~ 14Hz), Cm ea. <>c 129 ppm e Jcp ~ 11-12 Hz) and Cp <>c 132 ppm (4Jcp ~ 2 

Hz). 

TheIR spectra of 15-19 were recorded as Nujol mulls, and show one v(C=C) band 

near 2200 cm-1, which is similar to the v(C=C) band found in Au(C=CPh)(PPh3) 
81 '82 

and other similar systems 45·83 and consequently assigned to the gold-acetylide 

fragment. Apparently, the local environment of the C1=C8 bond is sufficiently 

symmetrical that the v(C=C) band is very weak in the IR spectrum and not observed. 

The electrospray mass spectra [ES-MSt for complexes 15-17 and 19 contain 

aggregate [M+AuPPh3t ions and the cation [Au(PPh3)2t; similar ions have been 

observed in many similar systems 84'85 and are believed to be generated during the 

ionisation process of aggregates present in the solid samples 86'87 although the solid 

state structures of 15, 16, 18 and 19 do not offer strong evidence for Au ... Au 

interactions (see below). In the case of 17, the aggregate [M+(AuPPh3)2t was also 

observed. In the presence of Na+, either added as a chemical aid to ionisation 88 or 

abstracted from the glass, ions [M+Nat may also be observed. 89 Here, the sodium 

adduct of the molecular ion was also observed in the spectrum of the OMe derivative 

16 and identified by comparison with the calculated isotope pattern ([M+Nat, m/z 

713). Compound 18 was not successfully ionised in [ES-MSt mode, and instead the 

mass spectrum of this compound was obtained using MALDI methods, with 

[M+(AuPPh3)2t, [M+AuPPh3t and [Au(PPh3ht ions all being observed. 
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The same synthetic procedures as shown in Scheme 3.1 and 3.2 were followed to 

synthesise another group of gold acetylides featuring diethynyl tolan derivatives with 

tricyclohexylphosphine (PCy3) co-ligands have also been prepared (20-22) in 72-84 

% yields. Whilst first prepared in 1973, 90 tricyclohexylphosphine supported gold(l) 

acetylide complexes have been studied in some detail recently, as these systems are 

highly luminescent due to the fact that there are no low-lying ligand-localised excited 

states to quench fluorescence. In addition, the bulkiness of the ligand is thought to 

disfavour metal-metal and 7t-7t oligomerisation processes which can also provide 

non-luminescent decay mechanism for excited studies. 62
-
64

•
91 

The complexes 20-22 were characterised in usual spectroscopic methods. In the case 

of 20, singlet methyl peak can be observed at oH 2.35 ppm and the methoxy moiety 

in 21 was observed at oH 3.82 ppm arising from the tolan moieties. However, the 

cyclohexyl (Cy) protons in 20-22 were observed as series of overlapped resonances 

at oH 1.3-2.0 ppm. The expected signals for the aromatic protons arising from the 

tolan portion were observed as pseudo-doublets in the region oH 6.9-8.2 ppm. 

(Scheme 3.4). The 31 P NMR spectra show singlet phosphorus resonances near Op 57 

ppm which is shifted downfield from AuCl (PCy3) (op 52 ppm) 92 indicating a similar 

electronic environment associated phosphine in each case. 

o-9Au-c,=c,-c,";c,-c,•c,-c,";c,,-R 
1 ,, t/ ,, t/ 

C
c;,co c4-cs C1o·C11 

):m 
Cp 

Scheme 3.4. Numbering scheme for NMR spectral assignment of 20-22. 

The 13C NMR of 20-22 are, as might be expected, similar and consistent with the 

complexes 15-19 and with the ligand precursors. Because of these similarities, the 

aromatic carbon signals arising from the tolan portions of these complexes are the 

same and will not be discussed any further. The only distinctive difference is in the 

replacement of the PPh3Au with PCy3Au moieties in the systems. 
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The acetylide carbons c, and C2 were observed, and identified on the basis of the Jcp 

coupling constants, with a doublet at ea. 8c 140 ppm with coupling constant 2Jcp ~ 

140Hz being assigned to C1, and another doublet at lower chemical shift (ea. 8c 104 

ppm, 3 Jcp ~ 25 Hz) assigned to C2 (Scheme 3.4). Similar characteristic resonances 

have been reported for similar systems. 63·64 The other set of acetylenic carbons (C7 

and Cs) can be found at ea. 8c 90 ppm. 

The aromatic carbons associated with the tricyclohexyl phosphine ligand are clearly 

distinguishable from those of the tolan moiety on the basis of the coupling to the 

phosphorus nucleus, and assigned on the basis of the size of the coupling constant. 

Thus, Ci is observed as doublet at ea. 8c 33 ppm (1Jcp ~ 28 Hz), Co at 8c 27 ppm 

eJcp ~ 12Hz), Cm at 8c 26 ppm eJcp ~2Hz) and Cp arise as singlet at ea. 8c 30 

pp m. 

The IR spectra of 20-22 were recorded as Nujol mulls, and show two v(C=C) bands 

near 2200 cm-1
, which is similar to the v(C=C) band found in Au(C=CPh)(PCy3).63·64 

In addition, a weak v(C=C) band can be observed at near 2100 cm-1 which 

correspond to the C7=C8 bond in the tolan moieties. 

The electrospray mass spectra [ES-MSt for complexes 20-22 contain aggregate 

[M+AuPCy3t ions and the cation [Au(PCy3)2t; these complexes do not offer strong 

evidence for Au ... Au interactions in the solid state. Thus, the observation of 

aggregate ions in the [ES-MSt suggests such aggregates are readily formed in the 

gas phase. 93 

Protocols similar to those described above for the preparation of 15-22 were applied 

to prepare the yellow, bis(gold(l)) complexes 23 and 24, which feature extended 

"three ring" phenylene ethynylene ligands in 74 % and 82 % yield, respectively 

(Scheme 3.5). In the case of 24, recrystallisation from chloroform/methanol afforded 

yellow crystals suitable for crystallography. 
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X 

Me3s;~c=c-Q-c=c-P-c=c-Q-c=c-siMe3 
X 

Au(PPh3)CI NaOMe 

X 

Ph3PAu-c=c-Q-c=c-P-c=c-Q-c=c-AuPPh3 

X 

X = H (23), OMe (24) 

Scheme 3.5. The syntheses of 23 and 24 from the TMS-protected tolans with the 

presence ofNaOMe. 

Both of the complexes were characterised by the usual spectroscopic methods, which 

included a methoxy peak at oH 3.9 ppm for 24. The aromatic protons of 23-24 of the 

bridging ligand were overlapped heavily with those of the triphenylphosphine 

ligands, although in the case of 24 a singlet at oH 7.00 ppm and integrating as 2 

protons arising from from the (C~2(0Me)2) protons could be distinguished (Scheme 

3.6). Only a single 31 P NMR resonance was observed near Op 43.3 ppm in each case. 

9 . X 9 
o-~:-Au-c,•c,-cWc.-c,•c,-c'~''}-c=c-Q-c=c-Au-P-Q 

f'C/,~0 4 5 X 11 6 
~Pcm ~I 

X= H (23), OMe (24) 

Scheme 3.6. Numbering scheme for NMR spectral assignment of 23-24. 

Unsurprisingly, the 13C NMR spectra for both complexes 23 and 24 are very similar 

with the exception of the methoxy peak at oc 57 ppm in 24. The acetylide carbons C1 

and C2 are observed as doublets at ea. oc 134 ppm CZJcp- 150 Hz) and ea. oc 104 

ppm e Jcp - 25 Hz) (Scheme 3.6). Another set of acetylenic carbons (C7 and C8) are 
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observed at 6c 90.7 and 6c 91.7 (23), and 6c 87.1 and 6c 95.5 ppm (24). The 

assignment of the remaining carbon resonances follow from the magnitude of 

coupling constants to phosphorus and comparisons with the complexes 15-19 and 

the ligand precursors, in a manner similar to that described above. 

The electro-spray [MS-ESt mass spectrum for 23 and MALDI-TOF(+)-MS 

spectrum for 24 both show peaks corresponding to aggregate ions [M+AuPPh3t and 

[Au(PPh3ht in addition to M+ at m/z 1243 for 23 and at mlz 1301 for 24. 
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3.2.3. Molecular Structural Analyses 

The molecular structures of 15, 16, 18, 19, 20, 22 and 24 have been determined by 

single crystal X-ray diffraction as shown in Figure 3.1 to Figure 3.8. 

Crystallographic data, selected bond lengths and angles are listed in Table 3.1 -

Table 3.6. The crystallographic work has been carried out by Dr D. S. Yufit and Dr 

Albesa-Jove. 

Molecular Structures of [Au(C=CC6H4C=CC6H4R)(PPhJ)] [R =Me (15), OMe 

(16), N02 (18), CN (19) 

Figure 3.1. 
scheme. 

A plot of molecule of 15 and 16, illustrating the atom numbering 
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C1 

18 

Figure 3.1. A plot of molecule of 18 and 19, illustrating the atom numbering 

scheme. (cont.) 

Figure 3.2. Representative molecular packing diagram for 18. 

' ... _ ·. ~-·-
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c 

Figure 3.3. Representative molecular packing diagram for 19. 

Table 3.1. Crystal data for 15-16 and 18 -19. 

15 16 18 19 
Molecular 

C3sHz6P Au·CHC13 C3sHz60PAu C34H23NOzP Au C3sH23NPAu formula 
M/gmor' 793.86 690.46 705.47 685.48 
Crystal system Triclinic Triclinic Triclinic Triclinic 
a/ A 7.9229(10) 9.7616(14) 11. 750( 4) 8.7340(8) 
bl A 12.4445(16) 17.617(3) 11.792( 4) 9.8435(9) 
cl A 16.730(2) 18.133(3) 13.058(4) 16.4629(15) 
a/ o 86.26(1) 110.013(3) 64.418(3) 86.948(2) 
fJ I o 89.92(1) 100.206(3) 76.489(3) 88.443(2) 
y/0 74.97(1) 101.299(3) 68.075(3) 82.302(2) 
V!N 1589.5(3) 2770.4(7) 1508.2(9) 1400.3(2) 
Space group P-1 P-1 P-1 P-1 
z 2 4 2 2 
Dc!Mgmj 1.659 1.656 1.553 1.626 
Crystal SIZe I 
mm 0.24x0.22x0.14 0.22x0.12x0.04 0.44x0.40x0.32 0 .46x0 .1 OxO. 06 

Crystal habit plate plate plate plate 
F (000) 776 1352 688 668 
Radiation Mo(KJ Mo(KJ Mo(KJ Mo(KJ 
Wavelength I A 0.71073 0;71073 0.71073 0.71073 
J..L/mm-' 4.955 5.394 4.960 5.334 
Temperature I K 120(2) 120(2) 120(2) 120(2) 
Data collection 

1.22-30.52 1.24-30.52 1.74-29.88 1.24-30.46 range I o 

Reflections 
22199 37431 14774 19102 measured 

Data, restraints, 
9669,0,371 16724,0,663 7655,0,353 8473,0,343 parameters 

R" wR2 (all 
0.0210,0.0482 0.0822,0.1211 0.0309, 0.0567 0.0249, 0.0489 

data) 

Goodness-of-fit 
1.080 0.791 1.065 1.040 

on r (all data) 

peak, hole I ek3 0.977, -0.816 4.315,-1.104 1.772, -1.188 1.129,-1.101 
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Table 3.2. Selected bond lengths (A) and angles (0
) for 15-16 and 18-19. 

15 16 18 19 

Au(l)-P(1) 2.2752(5) 2.2652(14) 2.2889(12) 2.2764(5) 

Au(1)-C(l) 1.999(2) 2.003(6) 2.023(4) 1.999(2) 

C(l)-C(2) 1.204(3) 1.191(8) 1.195(6) 1.204(3) 

C(2)-C(3) 1.441(3) 1.447(8) 1.439(6) 1.438(3) 

C(9)-C(10) 1.198(3) 1.204(8) 1.207(7) 1.201(3) 

P( 1 )-Au( 1 )-C(l) 176.4(1) 172(2) 176(1) 176.0(6) 

Au(l)-C(1)-C(2) 170.5(2) 168.2(5) 172.8(4) 175.3(2) 

C( 1 )-C(2)-C(3) 174.6(2) 177.3(6) 178.8(5) 178.0(2) 

C(8)-C(9)-C(l 0) 178.8(2) 178.4(7) 178.8(6) 178.7(3) 

C(9)-C(l O)-C(11) 177.8(2) 177.3(6) 178.2(6) 179.3(3) 

Molecular Structural Analyses for 15-19 

The molecules of 15-19, are illustrated in Figure 3.1 to show the atom labelling 

scheme. Selected bond lengths and angles are summarised in Table 3.2. Within the 

series 15-19, the Au-C(1) [1.999(2)-2.023(4) A] and Au-P(l) [2.2652(14)-2.2752(5) 

A] bond lengths are comparable with those of related acetylide complexes, such as 

Au(C=CPh)(PPh3) [Au-C 1.97(2)/2.02(2); Au-P 2.276(5)/2.282(4) A, for two 

independent molecules 94 and Au(C=CSiMe3)(PPh3) [Au-C 2.000(4); Au-P 

2.2786(10) A]. 80 There is no evidence for significant cumulene/quinoidal character 

within the phenylene ethynylene portion of the molecule and the C( 1 )-C(2) 

[1.191(8)-1.204(3) A] and C(9)-C(10) [1.198(3)-1.207(7) A] acetylide bond lengths 

are the same within the limits of precision of the structure determination. The P-Au­

C moiety is essentially linear [171.6(17)-176.4(6)0], but there is a gentle curvature in 

the molecular backbone, particularly pronounced at C(1) [Au-C(l)-C(2) 168.2(5)-

175.32(19)0], brought about by crystal packing effects. 
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The complexes 15-19 offer an opportunity to examine systems in which Au ... Au and 

n ... n interactions, together with other weak interactions such as CH .. . n, may work to 

influence the solid state structures. In this work, no aurophilic interactions were 

found in the extended solid-state structures, with n ... n interactions between the tolan 

moieties being more prevalent. In each structure the molecules lie in an anti-parallel 

arrangement with a number of CH (from various phenyl rings) ... n(phenyl or 

acetylene bond) interactions being evident (Figure 3.2 and Figure 3.3). Stacking 

n ... n interactions between the phenyl rings of the tolan moieties are observed only in 

the structures 18 and 19, which also carry the most strongly electron-withdrawing 

terminal substituents (X = N02 and CN). Whilst in the case of 19 both tolan ring 

systems are stacked, only the more highly polarised terminal phenyl ring in 18 is 

involved in this motif. Steric constraints associated with the PPh3 supporting ligand 

likely restrict the close approach of the gold centres, and Au ... Au interactions are 

superseded by these various 7t-hydrocarbons based interactions. 87
•
95

•
96 
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Molecular Structures of [Au(C=CC6H4C=CC6H4R)(PCyJ)] [R = Me (20), N02 

(22) 

22 

Figure 3.4. A plot of molecule of 20 and 22, illustrating the atom numbering 

scheme. 
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Figure 3.5. Representative packing diagram of 20 revealing that there is no 

aurophilic interaction due to the steric effect of the supporting ligand 

attached to gold. 
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Figure 3.6. Representative packing diagram of 22 revealing that there is no 

aurophilic interaction due to the steric effect of the supporting ligand attached to 

gold. 
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Table 3.3.: Crystal data for 20 and 22. 

20 22 

Molecular formula C3sH44PAu· x CHCh 
c34H41N02PAu· X 

CHCh 
Mlgmor 1 812.01 842.98 
Crystal system Monoclinic Monoclinic 
a/ A 12.123(2) 12.0994(3) 
bl A 24.343(5) 23.9198(5) 
cl A 12.807(3) 13.1499(3) 
a/ o 90 90 
f3 I o 115.40(3) 115.71(1) 
y/0 90 90 
VI A3 3414.1(12) 3428.98(14) 
Space group P 21/c P 21/c 
z 4 4 
Dc1Mgm3 1.580 1.633 
Crystal size I mm 0.24x0.20x0.08 0.66x0.07x0.06 
Crystal habit plate plate 
F (000) 1624 1680 
Radiation Mo(Ka) Mo(Ka) 
Wavelength I A 0.71073 0.71073 
ll I mm-1 4.955 1.637 
Temperature I K 120(2) 120(2) 
Data collection range I 

1.67-27.50 1.70-28.00 
0 

Reflections measured 20544 38646 
Data, restraints, 

7728,0,386 8267,0,400 
parameters 
R~, wR2 (all data) 0.0355, 0.0611 0.0242, 0.0453 
Goodness-of-fit on F 

0.994 1.038 (all data) 
peak, hole I eA-3 0.994, -0.708 0.848, -0.688 
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Table 3.4. Selected bond lengths (A) and angles(0
) for 20 and 22. 

20 22 

Au(l)-P(l) 2.2887(9). 2.2891(5) 

Au(l)-C(l) 2.004(3) 2.015(2) 

C(l)-C(2) 1.209(5) 1.197(3) 

C(2)-C(3) 1.437(4) 1.433(3) 

C(9)-C(10) 1.203(4) 1.200(3) 

P(l)-Au(l)-C(l) 177.88(9) 179.05(7) 

Au( 1 )-C( 1 )-C(2) 174.1(3) 173.9(2) 

C( 1 )-C(2)-C(3) 176.8(4) 176.7(3) 

C(8)-C(9)-C( 1 0) 176.1(3) 175.5(2) 

C(9)-C(l0)-C(ll) 178.3(4) 178.5(2) 

Molecular Structural Analyses for 20 and 22 

The Au-C(l) [2.004(3) A] and Au-P(l) [2.289(9) A] for 20 and Au-C(l) [2.015(2) 

A] and Au-P(l) [2.289(5) A] for 22 bond lengths are comparable with those other 

similar example that features cyclohexyl groups bound to the phosphine, such as 

Au(C=CC6RtC=CC6H5)(PCy3) [Au-C(l)- 2.007(5) A, Au-P(l) 2.281(1) A], 

Au(C=CC6RtC-CC6H5)(PCy3) [Au-C(l) 2.003(7) A, Au-P(l) 2.291(2) A]. 63 There is 

no any evidence for significant cumulene/quinoidal character within the phenylene 

ethynylene portion of the molecule and the C(l)=C(2) [1.209(5) A] and C(9)=C(10) 

[1.203(4) A] 20 and C{l)=C(2) [1.197(3) A] and C(9)=C(l0) [1.200(3) A] 22 

acetylide bond lengths are the same within the limits of precision of the structure 

determination. The P-Au-C moiety is essentially linear [177.88(9)0
] (20) and 

[179.05(7)0
] (22), but there is a gentle curvature in the molecular backbone, 

particularly pronounced at C(l) [Au-C(l)=C(2) 174.1(3) 0
] (20) and C(l) [Au­

C( 1 )=C(2) 173. 9(2)0
] (22), brought about by crystal packing. Like other members of 

the group, there is no close Au ... Au contacts are observed in the extended solid state 

structure for both complexes. But for 22, there is Au ... 0 between the Au and the 

71 



nitro group of the two complexes due to the crystal packing in the solid state. Other 

ligands intermolecular interactions also can be observed in similar complexes 

prepared by Che and eo-workers. 62 For an example, there are weak actetylide and 

proton arising from the phenyl group[C-H ... n(C=C)] interactions between the two 

complexes of Au(C=CC6H4R)(PCy3); R = N02, CF3. The two phenyl rings are eo­

planar and these discrete dimmers are packed into parallel sheets in the crystal 

lattice. 

Molecular Structure of 

Figure 3.7. A plot of molecule 24, illustrating the atom numbering scheme. 
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Figure 3.8. Representative Packing diagram of 24, revealing that there is no 

aurophilic interaction due to the steric effect of the supporting ligands attached to the 

gold. 
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Table 3.5. Crystal data for 24. 

Molecular formula· 
Mlgmor 1 

Crystal system 
a/ A 
bl A 
cl A 
a/ o 

fJ I o 

y/0 
VI A3 

Space group 
z 
Dc!Mgm3 

Crystal size I mm 
Crystai habit 
F (000) 
Radiation 
Wavelength I A 
Jl I mm-1 

Temperature I K 
Data collection range I o 

Reflections measured 
Data, restraints, 
parameters 
R1, wR2 (all data) 
Goodness-of-fit on F­
(all data) 
peak, hole I eA-3 

24 
C64H46Au202P2 

1302.89 
Monoclinic 
14.424(2) 

13.1309(19) 
21.740(3) 

90 
116.550(7) 

90 
3683.3(9) 
P2(1)/c 

2 
1.175 

0.26x0.20x0.08 
plate 
1268 

Mo(Ku) 
0.71073 

4.053 
120(2) 

1.58-30.52 
29804 

11140,0,317 

0.0655, 0.1397 

1.031 

2.924, -1.630 

Table 3.6.: Selected bond lengths (A) and angles(0
) for 24. 

248 248 

Au(1)-P(l) 2.2687(12) P(l )-Au( 1 )-C(l) 178.41(6) 

Au(1)-C(1) 2.007(5) Au(l )-C(l )-C(2) 173.0(5) 

C(1)-C(2) 1.197(7) C( 1 )-C(2)-C(3) 176.2(6) 

C(2)-C(3) 1.442(7) C(8)-C(9)-C( 1 0) 178.0(2) 

C(9)-C(10) 1.207(7) C(9)-C(10)-C(11) 179.7(7) 
- -

a for C(6) read C(8) 
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Molecular Structural Analysis for 24 

In general, the structure of 24 is comparable with those of the mono-gold complexes 

(Au-PPh3; 15-19); (Au-PCy3; 20 and 22) and the terminal alkyne 

HC=CC6l!tC=CC6(0Me)z(H)zC=C6H4C=CH, (14). The Au-C(1) [2.007(5) A] and 

Au-P(l) [2.269(12) A] bond lengths are comparable with mono-gold complexes. The 

addition of the AuPPh3 moieties to the acetylenic carbons does not give any obvious 

change to the structure, and the P-Au-C moiety is essentially linear [178.41(16)0
], 

which may be compared to the terminal C=CH ligand (14) C(1)-C(2)-C(3) 

[175.51(16)0
]. Like the other examples in the series, there no close Au ... Au contacts 

are observed in the extended solid state structure. 

3.2.3. Electrochemical Properties 

3.2.3.1. Cyclic Voltammetry 

The cyclic voltammograms of the mononuclear gold complexes 15-18 m 

dichloromethane show totally irreversible anodic [02, between 0.85-1.15 V vs 

Fe/Fe+] and cathodic [R2 < -2.20 V vs Fe/Fe+] waves close to, or beyond, the limits 

of the solvent potential window (Table 3.7). Indeed, for 15 and 16 which feature 

electron-donating tolan substituents X = Me and OMe, respectively, the cathodic 

waves are shifted beyond the limit of the electrochemical window. These irreversible 

redox processes were not studied in detail. Complex 18 shows an additional cathodic 

wave R1 at -1.47 V, which is fully reversible and apparently belongs to the 

reduction of the remote R = NOz substituent (Table 3.4). The complete thorough 

discussion of the electrochemical properties regarding these mononuclear gold 

complexes 15-18 along with the tolan precursors (1-5) and the triruthenium carbonyl 

acetylide clusters (38-42) can be obtained in Chapter 5. 

75 



Table 3.7. Electrochemical properties of the Au-tolan complexes 15-18. 

Ep,c Euz Ep,a 
Compound 

(R2, tolan) (R1, NOz) (02/03, tolan) 

15 not observed -- 0.94 

16 not observed -- 0.88 

17 -2.37 -- 1.14 

18 -2.23 -1.49 1.13 

a Redox potentlals (V vs Fe/Fe+) were determmed from cychc voltammetric scans. 

Experimental conditions: Pt disk working microelectrode, v = 100 m V s-1
, T = 293 K. 

Ep denotes peak potential of a chemically irreversible step. 

3.2.4. Photophysical Details 

The electronic absorption properties of the mononuclear gold(I)acetylide complexes 

(15-19), and the bisnuclear gold(l)acetylide 23, including the luminescent properties 

of 15 and 23 also have been investigated and fully discussed in the Chapter 5 

('Photophysical and Electrochemical Properties of Triruthenium Carbonyl 

Clusters Featuring Phenylene Ethnylene Ligands') as a comparison studies with 

the triruthei1ium carbonyl acetylide clusters (36-43) along with the ligand precursors 

of the tolans (1-5 and 6), and the extended three-ring system featuring SiMe3 

protecting groups (11). 

3.3. Conclusions 

In this chapter, gold(l) oligo-phenylene ethynylene complexes were prepared from 

the tolan ligand precursors and AuCl(PL3) (L =Ph, Cy) in the presence ofNaOMe in 

a good yields. Molecular structural data for these complexes were also obtained 

which allow the intermolecular interactions in the solid state to be assessed. In the 

complexes there are no Au ... Au interaction in the solid state due to the steric effect 

of the phosphine moieties bound to gold but there are some 1t ... 7t interactions 

betweel1}1:J.e organic lig(lJ:ldS. Selected Rhotopjlysi_cjll (lnd <;h~mi<;al_ r~actiyi_ty studi_e_s __ 

of some of the complexes are described in later Chapters of this thesis. 
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3.4. Experimental Details 

3.4.1. General Condition 

All reactions were carried out under an atmosphere of nitrogen using standard 

Schlenk techniques. Reaction solvents were purified and dried using an Innovative 

Technology SPS-400, and degassed before use. No special precautions were taken to 

exclude air or moisture during work-up. The compounds AuCl(PPh3), 
78 AuCl(PCy3) 

92 were prepared by literature routes. Other reagents were purchased and used as 

received. 

NMR spectra were recorded on a Broker Avance eH 400.13 MHz, 13C 100.61 MHz, 
13C 125.68 MHz, 31P 161.98 MHz) or Varian Mercury e1P 161.91 MHz) 

spectrometers from CDCh solutions and referenced against solvent resonances ( 1 H, 
13C) or external H3P04 e1P) IR spectra were recorded using a Nicolet Avatar 

spectrometer from nujoll mull suspended between NaCl plates. Mass spectra were 

recorded using Thermo Quest Finnigan Trace MS-Trace GC or Thermo Electron 

Finnigan LTQ FT mass spectrometers or Matrix-Assisted Laser 

Desorption/Ionisation-Time-of-Flight (Mass Spectrometry) (MALDI-TOF MS) ABI 

Voyager STR. 

Diffraction data were collected at 120K on a Broker SMART 6000 CCD (15, 16 and 

19), (20 and 22) and (24), on Broker SMART IK CCD (18) (three-circle 

diffractometers, using graphite-monochromated Mo-Ka radiation. The diffracrometer 

were equipped with Cryostream (Oxford Cryosystems) low-temperature nitrogen 

cooling devices. The structures were solved by direct-methods and refined by full 

matrix least-squares against F of all data using SHELXTL software. 97 All non­

hydrogen atoms where refined in anisotropic approximation except the disordered 

ones, H atoms were placed into the calculated positions and refined in "riding" mode. 

The crystallographic data and parameters of the refinements are listed in Table 3.1 -

Table 3.3. 
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3.4.2. .!Experimental 

3.4.2.1. 

A suspension of Me3SiC=CC6H4C=CC6H4Me, 1 (64 mg, 0.22 mmol) and NaOH (89 

mg, 2.22 mmol) in MeOH (15 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PPh3) (1 00 mg, 0.22 mmol) and allowed to 

stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (3 ml), diethylether (3 ml) and pentane (3 ml) and dried in vacuo 

followed by recrystallisation from CHCh/MeOH to afford 15 as pale yellow crystals 

(93 mg, 68 %). IR (nujol): v(C=C) 2213 cm-1. 1H NMR (CDCh, 400 MHz): i> 2.36 

(s, 3H, Me); 7.13-7.58 (m, 23H, Ar). 31 P{H} NMR (CDCh, 161.9 MHz): i> (s, 42.1, 

PPh3). 13C{H} NMR (CDCI), 125.7 MHz): i> 21.5 (s, Me); 89.1, 90.6 (2 x s, 2 x 

C=C, C1 and Cs); 135.2 (d, 2Jcp = 142 Hz, Au-C1=C); 104.2 (d, 3 Jcp =27Hz, Au­

C=C2), 121.9, 131.4, 131.7, 120.5, (4 X s, C3-C6, Ar); 124.9, 132.5, 129.4, 138.9 (4 X 

s, Cg-C12, Ar), 129.7 (d, 1Jcp =56Hz, Ci), 134.6 (d, 2Jcp = 14Hz, Co), 129.4 (d, 3Jcp 

=12Hz, Cm), 131.9 (d, 4Jcp =2Hz, Cp). (ES)+-MS(m/z): 1133, [M+AuPPh3t; 721, 

[Au(PPh3)2( Found: C 62.27, H 3.85 %; C3sH26PAu requires: C, 62.31; H 3.86 %. 

3.4.2.2. Preparation of Au(C=CC6H4C=CC6H40Me)PPhJ (16) 

A suspension of Me3SiC=CC6H4C=CC6H40Me, 2 (135 mg, 0.44 mmol}and NaOH 

(162 mg, 4.05 mmol) in MeOH (25 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PPh3) (200 mg, 0.40 mmol) and allowed to 

stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (6 ml), diethylether (6 ml) and pentane (6 ml) and dried in vacuo to 

afford 16 (181 mg, 65 %). IR (nujol): v(C=C) 2202 cm-1. 1H NMR (CDCh, 400 

M_Hz): i> 3.82~(s, 3H, OMe); 6.88.(pseudo-d;JHH = 8.8 Hz, 2H, C6H4); 7.38 .. 7.58.(m,-

21H, Ar). 31 P{H} NMR (CDCI), 80.96 MHz): i> (s, 43.4, PPh3). 13C{H} NMR 

(CDCI), 125.7 MHz): i> 55.6 (s, OMe); 88.5, 90.8 (2 x s, 2 x C=C, C7 and Cs); 134.6 
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(d, 2Jcp =142Hz, Au-C1=C); 104.3 (d, 3Jcp =27Hz, Au-C=C2), 115.7, 131.3, 132.5, 

124.7 (4 x s, C3-C6, Ar); 122.0, 133.3, 114.2, 159.8 (4 x s, C9-C12, Ar), 129.7 (d, 1Jcp 

=56Hz, Ci), 134.6 (d, 2Jcp = 14Hz, Co), 129.4 (d, 3 Jcp = 12Hz, Cm), 131.9 (d, 4Jcp 

=2Hz, Cp). (ES)+-MS(m/z): 721, [Au(PPh3)2t; 713, [M+Nat. Found: C, 60.43; H, 

3.73%; C3sH26NOPAu requires: C, 60.87; H, 3.77 %. 

3.4.2.3. Preparation of Au(C=CC6H4C=CC6H4C02Me)PPh3 (17) 

A suspension of Me3SiC=CC6~C=CC6H4C02Me, 3 (300 mg, 0.89 mmol) and 

NaOH (324 mg, 8.10 mmol) in MeOH (50 ml) was allowed to stir for 30 min, to give 

a clear solution, which was treated with AuCl(PPh3) ( 400 mg, 0.81 mmol) and 

allowed to stir for a further 3h. The resulting cloudy solution was filtered, the 

precipitate washed with MeOH (6 ml), diethylether (6 ml) and pentane (6 ml) and 

dried in vacuo followed by recrystallisation from CHChlhexane to afford 17 as pale 

yellow crystals (453 mg, 78 %). IR (nujol): v(C=C) 2209 cm-1. 1H NMR (CDCh, 400 

MHz): 8 3.92 (s, 3H, OMe); 7.28-7.58 (m, 21H, Ar); 8.02 (pseudo-d, JHH = 8.8 Hz, 

2H, C6~). 31P{H} NMR (CDCh, 80.96 MHz): 8 (s, 43.3, PPh3). 13C{H} NMR 

(CDCh, 125.7 MHz): 8 52.5 (s, OMe); 90.0, 92.9 (2 x s, 2 x C=C, C1 and Cs); 135.9 

(d, 2Jcp = 142Hz, Au-C 1=C); 104.2 (d, 3 Jcp =27Hz, Au-C=C2), 125.7, 131.6, 132.6, 

128.3 (4 x s, C3-C6, Ar); 121.0, 129.7, 131.7, 129.8, (4 x s, C9-C12, Ar), 129.7 (d, 1Jcp 

=56Hz, Ci), 134.6 (d, 2Jcp =14Hz, Co), 129.5 (d, 3Jcp =12Hz, Cm), 131.9 (d, 4Jcp 

= 2 Hz, Cp). 166.8(s, C=OMe). (ES+)-MS(m/z): 1635, [M+(AuPPh3)2t; 1177, 

[M+AuPPh3t; 721, [Au(PPh3)2t Found: C, 60.31; H, 3.66%; C36H2602PAu 

requires: C, 60.17; H, 3.62. 

3.4.2.4. Preparation of Au(C=CC6H4C=CC6H4N02)PPh3 (18) 

A suspension of Me3SiC=CC6~C=CC6H4N02, 4 (260 mg, 0.89 mmol) and NaOH 

(324 mg, 8.10 mmol) in MeOH (50 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PPh3) (400 mg, 0.81 mmol) and allowed to 
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stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (6 ml), diethylether (6 ml) and pentane (6 ml) and dried in vacuo 

followed by recrystallisation from CHCh/MeOH to afford 18 as orange crystals (393 

mg, 69 %). IR (nujol): v(C=C) 2209 cm-1. 1H NMR (CDCh, 400 MHz): () 7.43-7.58 

(m, 19H, Ar); 7.65 (pseudo-d, JHH = 8.8 Hz, 2H, C6Rt) 8.22 (pseudo-d, JHH = 8.8 

Hz, 2H, C6Rt). 31 P{H} NMR (CDCh, 80.96 MHz): () (s, 43.3, PPh3). 
13C{H} NMR 

(CDCh, 125.7 MHz): () 88.9, 95.3 (2 X s, 2 X C=C, c7 and Cs); 135.1 (d, 2Jcp = 142 

Hz, Au-C1=C); 104.5 (d, 3Jcp =27Hz, Au-C=C2), 130.6, 131.8, 132.4, 123.9 (4 x s, 

C3-C6, Ar); 120.3, 131.8, 123.9, 147.1 (4 x s, C9-C12, Ar), 129.6 (d, 1Jcp =56Hz, Ci), 

134.6 (d, 2Jcp =14Hz, Co), 129.5 (d, 3Jcp =12Hz, Cm), 131.9 (d, 4Jcp =2Hz, Cp). 

MALDI(+)-TOF(m/z): 1625, [M+(AuPPh3)2t; 1164, [M+AuPPh3t; 721, 

[Au(PPh3)2t. Found: C, 57.46; H, 3.23; N, 1.80 %; C34H23N02PAu requires: C, 

57.87; H, 3.26; N 1.99 %. 

3.4.2.5. (19) 

A suspension of Me3SiC=CC6RtC=CC6H4CN, 5 (270 mg, 0.89 mmol) and NaOH 

(324 mg, 8.10 mmol) in MeOH (50 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PPh3) (400 mg, 0.81 mmol) and allowed to 

stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (6 ml), diethylether (6 ml) and pentane (6 ml) and dried in vacuo 

followed by recrystallisation from CHCh/MeOH to afford 19 as yellow crystals (393 

mg, 71 %). IR (nujol): v(C=C) 2207 cm-1. 1H NMR (CDCh, 400 MHz): () 7.41-

7.63(m, 23H, Ar). 31 P{H} NMR (CDCh, 80.96 MHz): () (s, 43.3, PPh3). 
13C{H} 

NMR (CDCh, 100.6 MHz): () 89.1, 94.3 (2 x s, 2 x C=C, C1 and Cs); 134.2 (d, 2Jcp = 

142Hz, Au-C1=C); 104.0 (d, 3Jcp =27Hz, Au-C=C2), 120.5, 131.7, 132.2, 118.8 (4 

x s, C3-C6, Ar); 126.1, 132.6, 132.3, 111.5 (4 x s, C9-C12, Ar), 129.5 (d, 1Jcp =56Hz, 

Ci), 134.6 (d, 2 Jcp = 14Hz, Co), 129.4 (d, 3Jcp = 12Hz, Cm), 131.9 (d, 4Jcp =2Hz, 

Cp), 121.1 (s, C=N). ES+-MS(m/z): 1144, [M+AuPPh3t; 721, [Au(PPh3)2t, Found: 

C, 61.61; H, 3.33; N, 1.93 %; C35H23NPAu requires: C, 61.31; H, 3.36; N 2.04% 
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Cy3PAu-c=c-Q-c=c-Q-Me 

3.4.2.6. (20) 

A suspension of Me3SiC=CC6H.tC=CC6H4Me, 1 (124 mg, 0.43 mmol) and NaOH 

(160 mg, 3.90 mmol) in MeOH (20 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PCy3) (200 mg, 0.39 mmol) and allowed to 

stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (3 ml), diethylether (3 ml) and pentane (3 ml) and dried in vacuo 

followed by recrystallisation from CHCh/MeOH to afford 20 as yellow crystals (193 

mg, 72 %). IR (nujol): v(C=C) 2210, 2111 cm·1. 1H NMR (CDCh, 400 MHz): o 
1.27-2.02 (m, 33H, Cy); 2.35 (s, 3H, Me); 7.14 (pseudo-d, JHH = 8 Hz, 2H, C6t4); 

7.38 (t, JHH = 8.8 Hz, 4H, C6t4) 7.46 (pseudo-d, JHH = 8 Hz, 2H, C6f4). 31P{H} 

NMR (CDCh, 80.96 MHz): o (s, 57.4, PCy3). 13C{H} NMR (CDCh, 100.6 MHz): o 
21.5 (s, Me); 33.4 (d, 1Jcp =28Hz, C;); 27.2 (d, 2Jcp = 12Hz, Co); 25.9 (d, 3Jcp = 2 

Hz, Cm); 30.7 (s, Cp); 33.4(d, Jcp = 28 Hz, Cy); 89.0, 90.5 (2 x s, 4 x C=C, C1 and 

Cs); 139.6 (d, 2Jcp = 131 Hz, AuC1=C); 103.6 (d, 3 Jcp = 25 Hz, AuC=C2), 121.3, 

131.1, 131.4, 118.3 (4 X s, C3-C6, Ar); 124.1, 132.2, 129.1, 138:2 (4 X s, Cg-C)2, Ar). 

(ES)+-MS(m/z): 1169, [M+AuPCy3t; 757, [Au(PCy3)2t. Found: C 60.21, H 6.32 %; 

C35f44PAu requires: C, 60.69; H 6.36 %. 

Cy3PAu-c=c-Q-c=c-Q-oMe 

3.4.2.7. Preparation of Au(C=CC6H4C=CC6H40Me)PCy3 (21) 

A suspension of Me3SiC=CC6H4C=CC6t40Me, 2 (131 mg, 0.43 mmol) and NaOH 

(160 mg, 3.90 mmol) in MeOH (20 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PCy3) (200 mg, 0.39 mmol) and allowed to 

stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (3 ml), diethylether (3 ml) and pentane (3 ml) and dried in vacuo to 

afford 21 (231 mg, 84 %). IR (nujol): v(C=C) 2213, 2107 cm·1. 1H NMR (CDCh, 

400 MHz): o 1.25-2.00 (m, 33H, Cy); 3.82 (s, 3H, OMe); 6.87 (pseudo-d, JHH = 8.8 

Hz, 2H, C6t4); 7.37 (pseudo-d, JHH = 8.8 Hz, 2H, C6t4); 7.45 (pseudo-dd, JHH = 8.6 

81 



Hz, 4H, C6fit). 31 P{H} NMR (CDCh, 80.96 MHz): 8 (s, 57.4, PCy3). 13C{H} NMR 

(CDCh, 100.6 MHz): 55.5 (s, OMe); 33.5 (d, 1Jcp = 28 Hz, C;); 27.4 (d, 2Jcp = 12 

Hz, Co); 26.1 (s, Cm); 31.0 (s, Cp), 87.5, 94.2 (2 x s, 4 x C=C, C7 and Cs); 139.8 (d, 
2Jcp = 131 Hz, AuCt=C); 103.7 (d, 3Jcp = 25 Hz, AuC=C2); 115.7, 131.2, 132.5, 

121.7 (4 X s, C3-C6, Ar); 121.7, 133.2, 114.2, 159.8 (4 X s, C9-C!2, Ar). (ES)+­

MS(m/z): 1185, [M+AuPCy3t; 757, [Au(PCy3)2t. Found: C 60.03, H 6.24 %; 

C3sH44PAu requires: C, 59.32; H, 6.21 %. 

Cy3PAu-c=c-Q-c=c-Q-No2 

3.4.2.8. Preparation of Au(C=CC6H4C=CC6H4N02)PCy3 (22) 

A suspension of Me3SiC=CC6H4C=CC6H.tN02, 4 (137 mg, 0.43 rnmol) and NaOH 

(160 mg, 3.90 rnmol) in MeOH (20 ml) was allowed to stir for 30 min, to give a clear 

solution, which was treated with AuCl(PCy3) (150 mg, 0.29 rnmol) and allowed to 

stir for a further 3h. The resulting cloudy solution was filtered, the precipitate washed 

with MeOH (3 ml), diethylether (3 ml) and pentane (3 ml) and dried in vacuo 

followed by recrystallisation from CHCh/MeOH to afford 22 as orange crystals (172 

mg, 81 %). IR (nujol): v(C=C) 2209, 2110 cm-1. 1H NMR (CDCh, 400 MHz): 8 

1.25-2.01(m, 33H, Cy); 7.42 (pseudo-d, JHH = 8.8 Hz, 2H, C6H4); 7.50 (pseudo-d, 

JHH = 8.4 Hz, 2H, C6H4); 7.64 (pseudo-d, JHH = 8.8 Hz, 2H, C6H4); 8.22 (pseudo-d, 

JHH = 8.4 Hz, 2H, C6fit). 31 P{H} NMR (CDCh, 80.96 MHz): 8 (s, 57.4, PCy3). 

13C{H} NMR (CDCh, 100.6 MHz): 8 32.4 (d, 1Jcp =28Hz, C;); 26.2 (d, 2Jcp = 12 

Hz, Co); 24.9 (d, 3Jcp =2Hz, Cm); 29.7 (s, Cp); 87.5, 94.2 (2 x s, 4 x C=C, C7 and 

C8); 140.2 (d, 2Jcp = 131 Hz, AuCt=C); 103.5 (d, 3Jcp =25Hz, AuC=C2), 129.4, 

131.2, 131.4, 118.8 (4 X s, C3-C6, Ar); 125.5, 130.4, 122.6, 145.9 (4 X s, C9-C!2, Ar). 

(ES)+-MS(m/z): 1200, [M+AuPCy3t; 757, [Au(PCy3)2t. Found: C 56.13, H 5.67, 

N, 1.90 %; C34fittPN02Au requires: C, 56.43, H 5.67, N, 1.94 %. 
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3.4.2.9. 

Ph3PAu-c=c-Q-c=c-Q-c=c-Q-c=c-AuPPh3 

Preparation of {Au(PPh3) }2(J..L-C=CC6H4C=CC6H4C=CC6H4C=C) 

(23) 

A solution of Me3SiC=CC6HtC=CC6HtC=C6HtC=CSiMe3, 11 (52 mg, 0.11 mmol) 

and NaOH (89 mg, 2.22 mmol) in MeOH (15 ml) was allowed to stir for 40 min, 

after which time AuCl(PPh3) (1 00 mg, 0.20 mmol) was added. The reaction mixture 

was allowed to stir for a further 3h, after which time a yellow precipitate had formed, 

which was collected by filtration, washed with MeOH (3 ml), diethylether (3 ml) and 

pentane (3 ml) and dried to afford 23 as a yellow solid (102 mg, 74%). IR (nujol): 

v(C=C) 2103 cm·1. 1H NMR (CDCh, 400 MHz): c) 7.42-7.58 (m, 42H, Ar). 31 P{H} 

NMR (CDCh, 80.96 MHz): c) (s, 43.3, PPh3). 13C{H} NMR (CDCh, 100.6 MHz): 8 

90.6, 91.7 (2 X s, 2 X C=C, c7 and Cs); 134.3 (d, 2Jcp = 150Hz, Au-CI=C); 104.2 (d, 

3 Jcp = 25 Hz, Au-C=C2), 125.3, 131.5, 131.7, 123.3 (4 x s, C3-C6, Ar); 121.4, 132.6 

(2 x s, C9-C10, Ar), 129.7 (d, 1Jcp =56Hz, Ci), 134.6 (d, 2Jcp = 14Hz, Co), 129.5 (d, 
3 Jcp ~ 12Hz, Cm), 131.9 (d, 4Jcp = 2 Hz, Cp). (ES)+-MS(m/z): 1701 [M+AuPP3t; 

1243, M+; 721, [Au(PPh3)2t. Found: C, 59.39; H, 3.45 %; C62H42P2Au2 requires: C, 

59.91; H, 3.40 %. 

3.4.2.10. 

OMe 

Ph3PAu-c=c-Q-cMc--P-c=c-Q-c=c-AuPPh3 

M eO 

Preparation of 

C=CC6~C=CC6H2(0Me)2C=CC6H4C=C) (24) 

A suspension of Me3SiC=CC6HtC=CC6(0Me)2(H)2C=C6H4C=CSiMe3, 13 (75 mg, 

0.142 mmol) and NaOH (162 mg, 4.05 mmol) in MeOH (25 ml) and 

dichloromethane (20 ml) was allowed to stir for 30 min, to give a clear yellow 

solution, which was treated with AuCl(PPh3) (140 mg, 0.28 mmol) and allowed to 

stir for a further 14h. The yellow solution was concentrated until the formation of 

yellow precipitate which was collected by filtration. The filtrate was cooled in the 

ice-bath to give a second crop of precipitate. The combined precipitates were washed 
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with MeOH (6 ml), diethylether (6 ml) and pentane (6 ml) and dried in vacuo 

followed by recrystallisation from CHCh/MeOH to afford 24 as yellow crystals (152 

mg, 82 %). IR (nujol): v(C=C) 2197, 2109 cm-1. 1H NMR (CDCh, 499.8 MHz): 8 

3.88 (s, 6H, OMe); 7.00 (s, 2H, (C6H2(0Me)2); 7.44-7.57 (m, 38H, Ar). 31 P{H} 

NMR (CDCh, 80.96 MHz): 8 (s, 43.3, PPh3). 
13C{H} NMR (CDCh, 125.67 MHz): 8 

56.7 (s, OMe); 87.1, 95.5 (2 X s, 2 X C=C, c7 and Cs); 134.1 (d, 2Jcp =142Hz, Au­

Cl=C); 104.3 (d, 3Jcp =27Hz, Au-C=C2), 125.1, 131.6, 132.5, 121.6 (4 x s, C3-C6, 

Ar); 113.6, 115.8, 154.1 (3 x s, C9-C11, Ar), 129.7 (d, 1Jcp = 56Hz, Ci), 134.6 (d, 
2Jcp = 14 Hz, Co), 129.5 (d, 3 Jcp = 12Hz, Cm), 131.9 (d, 4Jcp = 2 Hz, Cp). 

MALDI(+)-TOF(m/z): 1761 [~,f+AuPP3t; 1301, M+; 721, [Au(PPh3)2t. Found: C, 

58.20; H, 3.53 %; C64H4602P2Au2 requires: C, 58.95; H, 3.53 % 
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Chapter 4. 'Synthesis, Structural and Electronic Properties of Half-Sandwich 

Ruthenium Oligo(Phenylene Ethynylene) Complexes' 

4.1. Introduction 

Metal complexes containing long unsaturated carbon chains, especially complexes 

featuring acetylide ligands in the form of the alkynyl, diynyl and polyynyl fragments 

have been the subjects of many decades of research work. 1-7While inuch ofthe early 

work was naturally concerned with synthetic and structural issues, there is a 

considerable and growing body of contemporary interest concerning the electronic, 

optical, non-linear optical and magnetic properties of these compounds. 8-14 These 

properties are sensitive to the nature of both of the metal and the acetylide ligand. 

The comparisons of the properties of half-sandwich ofthe electron-rich metal centres 

such as ruthenium acetylides Ru(C=CR)(L2)(TJ5 -C5R5), where L2 usually represents 

supporting phosphine ligands, with analogous iron complexes have been carried out, 
15·16 from which it can be concluded that iron centres gives rise to much greater metal 

character in the frontier orbitals, whilst the ruthenium analogues exhibit far greater 

Ru(d)-acetylide(7t) mixing. 17 This greater delocalisation is also found to persist after 

one-electron oxidation of the ruthenium complexes, and has been used to rationalise 

the greater chemical reactivity of the 17 -electron radical cations [Ru(C=C-1 ,4-

C6H4X)(dppe)(TJ5 -C5Me5)t 18·19 when considered alongside the radical cations 

[Fe(C=CC6H4-X)(dppe)Cp*t (X = CN, CF3, Br, F, Me, 1Bu, OMe, NH2, NMe2), 

which have been isolated as the [PF6r salts. 20 The use of RuL2Cp' fragments to 

introduce more acetylide-ligand character to the semi-occupied orbital in 

[M(C=CR)LzCp't sp~cies has prompted consideration of systems containing 

acetylide ligands with extended 7t-conjugated structures. Therefore, in this thesis, 

complexes of the end-capped half-sandwich of Ru(C=CR)(L2)(TJ5 -C5R5) featuring 

tolan ligands substituented with electron donating (Me and OM:e) or withdrawing 

groups (C02Me, N02 and CN) have been prepared and fully characterised. These 

complexes have been prepared with a view to exploring the molecular design 

parameters that influence the relative contributions of metal and acetylide ligand in 
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the frontier molecular orbitals of the complexes [Ru(C=CR)(L2)(rJ
5 -C5R5)]"+ (n = 0, 

1 ). 

In addition to the long standing interest in the preparation of the mono metallic 

acetylide complexes of electron rich metal centres, there is also growing interest in 

the preparation of the bimetallic ruthenium complexes in which two metal centres are 

joined by ligands featuring two or more alkynyl groups. 21 '22 These complexes 

display a degree of electronic interaction between metal-based redox groups located 

at the ligand termini 23 as well as attracting interest from the point of view of their 

redox-switchable the non-linear optical properties. 10·11·24 

In the most general terms, complexes featuring [LxM(n)]-B-[M(n)Lx] based structures, 

in which two redox-active metal fragments MLx each in oxidation state n, are linked 

by some bridging ligand, are precursors to formally mixed-valence systems [LxMn]­

B-[M(n+1)Lx]. The classification and properties of mixed-valence complexes 

continues to provoke thought, with the original class I, 11, Ill based description 

provided by Robin and Day 25 being gradually refined. 26·27 In light of this ongoing 

interest in the chemistry and description of mixed-valence systems, compounds 

Cp'L2Ru-C=C-X-C=C-RuL2Cp' are worthy of further study, as the role of the 

bridging ligand itself in the oxidation process needs to be further elucidated. 

In this chapter, the preparation, spectroscopic, molecular structural and redox 

properties of a number of mono- and di-ruthenium acetylide complexes derived from 

simple phenyl, tolan and oligo(phenylene ethynylene) moieties are described. 
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4.2. General Synthetic Procedures 

Acetylide complexes [Ru(C=CR)(L2)(TJ 5 -C5H5)] are conveniently prepared by 

reactions of the analogous chloride complex RuCl(L2)(TJ5 -C5H5) with a terminal 

alkyne, and deprotonation of the resulting vinylidene (Scheme 4.1) 28
•
29 

+Cl-

via t'J"'9/ H 
L:;liio\ + c 

Ph p1·Ru-m 
3 I 9 

Ph3P R 

DBU 

DBU = 

q 
Ph p1 ·Ru-C=C-R 

3 I 
Ph3P 

1 ,8-Diazabicyclo[5.4.0]undec-7-ene 

Scheme 4.1. The mechanism for the preparation of ruthenium acetylides from 

terminal alkynes. 28 

It is also possible to prepare such complexes from trimethylsilyl protected terminal 

alkynes when the metallation reaction is carried out in the presence of fluoride ions 

as shown in Scheme 4.2. 21 Together, these methods allow the convenient 

preparation of not only simple phenyl acetylide complexes such as 

[Ru(C=CPh)(PPh3) 2Cp] 30 and [Ru(C=CPh)(dppe)Cp*], 31 but also substituted 

derivatives far too numerous to list in detail here. 14
• 

18
• 

22
• 

29
• 

32
-4

1 
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KF 
MeOH 8 

KF 

+ MeOH + KCI 

Scheme 4.2. A generalised mechanism for the preparation of ruthenium acetylide 

complexes from trimethylsilyl protected with the presence of fluoride ions. The 

precise mechanism for this reaction has not yet been fully elucidated. 21 

The methods described above have been used in the preparations of half-sandwich 

ruthenium acetylide bearing simple aromatic substituents and tolans derivatives with 

49-80 % yields. In addition, the his-ruthenium complexes featuring a bridging ligand 

based on diethynyl-1,4-bis(phenylethynyl)benzene has also been prepared by the 

same route in ea. 70 % yields. The complexes prepared in this study are shown in 

Scheme 4.3 and Scheme 4.4, whilst a set of important model compounds Rul - Ru4 

prepared by Roberts and studied further in the course of the work described in this 

thesis are illustrated in Scheme 4.5. 
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rt7 -o- -o-· Ph p/~uC=C ~ /; C=C ~ /; R 
3 PPh3 

R = Me (25), OMe (26), C02Me (27), N02 (28) 

R =Me (30), OMe (31), C02Me (32), N02 (33) 

Scheme 4.3. The complexes studied in this work featuring simple phenyl acetylide 

and bis( ethynylphenyl) derivatives as tolans. 

?-- _ _oMe _ ~ 
Ph p-~u-c~cOc·c-Oc~c-Q-/; c=~ 

2 ~PPh2 y Ph2P,:th2 
M eO 

(34) 

(35) 

Scheme 4.4. The his-ruthenium acetylides complexes studied in this work 

featuring an extended three-rings system as ligands. 

4.3. Simple Ruthenium Acetylide Derivatives 

The methods described above allow the preparation of half-sandwich ruthenium 

acetylide complexes bearing simple aromatic substituents (Rul - Ru4) (Scheme 

4.5). These complexes were initially synthesised and characterised by Dr R. L. 

Roberts and have been previously reported. 19 It should be noted that only a small 

number of related half-sandwich ruthenium acetylide complexes of fused-ring 

aromatic alkynes, such as ethynyl naphthalimide and ethynyl pyrone, are known. 40.41 

The iron analogue of 3b has recently been reported. 24 
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Ru2a 

Ru3a 

p 
Ph3P'ru-C=C 

Ph3P 

Ru4a 

Ru3b 

Ru4b 

Scheme 4.5. Compounds numbering scheme of simple ruthenium acetylide 

derivatives. 

4.3.1. Syntheses 

TheIR spectra of complexes Rut - Ru4 exhibit v(C=C) bands for the coordinated 

acetylide moiety at ea. 2070 (Rut, Ru2), 2055 (Ru3) or 2040 (Ru4) cm-1
, somewhat 

lower in energy than the organic alkynes. 4244 It is interesting to note that whilst 

these IR bands are remarkably insensitive to the other supporting ligands at the metal 

centre, the v(C=C) frequency is attenuated by the nature of the aromatic acetylide 

substituent. The carbons of the acetylide moieties were observed in the 13C NMR 

spectra as triplets (120-130 ppm, Ca, Jcp =25Hz) and singlets (100- 110 ppm, Cp). 
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The Cp and Cp* ligand resonances were found as singlets in the 1H and 13C NMR 

spectra in the usual regions (Cp I Cp*: oH = 4.3 - 4.6 I 1.5 - 1.6 ppm; oc = 85-86 I 

10.0 - 1 0.5, 92 - 93 ppm) whilst the supporting phosphine ligands gave rise to 

singlets in the 31 P NMR spectra at ea. Op 50.5-51.5 (PPh3) or Op 81- 83 (dppe) ppm. 

4.3.2. Electrochemical Characterisation 

4.3.2.1. Cyclic Voltammetric Properties 

Typically, half-sandwich ruthenium acetylides undergo single electron oxidation in 

common solvents to give the corresponding radical cations. Their redox potentials 

and chemical stability are sensitive to both the supporting ligands on the ruthenium 

centre and the acetylide substituent. 14
'
18

•
31.4° In this work the anodic behaviour of 

[Ru(C=CC6H5)(L2)Cp'] (Ru1a, Ru1b), [Ru(C=CC6H4Me-4)(L2)Cp'] (Ru2a, Ru2b), 

[Ru(C=CCwH7)(L2)Cp'] (Ru3a, Ru3b) and [Ru(C=CC14H9)(L2)Cp'] (Ru4a, Ru4b) 

has been examined, and provides an important reference point for the discussion of 

the properties of the tolan based systems which follow. 

The cyclic voltammogram of [Ru(C=CC6H5)(PPh3) 2Cp] (Rula) in dichloromethane 

is characterised by an oxidation event at 0.59 V (vs. SCE using Fe* I Fe*+ as an 

internal standard), the chemical reversibility of which improves at lower 

temperatures (ipa: ipc = 1.7 at -78°C, v = 100 mV s-1
) and at faster scan rates (ipa: ipc 

= 1.1 at -78°C, v = 800 m V s-1
). At higher potentials, a second anodic wave was also 

observed, which was completely irreversible (Table 4.1 ). The behaviour of the 

naphthyl (Ru3a) and anthryl (Ru4a) substituted derivatives were similar to those 

described for the phenyl acetylide complex, with the first o.xidation event associated 

with Ru4a being rather more thermodynamically favourable (Table 4.1). The 

chemical reversibilities of the naphthyl (Ru3a) and anthryl (Ru4a) substituted 

derivatives were poor under all conditions examined. 
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Table 4.1. 

Rulad 

Ru2ae 

Ru3ad 

Ru4ad 

Rulbe 

Ru2be 

Ru3be 

Ru4be 

Electrochemical data for complexes Rul-Ru4. 

E(lt2) 

0.59 

0.53 

0.55 

0.42 

0.34 

0.31 

0.36 

0.29 

a Mb p 

115 

120 

85 

130 

80 

90 

110 

90 

ialic 

1.7 

1.0 

4.3 

7.7 

1.0 

1.1 

1.1 

1.0 

£(2)pac 

1.39 

1.40 

1.44 

1.60 

1.19 

1.17 

1.28 

1.07 

a All E values in Volt vs SCE. Conditions: CH2Ch solvent, 10-1 M NB14PF6 

electrolyte, Pt working, counter and pseudo-reference electrodes, v = 100 m V s-1
• 

The decamethyl ferrocene I decamethyl ferrocenium (Fe* I Fe*+) couple was used as 

an internal reference for potential measurements (Fe* I Fe*+ taken as -0.02 V vs SCE 

in CH2Ch I 0.1M [NB14]PF6 
45 

b Mp = IEpa - Epcl· c anodic peak potential of a totally irreversible process. d -78 °C. 

e 20 °C. 

In contrast, the oxidation of the p-tolyl compound [Ru(C=CC6~Me)(PPh3)2Cp] 

(Ru2a) proved to be fully chemically reversible at room temperature (ipa : ipc = 1), 

with the variation in Mp being no greater than that of the internal decamethyl 

ferrocene I decamethyl ferrocenium reference couple and independent of scan rate. 

Plots of ipa vs v112 were also linear for this species. This improved chemical 

reversibility over the compounds Rula, Ru3a and Ru4a suggests the involvement of 

the ring hydrogen in the position para to the metal acetylide fragment in at least one 

of the chemical pathways responsible for the reactivity of the 

[Ru(C=CAr)(PPh3)2Cp t systems. 
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The same trend in electrode potentials as a function of the acetylide substituent 

observed in the Ru(PPh3)2Cp series was also apparent in the Ru( dppe )Cp* 

complexes, with the anthracene derivative being oxidised at significantly lower 

potentials than the other members of the series Rulb- Ru4b. The introduction of 

the bulky and more electron-donating Cp* and dppe ligands around the ruthenium 

acetylide framework rendered the first oxidation event of the 

[Ru(C=CAr)(dppe)Cp*] series ea. 100- 200 m V more favourable than the analogous 

[Ru(C=CAr)(PPh3)2Cp] complexes. These processes are almost completely 

electrochemically and chemically reversible at room temperature and moderate scan 

rates (v = 100 m V s-1), with linear plots of ipa vs v 112 being obtained and ~Ep values 

of comparable magnitude as the internal reference couple (Table 4.1). 

4.3.2.2. IR Spectroelectrochemical Studies 

The reactivity of [Ru(C=CPh)(PPh3)2Cpt (Rula) implied by the CV study was 

briefly investigated by spectroelectrochemical methods with considerable assistance 

from Dr M.A. Fox, University of Durham and Prof F. Hartl, University of 

Amsterdam. For this study, and those which are described in more detail below, an 

air-tight spectroelectrochemical cell fitted with CaF2 windows to provide 

transparency across the spectroscopic region of interest was employed. 46 During 

oxidation of Rula the v(C=C) band at 2074 cm-1, which is characteristic of the IS­

electron ruthenium acetylide, shifted to give rise to a transient species with an IR 

bands at 193 7 and 1529 cm-1. By comparison with results obtained from Ru2a, and 

the Ru(dppe)Cp* series Rulb - Ru4b these bands are attributed to 

[Ru(C=CPh)(PPh3)zCpt ([Rulat) (vide infra). However, [Rulat proved to be 

unstable under the conditions of the spectroelectrochemical experiment, and rapidly 

converted to a second species with IR bands at 2362, 2173 and 1650 cm-1. Whilst the 

band at 2173 cm-1 is in the appropriate region for an organic alkyne, the nature ofthe 

decomposition species was not explored further. However, it should be noted that 

there is no evidence for the formation of the carbonyl cation [Ru(CO)(PPh3)zCpt, 

which gives a characteristic v(CO) band near 1970 cm-1. 18 
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The greater chemical stability of the [Ru(C=CAr)(dppe)Cp*] series Ru1b, Ru2b, 

Ru3b and Ru4b under the conditions of the cyclic voltammetry experiments 

prompted more thorough spectroscopic characterisation of the products derived from 

their one-electron oxidation by spectroelectrochemical means. Oxidation of Ru1b 

was monitored in both theIR and UV-vis-NIR spectroscopic regions. The intensity 

of the characteristic v(C=C) band ofRu1b at 2072 cm-' decreased, being replaced by 

a new band at 1929 cm-' as the oxidation proceeded {Table 4.2). In addition, new 

bands in the aromatic v(CC) region were also observed {Table 4.2). The original 

·spectrum was fully recovered after back-reduction, which confirmed the assignment 

of the new bands to [Ru 1 b t, and not to some product of an EC process (Figure 4.1). 

This spectroelectrochemical work confirms the tentative assignment of this v(C=C) 

band to [Ru1bt by Paul and co workers from chemically oxidized samples ofRu1b. 
18 The shift of the v(C=C) band by 143 cm-1 upon oxidation indicates the appreciable 

depopulation of an orbital with C=C bonding character. Similar results were obtained 

from Ru2b, Ru3b and Ru4b, with oxidation resulting in a shift of the v(C=C) band 

by 145, 137, and 116 cm-', respectively, and with the original spectra being fully 

recovered after the back-reduction in the spectroelectrochemical cell. 

Table 4.2. IR data (cm-1
) for compounds Ru1b - Ru4b and the corresponding 

cations.a 

Neutral species Oxidised (cation radical) complex 

v(CC) v(Aryl) v(CC) v(Aryl) 

Ru1b 2072(s) 1593(w) 1929(s) 1614(m), 155l(s), 1540(s), 

1520(m) 

Ru2a 2077(s) 1606(vw) 1925(s) 1587(s) 

Ru2b 2073(s) 1606(w) 1928(s) 1588(s) 

Ru3b 2053(s) 1567(w) 1916(s) 1634(m), 1594(m), 1549(s) 

Ru4b 2041(s) 1561(vw) 1925(s) 1610(w), 1597(w), 1588(w), 

1534(w) 

a data from CH2Ch solutions containing 0.1 M NBU4BF4 supporting electrolyte at 

ambient temperature. 
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Figure 4.1. IR spectra on back reduction of [Rulbt to Rulb m a 

spectroelectrochemical cell (CH2Ch I 0.1M NBl4PF6, ambient temperature). 

In the case of the remaining members of the Ru(PPh3)2Cp series, we note here that 

the introduction of the para-methyl group in Ru2a instills significant chemical 

stability at room temperature to this simple complex. Upon oxidation of Ru2a, the 

v(C=C) band at 2077 cm·1 shifts by some 150 cm·1 to give a new band at 1925 cm·1
, 

which is assigned to the v(C=C) band in [Ru2ar. The comparable shift in the 

spectra of Ru2a I [Ru2a t compared with Ru2b I [Ru2b t is revealing, and implies 

similar acetylide bonding character in the radical cations, regardless of the electron­

donating ability of the supporting ligands. 

4.3.2.3. Electronic Structure Calculations 

A theoretical investigation was conducted by Dr M. A. Fox at the DFT level, initially 

on the model systems [Ru(C=CC6H5)(PH3)2Cp] (Rul-H) and 

[Ru(C=CC14H9)(PH3)2Cp] (Ru4-H), which were used to mimic complexes Rula and 

Rulb, and the corresponding radical cations [Rul-Ht and [Ru4-H( The 

discussion which follows refers to results obtained from calculations at the 

B3LYPI3-21G* level of theory with no symmetry constraints {Table 4.3), as results 

obtained from other functionals and basis sets are in good general agreement (vide 

infra). There is excellent agreement between the crystallographically determined 

structures of Rula 47•48 and Rulb 18 with the DFT optimised geometries determined 
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here, and also with calculations previously reported. 18 Energies and composition of 

the frontier orbitals are summarised in Table 4.4 for 1-H, [Rul-Ht, 4-H and [Ru4-

ut, while Scheme 4.6 illustrates the labelling scheme. 

C12-C13 
I; ,, 

~ c~1 /14 

~\ C2=C3 
I ' Ru-e =c -c1 C4-C1s Pij a 13 ,, I; 
C6-C5 

P1 I ' C7 1 C1o ,, 1/ 
C8-C9 

Scheme 4.6. The labelling scheme used in the discussion of the DFT results. 

The Ru-Ca, Ru:P, Ca=Cp and Cp-C(1) bond lengths in Ru4-H are comparable with 

those found in Rul-H. At the level of theory employed, .the aromatic substituents in 

the neutral systems Rul-H and Ru4-H lie in the plane approximately parallel to the 

Cp ring, although there is a barrier to rotation of the aromatic group around the C(2)­

C(3) bond of only ea 0.3 kcal mor1 for Rul-H. In contrast, the plane of the aromatic 

substituents in the mono-oxidised species [Rul-Ht and [Ru4-Ht are found 

approximately bisecting the P-Ru-P angle. The barrier to rotation of the aromatic 

group around the C(2)-C(3) bond is considerable at ea 6 kcal mor1 for [Rul-Ht, 

Table 4.3. Optimised bond lengths (A) for Rul-H, [Rul-Ht, Ru4-H and [Ru4-Ht, 

Rul-H [Rul-Ht A Ru4-H [Ru4-Ht A 

Ru-P(1, 2) 2.278 2.324 +0.046 2.280 2.309 +0.029 

Ru-Ca 2.018 

Ca=Cp 1.228 

Cp-C(1) 1.426 

C(l )-C(2, 6) 1.412 

C(2, 6)-C(3, 5) 1.392 

C(3, 5)-C(4) 1.398 

1.944 

1.247 

1.400 

1.423 

1.386 

1.403 

-0.074 

+0.019 

-0.026 

+0.011 

-0.006 

+0.005 

~ 
~ 

2.013 1.954 -0.060 

1.230 1.246 +0.016 

1.420 1.385 -0.035 

1.425 1.448 +0.023 

1.444 1.437 -0.007 

1.400 1.407 +0.007 
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Table 4.4. Energy, occupancy, and composition of frontier orbitals in the model complexes Rul-H, [Rul-Ht, Ru4-H and [Ru4-Ht 

(B3L YP/3-21 G*). 

Rut-H 

MO 

LUM0+3 LUM0+2 LUMO+I LUMO HOMO HOMO-I HOM0-2 HOM0-3 HOM0-4 

E(eV) +0.09 -0.03 -O.I5 -0.78 -4.9I -5.09 -5.72 -6.46 -6.65 

Occ 0 0 0 0 2 2 2 2 2 

%Ru 27 53 62 50 30 46 46 0 58 

%Cp 2 3 I6 24 2 8 26 0 3 

%PH3' I2 11 I3 27 I 4 I4 0 8 

%Ca IO 6 8 0 I6 IO 6 0 4 

%C~ I 2 0 0 22 28 I 0 I 

%Ph 48 26 0 0 29 4 6 100 27 

Ru4-H 

MO 

LUM0+3 LUM0+2 LUMO+I LUMO HOMO HOMO-I HOM0-2 HOM0-3 HOM0-4 

E(eV) -0.08 -0.30 -0.92 -1.38 -4.53 -5.32 -5.68 -6.07 -6.25 

Occ 0 0 0 0 2 2 2 2 2 

%Ru 75 60 50 2 II 47 49 36 0 

%Cp 3 I7 24 0 I 8 I2 I7 0 

%PH3 2I 13 27 0 I 4 7 9 0 

%Ca I 9 0 6 II 9 I 8 0 

%C~ 0 0 0 0 8 25 8 I3 0 

%Anth 0 0 0 9I 67 7 23 I8 IOO 
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[Rui-Ht 

MO 

88~ 

J!-
[LV SO+ 

4] 

£(eV) -3.28 

occ 0 

%Ru 64 

%Cp 2 

%PH1 33 

%Cu 0 

o/.C, 0 

%Ph 0 

[4-H]' 

MO 

11~ 

J!-
[LUS0+4 

1 
e(eV) -3.13 

occ 0 

%Ru 0 

%Cp 0 

%PH1 0 

%Ca 0 

%Cp 0 

%Anth 100 

Table 4.4. Energy, occupancy, and composition of frontier orbitals in the model complexes Rul-H, [Rul-Ht, Ru4-H and [Ru4-Ht 

(B3LYP/3-21G*) (cont.) 

88a 87~ 87a 86~ 86a 85~ 85a 84~ 84a 83~ 83a 8~~ 82a 81~ SI a so~ 

U• 
a· 

~:[LUSO+J] 
U· 

(i:.(LUS0+2] (i:.(LUSO+J] a:LUSO (i:.LUSO a:HOSO ~:Hoso ~:[HOS0-1] 
a-[HOSO-

(i:.[HOS0-2] a:[HOS0-3] a-[LUSO+J] a-[HOS0-1] [HOSO-
[LUS0+3] [LUS0+2] 2] 

3] 

-3.29 -3.67 -4.03 -4.15 -4.26 -4.82 -4.95 -7.27 -9.00 -9.51 -9.67 -9.85 ·9.95 -9.92 -10.19 -10.08 

0 0 0 0 0 0 0 0 I I I I I I I I 

64 7 5 55 53 48 47 33 23 51 50 41 39 29 0 0 

2 3 I 20 20 26 27 6 7 3 4 29 37 17 0 0 

34 2 2 16 15 26 26 4 4 2 2 10 11 6 0 0 

0 16 19 9 10 0 0 10 11 11 11 8 7 11 0 0 

0 3 7 I I 0 0 21 16 30 29 3 5 0 0 0 

0 70 68 0 0 0 0 26 38 4 3 9 I 37 100 100 

114a 113~ 11311 112~ 11211 Ill~ 11111 110~ 1!011 109~ 10911 108~ 10811 107~ 10711 106~ 

11• 
11· 

ji-[LUS0+3] 
11· 

ji-[LUS0+2] U·[LUSO+I] ji-[LUSO+I] a-LUSO jj:.LUSO il-HOSO jj:.HOSO u-[HOS0-1] ~-[HOSO·l] u-[HOS0..2] ji-[HOS0..2] ji-[HOS0..3] [HOSO 
[LUS0+3] [LUS0+2] 

-3] 

-3.27 -3.63 -3.71 -4.28 -4.35 -4.73 -5.12 -6.78 -8.08 -8.75 -9.11 -9.03 -9.22 -9.37 -9.43 -9.67 

0 0 0 0 0 0 0 0 I I I I I I I I 

0 56 55 49 48 4 3 17 12 30 55 56 32 43 40 0 

0 20 20 26 26 I I 3 3 8 8 6 14 29 29 0 

0 IS 15 25 26 I I 2 2 4 4 4 6 11 10 0 

0 9 9 0 0 8 9 10 8 0 7 7 I 7 8 0 

0 I I 0 0 0 0 10 8 11 22 22 11 8 10 0 

100 0 0 0 0 87 87 58 67 46 5 4 37 2 2 100 
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80a 

a-[HOS0-4] 

-10.41 

I 

20 

29 

9 

6 

0 

35 

106a 

a·[HOS0-4] 

-9.74 

I 

0 

0 

0 

0 

0 
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The electronic structure of Rut-H has been described before, 18 and only pertinent 

details will be summarised here. The HOMO and [HOMO-I] are approximately 

orthogonal and derived from mixing of the metal d and acetylide n-systems, with the 

HOMO also containing appreciable contributions from the phenyln-system (Table 

4.4, Figure 4.2). 

(d) (h) (I) 

(c) (g) (k) 

(b) (f) (j) 

(a) (e) (i) 

Figure 4.2. The (a) [HOMO-I] (b) HOMO (c) LUMO (d) [LUMO+I] of Rut-H 

together with (e) ~-HOSO (f) ~-LUSO (g) ~-[LUSO+I] (h) ~-[LUS0+2] of [Rut­

Ht and (i) a-[HOSO-I] (j) a-HOSO (k) a-LUSO (1) a -[LUSO+I] of [Rut-Ht 

plotted with contour values ±0.04 (e/bohr3
)

112
• 

Occupied orbitals comprised largely of metal and Cp, metal phosphine and phenyln­

character are found lower in the occupied orbital manifest. The LUMO and 

[LUMO+l] of Rut-H are largely Ru-Cp anti-bonding in character, with the phenyl 
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n* system some 1.35 eV higher in energy than the LUMO, and comprising the 

[LUMO+ 3] (Figure 4.3). 

Figure 4.3. The [LUM0+3] ofRul-H plotted with contour values ±0.04 (e/bohr3
)

112
• 

The frontier orbitals of Ru4-H feature important contributions from the anthryl 

substituent (Table 4.4, Figure 4.4). Thus, while the HOMO and [HOM0-1] are 

approximately orthogonal n-type orbitals, the HOMO features a large (67%) 

contribution from the atoms of the anthryl substitutent and is somewhat removed 

from the other occupied orbitals. The LUMO is essentially the anthryl n* orbital, 

which is sufficiently low in energy to lie below the unoccupied Ru-Cp based orbitals 

that comprise the [LUMO+l] and [LUM0+2]. 
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(d) (h) (I) 

(c) (g) (k) 

(b) (f) 

(a) (e) (i) 

Figure 4.4. The (a) [HOMO-I] (b) HOMO (c) LUMO (d) [LUMO+l] of Ru4-H 

together with (e) ~-HOSO (f) ~-LUSO (g) ~-[LUSO+ 1] (h) ~-[LUS0+2] of [Ru4-

Ht and (i) a-[HOS0-1] (j) a-HOSO (k) a-LUSO (I) a-[LUSO+l] of [Ru4-Ht 

plotted with contour values ±0.04 (e/bohr3) 112 . 
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The model radical cation [Rul-Ht features an Ru-C bond somewhat shorter than 

Rul-H {Table 4.3). The metal-phosphine bond lengths are sensitive to the net 

electron density available for 7t-back bonding and as such are elongated in [Rul-Ht 

relative to Rul-H. The elongation of the acetylide C=C bond in [Rul-Ht when 

compared with the neutral model system Rul-H is consistent with a decrease in the 

net acetylide 7t-bonding character. This is also supported by the calculated v(C=C) 

frequencies of Rul-H (2058 cm-1
) and [Rul-Ht (1938 cm-1

). It is known that DFT 

calculations over estimate the acetylide v(C=C) and acetylide ring substituent 

v(C=C) frequencies, and a scaling factor of 0.95 has been employed in the data 

presented in this work. 49
•
50 The contraction of the C(2)-C(3), C(4)-C(5) and C(7)­

C(8) bonds and elongation of the remaining C-C bonds in the phenyl substituent is 

consistent with the evolution of a degree of cumulenic character in the radical cation. 

The frontier orbitals of the one-electron oxidation product [Rul-Ht are similar to 

those of Rul-H, with the u-HOSO and ~-LUSO displaying appreciable Ru(d) and 

acetylide (1t) character and the next highest unoccupied orbitals being largely centred 

on the Ru(PH3)2Cp fragment (Table 4.4, Figure 4.2). 

The optimised geometry of [Ru4-Ht displays elongated Ru-P bond lengths and 

evidence of an increased cumulenic character in the ethynyl anthryl portion of the 

molecule when compared with the bond distances in Ru4-H (Table 4.3). While the 

trends in the structures and calculated v(C=C) frequencies of [Ru4-H] [v(C=C) = 

2038 cm-1
] and [Ru4-Ht [v(C=C) = 1952 cm-1

] follow those observed for Rul-H 

and [Rul-Ht, it is interesting to compare the pairs of structures Rul-H I [Rul-Ht 

and Ru4-H I [Ru4-Ht and note the relative differences in the individual bond 

lengths (Table 4.3). Although the magnitude of individual deviations are small ( < 

0.05 A) there is a clear trend indicating that the anthryl fragment in [Ru4-Ht 

experiences a greater relative structural distortion than the phenyl ring in [Rul-Ht 

Conversely, the metal ethynyl fragment is more significantly affected in [Rul-Ht 

than in [Ru4-Ht, which is neatly reflected in the differences between the v(C=C) 

frequencies of the 18- and 17 -electron compounds in both the experimental 

(Rulbi[Rulbt t1v(C=C) = 143 cm-1
; Ru4bi[Ru4bt t1v(C=C) = 116 cm-1

) and 
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model systems [Rul-H/[Rul-Ht ~v(C=C) = 120 cm-1; Ru4-H/[Ru4-Ht ~v(C=C) 

= 86 cm-1
• 

The frontier orbitals of [Ru4-Ht are similar to those of Ru4-H. The a-HOSO and ~­

LUSO of [Ru4-Ht offer an appreciable anthryl character (a: 67%, 87% 

respectively). It may therefore be more appropriate to consider species such as 

[Ru4b t as metal stabilised anthryl radicals. The optimised geometries of Ru4-H and 

[Ru4-Ht supported this point of view, as do calculated spin densities, with the 

atoms comprising the anthryl ring system contributing some 60% of the fractional 

electronic charge in [Ru4-Ht compared with the phenyl ring system contribution of 

some 25% in [1-Ht {Table 4.5). 

Table 4.5. Spin densities computed for the model radical cations, [Rul-Ht and 

[Ru4-Ht. 

[Rul-Ht [Ru4-Ht A 

Ru 0.413 0.220 0.193 

p 0.000 0.000 0.000 

Cp 0.041 0.021 -0.079 

Ca. 0.043 0.079 -0.036 

c~ 0.269 0.114 0.155 

C6H5/C14H9 0.246 0.598 -0.352 

To confirm the results obtained in the electronic structure calculations. The neutral 

and oxidised states of the model complexes Rul-H and Ru4-H at the DFT level 

have been further discussed in the UV-Vis Spectroelectrochemical Studies. Due to 

their stability and insensitivity to the atmospheric conditions as shown in the cyclic 

voltammetric studies, complexes Rulb, Ru2b, Ru3b and Ru4b were chosen to be 

studied. 
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4.3.2.4. UV -vis Spectroelectrochemical Studies 

Comparison of the electronic absorption spectra of Rulb, Ru2b, Ru3b and Ru4b 

reveals a strong, and in the case ofRu4b, relatively narrow, absorption band between 

33000 - 20000 cm-1
, which becomes progressively red-shifted as a function of the 

size of the aromatic substituent and accounts for the colour of these complexes 

(Table 4.6, Figures 4.5 and Figure 4.7). The analogous bands in Ru(C=CC6fuX-

4)(dppe)Cp* (X= H, CN, F, OMe, NH2) have been assigned to MLCT processes by 

analogy with assignments made for iron. 18 Although electronic structure calculations 

on Ru(C=CPh)(PH3) 2Cp model systems have been performed on previous occasions, 
17

•
18 only limited use has been made of TD DFT based studies to provide further 

insight into the nature of the electronic transitions responsible for the characteristic 

absorption spectra of related systems. 32
• 

51
•
52 

Table 4.6. The principal UV-vis absorption bands [vmax I cm-1 
(Emax I M-1 cm-1

] 

observed from CH2Ch I 10-1 M NBl4PF6 solutions of [Rulb ]"+, [Ru2a]"+, [Ru2b ]"+, 

[Ru3b]"+ and [Ru4b]"+ (n = 0, 1). 

n 

0 +1 

Rulb 29500 (9500) 
22600 (3900), 21100 (4300), 11200 (5100), 

8100 (600) 

Ru2a 
30700 (7000) 30300 (4500), 19100 (1200), 14300 (1500), 

11900 (900), 7500 (100) 

Ru2b 
33400 (7000) 29800 ( 4500), 26200 (2700), 16900 (800), 

13900 (1800), 8600 (200) 

Ru3b 
26200 (7000) 20200 (31 00), 18600 (2500), 11000 (3900), 

7600 (700) 

Ru4b 
20600 (11600) 27200 (8000), 17900 (14000), 15200 (5900), 

10100 (1900), 7800 (600) 
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On the basis of TD DFT calculations the characteristic absorption band observed in 

Rut b, and by analogy Ru2b and Ru3b, can be likened, in the most general terms, to 

a (din)- phenyl n* charge transfer band (HOMO~[LUM0+3]) rather than a purely 

MLCT band. In the case of Ru4b there is a critical distinction and the band at 20600 

is better described as an anthryl-centred n-n* transition (HOMO~ LUMO). This 

distinction in assignment is consistent with the different band shapes observed for 

Rulb-Ru3b on one hand, and Ru4b on the other (Figures 4.5 and Figure 4.7). 

10000 

8000 

6000 

4000 

2000 

0~----~--~~~~=;=---~~~~ 
30000 25000 20000 15000 10000 5000 

Wavenumber I cm· 

Figure 4.5. The UV-Vis-NIR spectra of (a) Rulb and (b) [Rutbt (CHzClz I O.IM 

NB14PF6). 

The UV-vis-NIR spectrum of [Rulb]\ obtained spectroelectrochemically from 

Rulb, exhibits strong absorption envelopes centred near 21100 and 11200 cm-1
, and 

a weaker series of bands between 8000 - 4000 nm (Figure 4.5). The spectrum of 

Rulb was fully recovered after back-reduction, which strongly supports the 

assignment of these characteristic absorption bands to the 17-e species [Rulb t TD 

DFT calculations using the [Rut-Ht model indicate that the highest energy 

transition can be attributed to charge transfer from the ligand fragment (including the 

acetylide n-system) to the metal fragment being comprised of electronic transitions 

from the a-HOSO (highest occupied spin orbital) to the a-[LUSO]. The band centred 

near 11200 cm-' can be approximated in terms of transitions between occupied . 
orbitals with large amounts of Ru/Cp character (P-[HOS0-1], P-[HOS0-2], (Table 

4.4, Figure 4.6) to the P-LUSO. The presence of low energy (NIR) bands in 17-e 

cation radicals of the general type [Ru(C=CAr)(dppe)Cp*t has been noted by Paul 
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et al., and attributed to forbidden ligand-field type transitions centred on the Ru(III) 

centre. 18 The TD DFT calculations carried out in the present study suggest that the 

lowest energy transition should be attributed to the ~-HOSO to ~-LUSO transition, 

with the low intensity of the observed band reproduced by the low calculated 

oscillator strength and easily explained by the relative, approximately orthogonal 

orientation of these two orbitals. Other NIR bands of slightly greater intensity and 

higher energy are attributable to Ru/Cp based ~-[HOS0-1] to the ~-LUSO. 

(a) (b) 

Figure 4.6. The (a) ~-[HOS0-1] and (b) ~-[HOS0-2] of [Rul-Hf plotted with 

contour values ±0.04 (e/bohr3
)

112
• 

The tolyl-substituted derivatives [Ru2af and [Ru2b f, and the naphthyl derivative 

[Ru3bf offer similar electronic spectra to each other, and that of [Rulbf. Low 

energy (NIR) bands are observed, together with a more intense band envelope in the 

visible region, the precise shape and composition of which vary only slightly with 

the nature of the Cp' and phosphine co-ligands. In the case of [Ru3bt the 

characteristic absorption bands are somewhat red-shifted compared with the 

analogous features in [Rulbt, [Ru2af and [Ru2bt. Given the similar profiles of 
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these compounds, and the similar chemical behaviour of each member of the series, 

it is possible to be reasonably confident in attributing these spectroscopic absorption 
I 

bands to transitions similar to those described for [Rul-Ht. 

16000 

12000 

8000 

4000 

o+---~--~----~~~~~--~ 
34000 29000 24000 19000 14000 

Wavenumber I cm-1 

9000 4000 

Figure 4.7. The UV-Vis-NIR spectra of (a) Ru4b and (b) [Ru4bt (CH2Clz I O.lM 

NBu4PF6). 

The anthryl derivative [Ru4b t offers four principal absorption bands near 27000, 

18200, 15000 and 10000 cm-1
, together with weaker bands tailing further into the 

NIR region (Figure 4.7). On the basis of TD DFT calculations using [Ru4-Ht as a 

model, the highest-energy band observed in the UV-vis-NIR spectrum of [Ru4bt is 

due to electronic excitations from the largely metal/ethynyl based ~-HOSO and a­

[HOS0-2] to the ~-[LUSO+ 1] and a-[LUSO], which are anthracene n* in character. 

The intense band at 18200 cm-1 is comprised of electronic transitions between 

a-HOSO and a-LUSO (i.e. the anthryl radical n-n* transition), and is red-shifted 

from the analogous band in Ru4b. The less intense band at 15200 cm-1 is largely 

associated with electronic excitation from the ~-[HOS0-4] to the ~-LUSO (Figure 

4.8), and is approximately an MLCT band. 
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Figure 4.8. The ~-[HOS0-4] of [Ru4-Ht plotted with contour values ±0.04 

( e/bohr3) 112 . 

A relatively intense NIR band (Amax = 10000 cm-1
, Smax = 2000 ~1 cm-1

) is 

calculated to arise from excitations involving occupied orbitals with the metal­

ethynyl-anthryl character (~-HOSO and a-HOSO) and the ~-LUSO and a-LUSO, 

which are both rather more heavily centred on the anthryl ring systems (Figure 4.4) . 

The very weak NIR bands found at even longer wavelengths are assigned to metal to 

anthryl charge transfer processes, involving excitations largely between the ~­

[HOS0-1] and ~-LUSO (Figure 4.9). The critical distinction between the 

assignments of the optical transitions in compounds modelled by [Rul-Ht and 

[Ru4-Ht is the greater localisation of the ~-LUSO and a -HOSO on the aromatic 

ring in the anthracene derivative. 
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Figure 4.9. The P-[HOS0-1] of[4-Ht plotted with contour values ±0.04 (elbohr3
)

112 

As a test of the reliability of the B3L YP/3-21G* calculations presented above, the 

geometry optimisation, frequency calculations and TD DFT calculations on the 

models [Rul-H] and [Rul-Ht were repeated using a range of other functionals and 

basis sets (Table 4. 7). There is little significant variation in the optimised geometries 

with computational method. The electronic structures calculated from these various 

methods are largely consistent, with perhaps the most notable feature being the 

relative order of the predominantly metal centred orbitals lying below the P-HOSO 

in [Rut-Ht 

Time-dependent density functional theory calculations of the first vertical transition 

energies of both the neutral and monocationic models are particularly revealing. 

Whilst the energy of electronic transitions computed using the different methods 

varies significantly, the net assignment of the absorption spectra is the same 

regardless of the functional or basis set employed. Given the gas-phase nature of the 

calculation and the use of static model systems, the strong electrolyte solution used 
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in the spectroelectrochemical measurement of the absorption spectra and the likely 

low energy barriers to rotation of the aromatic acetylide substituent around the 

acetylide-aromatic single bond, it is not possible to pass comment on the true 

precision of the various computational methods. It is clear, however, that the 

computationally expedient B3L YP/3-21 G* calculations are not significantly less 

accurate than any of the higher level calculations also examined. 

As a further test of the reliability of the calculations, the compounds [Rul b ]"+ and 

[Ru4b]"+ were also studied using B3LYP/3-21G*, the results of which are 

summarised in Tables 4.8 and Table 4.9, together with the experimental data and 

that from the models [1-H] and [ 4-H] for ease of comparison. The agreement 

between the data calculated from the systems containing the full ligand sets and 

those observed experimentally is better than obtained from any of the calculations 

using the model ligand sets. However, the assignments of the electronic absorption 

bands in the experimental systems [Rulb]"+ and [Ru4b]"+ are not significantly 

changed 

• 0 ·---··-·--"-- :___ • _. _ _;:_:....._:..:~· 
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Table 4.7. optimised bond lengths, important vibration frequencies and major electronic excitations for Rut-H, [Rul-Ht, [Rulb] and [Rutbt 
:•' 

determined by TD DFT methods using different functionals and basis sets, with selected experimental data for comparison. 
1-

Expt B3LYP/ B3LYP/ 

3-21G* Gen 

[Rulb]n+ 18 [Rut-H]"+ [Rut-H]n+ 

Bond lengths I A ' 

n=O 

Ru-C 2.011(4) .--_ 2.018 2.028 

C=C 1.215(5) 1.228 1.229 

C-Ph 1.431(5) li 1.426 1.428 

Ru-P 2.262( 1 ),'· 2.278 2.291 

2.256(1) 

n=l 

Ru-C 1.944 1.946 

C=C 1.246 1.250 

C-Ph 1.400 1.403 

Ru-P 2.324 2.335 

Vibrational freque~cies (IR) I cm-1 (intensity) 

n=O 

C=C 

Ring 

n=l 

C=C 

Ring 

2072(s) 

1593(m,~) 

1929(s) ;:;; 
!/ 

1551(m) i~ 

I -r' 

2101 (218) 2084 (248) 

1547 (54) 1573 (64) 

1980 (310) 1965 (209) 

1529 (291) 1551 (290) 

B3LYP/ PBEIPBE/ PBEIPBE/ BP86/ BP86/ 

Gen2 3-21G* Gen 3-21G* Gen 

[Rut-H]"+ [Rut-H]"+ [Rut-H]"+ [Rut-H]"+ [Rut-Hr+ 

2.011 1.999 2.010 2.003 2.012 

1.222 1.228 1.229 1.242 1.244 

1.424 1.423 1.425 1.426 1.427 

2.310 2.250 2.264 2.260 2.273 

1.932 1.929 1.929 1.943 1.942 

1.241 1.248 1.251 1.260 1.263 

1.399 1.397 1.400 1.404 1.406 

2.356 2.283 2.299 2.294 2.311 

2081 (327) 2121 (230) 2108 (256) 2020 (318) 2005 (330) 

1556 (76) 1568 (54) 1599 (61) 1494 (71) 1523 (80) 

1906 (271) 1993 (339) 1983 (210) 1920 (29) 1910 (14) 

1537 (298) 1548 (310) 1574 (309) 1482 (165) 1508 (161) 

B3LYP/ 

3-21G* 

[RutbJn+ 

2.015 

1.231 

1.425 

2.287 

1.957 

1.243 

1.411 

2.350 

2077 (374) 

1545 (68) 

1952 (520) 

1496 (91) 
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'l·i' 

Table 4.8. rite major electronic excitations for Rul-H, [Rul-H]+, Rulb and [Rulbt determined by TD DFT methods using different 

functionals a,nd basis sets, with selected experimental data for comparison. a 

Expt B3LYPI B3LYPI B3LYPI PBE1PBEI PBE1PBEI BP861 BP861 B3LYPI 

3-21G* Gen Gen2 3-21G* Gen 3-21G* Gen 3-21G* 

[Rulb]n+ [Rul-H]n+ [Rul-H]"+ [Rul-H]"+ [Rul-H]"+ [Rul-H]"+ [Rul-H]"+ [Rul-H]"+ [Rulb]"+ 

Electronic tran~itions I cm·1 (Molar extinction coefficient I M.1 cm·1 or intensity) 

n=O 
-

HOMO ;~ 29500 (9500) 37200 (0.4290) 34600 (0.1740) 33900 (0.2115) 37900 (0.3848) 36500 (0.4345) 31300 30600 (0.4370) 33900 (0.1103) 

[LUM0+3] 

n=l 

~-HOSO ~ ~~-

LUSO 

~-[HOS0-2] ~ i (3-

LUSO(~) 

~-[HOS0-1] ~ ,~-

LUSO 

a-HOSO ~ 

LUSO 

:a-

I 
r 
?' 

8100 (600) 6300 (0.0001) 

11200(5100) 16200 (0.2661) 

21100 (4300) 22500 (0.0067) 

HOMO -? HOMO -? 

[LUM0+2] [LUMO+J] 

6000 (0.0001) 5700 (0.0001) 6700 (0.0000) 

16200 (0.2610) 16000 (0.2583) 16700 (0.2739) ' 

22700 (0.0067) 22500 (0.0074) 24800 (0.0082) 

[HOMO -? (0.4735) [HOMO-I] -? 

LUMO+J] [LUM0+9] 

6300 (0.0000) 6000 5500 (0.0001) 5200 (0.00 1 0) 

(0.0001) 

16700 16400 16400 (0.1992) 14100 (0.0731) 

(0.2540) (0.2081) P-[HOS0-3] -? 

P-[HOS0-3] P-LUSO 

-?fi-LUSO 

25600 20400 20400 23900 

(0.0044) (0.0038) (0.0043) (0.0072) 
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Table 4.9. Selected IR vibrational frequencies (as wavenumbers), together with 

major electronic excitations for [Ru4b t+ and [Ru4-H]"+ determined by TD DFT 

methods using different functionals and basis sets, with selected experimental data 

for comparison. a 

Expt Calc IR Calc IR 

Ru4b Ru4b Intensity/ Ru4-H Intensity/ 

Oscillator Oscillator 

strength strength 

Vibrational frequencies (IR) I cm-1 (intensity) 

n=O 

C=C 2041(s) 2044 723 2081 385 

Ring 1561(vw) 1575 27 1577 18 

n=l 

C=C 1925(s) 1934 81 1994 628 

Ring 1590(w) 1563 12 1551 42 

Electronic transitions I cm-1 (Molar extinction coefficient I M-1 cm- 1 or intensity) 

n=O 

HOMO~LUMO 20600 (11600) 474(21100) 0.2147 429(23300) 0.2817 

n=l 

P-[HOS0-1] ~ P-
7800 (600) 1536(6500) 0.0035 1097(9100) 0.0021 

LUSO 

P-[HOSO] ~ P-LUSO 10100 
1030(9700) 0.1163 878(11400) 0.1248 

a-HOSO ~ a-LUSO (1900) 

P-[HOS0-4] ~ P- 643(15500)P-
15200 

LUSO [HOS0-3}-7 0.0525 504(19800) 0.0442 
(~900) 

P-LUSO 

a-HOSO ~ a-LUSO 17900 
605(16500) 0.0998 572(17500) 0.2714 

(14000) 
.. 

a The composition of the orbitals are similar m each case, despite small differences in 

relative energy (shown in italics). 
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4.3.2.5. Conclusions from Studies of the Electrochemical Properties and 

Electronics Structures of Simple Ruthenium Acetylide Derivatives 

One-electron oxidation of the half-sandwich bis(phosphine) ruthenium acetylide 

complexes Ru(C=CAr)(L2)Cp' affords the corresponding radical cations 

[Ru(C=CAr)(Lz)Cp't. These cations are sensitive to atmospheric conditions, and 

self-coupling reactions. However, the stability of these species is improved through 

the use ofp-tolyl acetylide substituents or the bulky Ru(dppe)Cp* metal end-cap and 

in situ spectroelectrochemical methods may be used to record the infrared and UV­

Vis-NIR spectra of these relatively 'reactive' cations. The compounds derived from 

phenylacetylene, 4-ethynyltoluene and 1-ethynylnapthalene offer frontier orbitals 

with appreciable metal character, which in the case of the HOMO is also admixed 

with the ethynyl and aromatic n system. There ·is a critical distinction in the 

electronic structure of the compounds based on 9-ethynyl anthracene, which instead 

feature frontier orbitals largely localised on the anthracene moiety. Thus compounds 

such as [Ru4b t which feature larger n-systems on the acetylide substitutents might 

be better regarded as metal-stabilised anthracene radicals than as radical cations 

derived from oxidation of the metal centre. 

4.3.1. Oligo-Phenylene Ethynylene Ruthenium Complexes 

4.4.1. Syntheses 

The NMR spectral assignments for all the complexes are quite similar with the 

simple system which have previously reported. 14
•
19

•
64 Each of the complexes 25-28 

were characterised by the usual spectroscopic methods. In the case of 25, a singlet at 

OH 2.36 ppm was observed arising from the methyl protons of the tolan moiety. The 

methoxy and methyl ester moieties in 26 and 27 were observed at ea. OH 3.9 ppm. In 

addition, singlet Cp resonances can be observed at above oH 4 ppm. However, the 

n1111Jerous aromatic pr,otOJ}§ in 25-_28 were not fully res{)lyed, .but were o})s~ry~dJl_S_ 

series of heavily overlapped oH 7.0-8.5 ppm the pseudo-doublet resonances from the 

tolan portion of the molecules were not distinctly observed. 
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The 31 P NMR spectra show singlet phosphorus resonances near 8p 51 ppm, which are 

shifted downfield from RuCl(PPh3)zCp (8p 39 ppm), 53 and indicate a similar 

electronic environment associate with the phosphine in each case. Clearly, the 

electronic properties of the tolan substituent are not reflected in the 31 P NMR 

chemical shift ofthe phosphine moiety. This observation is also observed in a simple 

system of the (R = Ph, Napth. and Anth. substituent, Ru(C=CR)(PPh3)2Cp (8p 51 

ppm). 19,64 

The 13C NMR of 25-28 are similar and consistent with the structures, and with the 

appropriate spectroscopic properties of the tolan precursors (see Chapter 2). For an 

example, all the spectra show resonances at ea. 8c 86 ppm arising from the Cp 

ligand. The spectrum of 25 contains methyl resonance at 8c 22 ppm, whereas the 

methoxy and methyl ester carbons in 26 and 27 were observed above 8c 50 ppm. In 

addition, the distinctive carbonyl in 27 was observed at 8c 167 ppm. The acetylide 

carbons C1 and Cz were observed, and identified on the basis of the Jcp coupling 

constant, with a triplet at above 8c 120 ppm with coupling constant Jcp = 25 Hz 

being assigned to C1 and singlet at lower chemical shift, at ea. 8c 115 ppm assigned 

to Cz. Similar observations have been reported for closely related systems. 14·54 

Another set of acetylenic carbons (C7 and C8) can be found at ea. 8c 90 ppm. The 

aromatic carbons of the tolan fragment C3-C6 and C9-C10 are all clearly observed and 

assigned on the basis of comparisons within the series of complexes 25-28 and also 

with the gold acetylide complexes (Chapter 3) and with the analogous ligand 

precursors (Chapter 2). Thus C3 and C4 can be found at between 8c 114-132 ppm, 

whereas C5 falling at higher chemical shift, ea. 8c 132 ppm; C6 and C9 can be 

observed at ea. 8c 116 ppm and at ea. 8c 132 ppm respectively. For C 10 the 
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resonances can be observed at De 131 ppm; whereas C 11 and C 12 can be observed in 

between De 124-131 ppm and De 131-160 ppm, respectively. 

The aromatic carbons associated with the triphenyl phosphine ligand are clearly 

distinguishable from those of the tolan moieties on the basis of the coupling to the 

phosphorus nucleus, and are assigned on the basis of the magnitude of the coupling 

constants. Thus, Ci is observed as doublet-of-doublet (dd) at ea. De 139 ppm 

ctJep/Jep ~ 11 Hz), Co at De 134 ppm eJep/Jep ~ 5Hz), Cm at ea. De 128 ppm 

eJeplJeP ~5Hz) and Cp arises as singlet at De 128 ppm. The 13C numbering scheme 

for complexes 25-28 is shown in Scheme 4. 7 above. 

The IR spectra of complexes 25-28 were recorded as Nujol mulls, and show strong 

v(C=C) bands near 2060 cm-1 somewhat lower in energy than the organic alkynes; 

ea. 2150 cm-1 (see syntheses section in Chapter 2) and also with other similar 

organic alkynes. 4244 Another weak v(C=C) bands in the complexes was observed at 

ea. 2200 cm-1
• In addition to the acetylenic bands, the IR spectrum of 27 contains 

strong v (C=O) band near 1724 cm-1
• 

The electrospray mass spectra [ES-MSt for complexes 25-28 contain the molecular 

ion M+ and show fragmentation of the tolan portions at mlz 691. In the case of 26, the 

presence of an adduct containing N a+, which is believed abstracted from the glass in 

the preparation of the complex, is also observed in the spectrum along with the 

protonated molecular ion [M+H( Such ions are commonly observed in the [ES­

MSt of acetylide complexes. 55 

The 1H NMR spectra of [Ru(C=CR)(dppe)(YJ5 -C5Me5)] of 29-33 are similar and 

consistent with the structures. The expected Cp* protons can be observed in all 

complexes at ea. DH 1.6 ppm. In addition, the two sets of CH2 proton resonances from 

the dppe moieties are clearly distinguishable from the tolans moiety on the basis of 

thJ! .c~upJi11g to theophosphorus nucleus, and-assigned on the basis of the size of­

coupling constant, the signal was observed as doublet-of -doublet (dds) at above DH 2 

ppm (JHP = JHH ~ 6 Hz ). 
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Similarities within the tolan portions also can be observed. A singlet resonance 

arising from the TMS moiety at ()H 0.29 ppm in the spectrum of 29 was observed, 

whilst a singlet resonance at ()H 3.82 ppm was observed arising from the methyl 

protons of the tolan moiety in 30. The methoxy and methyl ester moieties in 31 and 

32 were observed at above ()H 3 ppm. However, the numerous aromatic protons from 

the dppe moieties in 29-33 were not fully resolved, which were instead observed as 

series of overlapped ()H 7.2-7.8 ppm. However, the pseudo-doublet resonances arising 

from the tolan portion of the molecules were observed at ()H 6.7-8.2 ppm. The 13C 

numbering scheme for complexes 29-33 is shown in Scheme 4.8 below. 

The 31 P NMR spectra show singlet pho~phorus resonances near bp 81 ppm which 

indicate a similar electronic environment associated with the phosphine in each case. 

The chemical shifts of the resonances are expected in the ruthenium acetylide 

complexes featuring dppe as supporting ligands. 18 Clearly, as was the case with Ru1 

- Ru4 the electronic environment of the acetyleneic (tolan) substituent is not 

reflected in the 31 P NMR chemical shift of the phsophine moiety. 

R = Me (30), OMe (31 ), C02Me (32), N02 (33) 

Scheme 4.8. Numbering scheme for 13C NMR spectral assignment of 29-33. 

The 13C spectra of 29-33 are, as might expected, similar, and are consistent with the 

structures. The spectrum of 30 contains a methyl peak at 8c 22 ppm, whereas the 

methoxy and methyl ester carbons in 31 and 32 were observed above 8c 50 ppm. In 

aadition, the distinctive carbonyl carbon in 33 was- observed near 8c 167 ppm. The 

acetylide carbons C1 and C2 were observed, and identified on the basis of the Jcp 
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coupling constants with a triplet at around Be 133-138 ppm with coupling constant 

Jep = 25 Hz being assigned to C~, and a singlet above Be 100 ppm assigned to C2 

(Scheme 4.8). Similar resonances have been reported for similar systems. 18 Another 

set of acetylenic carbons (C7 and Cs) were observed at ea. Be 90 ppm. The aromatic 

carbons of the tolan fragment in this series are very similar with the 25-28 and 

comparable with the tolan precursors (see Chapter 2). In addition, the spectra of 29-

33 also show singlet resonances of methyl at Cp at ea. Be 10 ppm and Cp resonances 

at ea. 8e 93 ppm. 

The aromatic carbons associated with the diphenylphosphine ethane ( dppe) ligand 

are clearly distinguishable from those of the tolan moiety on the basis of the coupling 

to the phosphorus nucleus, and assigned on the basis of the size of the coupling 

constant. Thus, Ci is observed as a multiplet (dds) at 8e 138.4 and 8e 138.7 ppm. For 

Co and Cm, the resonances were observed as doublet-of-doublet (dds), thus, Coat 8e 

133.4 ppm and 8e 133.1 ppm (Co,o', JepJeeP ~5Hz), Cm at 8e 127.0 ppm and 127.3 

ppm (Cm,m' JepJeeP ~5Hz). Whereas the singlet resonances for the Cp carbon were 

observed at 8e 128.7 ppm. 

TheIR spectra of complexes 29-33 exhibit strong v(C=C) bands for the coordinated 

acetylide moiety at ea. 2060 cm-1
, somewhat lower in energy than the organic 

alkynes; ea. 2150 cm·1 (see syntheses section in Chapter 2) and other similar organic 

alkynes. 4244 Another weak v(C=C) bands in the complexes was observed at ea. 2200 

cm-1 which is from the tolan portion except for 29 at 2149 cm·1 which is believed to 

arise from the TMS moiety of the complex. In addition to the acetylides bands, the 

strong v (C=O) band for 32 can be observed 1717 cm·1.The electrospray mass spectra 

[ES-MSt for complexes 29-33 contain the protonated molecular ions [M+Ht, 

Following the same synthetic procedure as shown in Scheme 4.1, the disubstituted 

ruthenium acetylide complexes 34 and 35 featuring the extended three-ring systems 

have been prepared and characterised by the usual spectroscopic methods. These 

bimetallic complexes featuring a phenylene ethynylene based bridging ligand offer 

spectroscopic properties similar to those of the acetylene precursors (Chapter 2) and 
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with the ruthenium acetylides featuring tolans-based ligands (i.e. 25-28 for 34 and 

29-33 for 35). 

The aromatic protons associated with the triphenyl phosphine ligand in 34 and the 

substituent were not fully resolved, but were observed as a series of heavily 

overlapped 8H 7.0-7.8 ppm. However, in the case of 35, the protons of the bridging 

ligand can be observed as a pseudo-doublet at 8H 6.71 ppm and a singlet at 8H 6.97 

ppm from the [C6H2(0Me)2] moiety. The two sets of CHz proton resonances from 

the dppe moieties are coupled to the phosphorus nuclei, and observed as doublet-of­

doublet (dds) at ea 8H 2 ppm (JHP = JHH- 6Hz). Furthermore, the spectra also show 

singlet methoxy resonance at ea. 8H 3.9 ppm arising from the two methoxy 

substituents in the middle ring; in addition, a singlet from the Cp ligand at 8H 4.34 

ppm for 34, or a singlet methyl resonances from the Cp* moiety at 8H 1.56 ppm in 35 

can also be observed (Scheme 4.9). The 31 P NMR spectra show singlet phosphine 

resonances at usual regions, 8 51.3 ppm for 34 and 8 81.8 ppm for 35. 

R = H, L = (PPh3h (34); Me, L= dppe (35) 

Scheme 4.9. Numbering scheme for 13C NMR spectral assignment of 34-35. 

In the 13C NMR spectra the carbon C1 in 34 and 35 was observed and identified on 

the basis of the Jcp coupling constant, as a triplet with coupling constant Jcp = 25 Hz 

in each case, found at ea. 8c 123 ppm for 34 and ea. 8c 136 ppm for 35; singlet 

resonances at lower chemical shift ( 8c 110 ppm) are assigned to C2. Another set of 
0 

acetylenic carbons (C7 and C8) can be found in between 8c 81-97 ppm. All the 

aromatic carbons C3-C6 and C9-C11 resonances are similar to those of the ligand 

precursors (see syntheses section in Chapter 2). Thus C3 and C4 resonances can be 

observed above 8c 110 ppm, whilst C5 and C6 can be observed at higher chemical 

shift, at 8c 116-131 ppm. For C9 and Cto, the resonances can be observed above 8c 
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130 ppm, whilst C11 can be observed at higher chemical shift ea. Be 154 ppm. In 

addition, the Cp' resonances for 34 and 35 were observed in the usual region at Be 51 

ppm and ea. Be 82 ppm respectively. In the case of 35, Cp* resonances can be 

observed Be 10 ppm and the CH2 carbon of the dppe moiety was observed as a 

doublet-of-doublet (dd) at ea. Be 30 ppm (JepleeP- 23Hz). 

The aromatic carbons associated with the diphenylphosphine ethane (dppe) ligand in 

35 are clearly distinguishable from those of the tolan moiety and are the observation 

is similar with the tolan ruthenium acetylide complexes (29-33). The resonances are 

observed on the basis of the coupling to the phosphorus nucleus, and assigned on the 

basis of the size of the coupling constant. Thus, Ci is observed as a multiplet ( dd) at 

Be 137.1 ppm and Be 139.0 ppm. For Co and Cm, the resonances were observed as 

doublet-of-doublet (dds), thus, Coat Be 133.4 ppm and Be 133.9 ppm (Co,o ', Jep;eeP 

- 5Hz), Cm at Be 127.2 ppm and 127.4 ppm (Cm,m' Jep;eeP - 5Hz). The singlet 

resonances for Cp (Cp,p') were observed at Be 128.8 ppm. 

Due to the symmetrical nature of the complexes 34 and 35 give rise to two v(C=C) 

bands in the IR spectra. The spectra were recorded as nujol mulls and show strong 

v(C=C) bands for the coordinated acetylide moiety at ea. 2060 cm-1
, somewhat lower 

in energy than the organic alkynes; ea. 2150 cm-1 (see syntheses section in Chapter 

2). Another weak v(C=C) bands in the complexes were observed at near ea. 2200 cm-

MALDI-TOF(+)-MS spectra for 33 and 34 both show peaks corresponding to the 

protonated molecular ion [M+Ht at m/z 1767 for 34 and at mlz 1654 for 35. 
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4.4.2. Molecular Structural Analyses 

The molecular structures of27, 29 and 30 have been determined by single crystal X­

ray diffraction (Figure 4.10). Crystallographic data, selected bond lengths and angles 

are listed in Table 4.10-Table 4.12. The crystallographic work has been carried out 

by Dr D. S. Yufit and Dr D. Albesa-Jove. 

Figure 4.10. A plot of molecule of27, 29 and 30, illustrating the atom numbering 

scheme. 
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Table 4.10. Crystal data for 27, 29, and 30. 

27 29 30 
Molecular 

Css~JlzRu Cs9H4602P2Ru Cs1~3NOzPzRu formula 

M/ gmor1 905.96 949.97 936.93 

Crystal 
Monoclinic Triclinic Monoclinic 

system 
a/ A 9.0871(16) 8.8607(14) 8.9330(11) 
bl A 25.811(4) 16.062(3) 26.063(3) 
cl A 19.291(4) 20.357(3) 18.991(2) 
a/ o 90 108.503(3) 90 
fJ I o 90.932(4) 99.969(3) 91.754(3) 
y/0 90 95.193(3) 90 
VI A3 4524.0(14) 2673.0(7) 4419.5(9) 
Space group P2(1)/c P-1 P2(1)/c 

z 4 2 4 

Dc!Mgm3 1.330 1.180 1.408 
Crystal size I 0.22 X 0.10 X 

0.24 X 0.12 X 0.04 
0.28 X 0.14 X 

mm 0.08 0.08 
Crystal habit plate plate plate 
F (000) 1872 980 1928 
Radiation Mo(Ka) Mo(Ka) Mo(Ka) 
Wavelength I 

0.71073 0.71073 0.71073 A 
ll I mm-1 0.456 0.391 0.473 
Temperature I 

120(2) 120(2) 120(2) 
K 
Data 
collection 1.32- 30.53 1.08-30.50 2.28-30.51 
range I 0 

Reflections 
37120 30930 36023 measured 

Data, 
restraints, 13679, 0, 551 15670,0,578 13273,0,568 
parameters 
R1, wR2 (all 

0.0575, 0.0692 0.0757, 0.1160 0.0677' 0.0998 data) 
Goodness-of-
fit on F- (all 0.863 0.965 1.029 
data) 
peak, 
eA-3 

hole I 
0.521' -0.495 0.793, -0.490 0.943, -0.522 
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Table 4.11. Selected bond lengths (A) for 27, 29 and 30. 

27 29 30 

C(l)-C(2) 1.215(3) 1.217(4) 1.218(3) 
C(2)-C(3) 1.429(3) 1.422(4) 1.432(3) 
C(3)-C( 4, 8) 1.406(2), 1.393(4), 1.397(3), 

1.403(3) 1.416(4) 1.407(3) 
C(4)-C(5),C(7)- 1.379(3), 1.379(4), 1.382(3), 
C(8) 1.382(3) 1.408(4) 1.400(3) 
C(6)-C(5, 7) 1.397(3), 1.401(4), 1.396(3), 

1.396(3) 1.375(4) 1.385(3) 
C(6)-C(9) 1.439(3) 1.437(4) 1.445(3) 
C(9)-C(10) 1.204(3) 1.195(4) 1.193(3) 
C(1 O)-C(11) 1.436(3) 1.433(4) 1.446(3) 
C(11 )-C(12, 16) 1.384(3), 1.403(5), 1.397(4), 

1.396(3) 1.386(4) 1.390(4) 
C(12)-C(13), 1.386(3), 1.372(5), 1.393(3), 
C( 16)-C( 15) 1.383(3) 1.394(4) 1.378(4) 
C(14)-C(13, 15) 1.375(3), 1.383(4), 1.369(4), 

1.385(3) 1.389(4) 1.389(4) 
Ru(1)-C{1) 2.0051(19) 2.000(3) 2.009(2) 
Ru(1)-P(l) 2.3020(5) 2.2866(7) 2.2894(6) 
Ru(1)-P(2) 2.3020(5) 2.2862(7) 2.2976(6) 
For C(6) read C(8), for C(16) read C(14) 

Table 4.12. Selected bond angles (0
) for 27, 29 and 30 (cont.) 

27 29 30 

C(l )-Ru( 1 )- 86.04(5) 92.59(7) 92.22(6) 
P(1) 
C(1 )-Ru(1 )- 89.82(5) 92.59(7) 88.01(6) 
P(2) 
Ru( 1 )-C( 1 )- 178.08(15) 174.6(2) 175.88(18) 
C(2) 
C(1 )-Ru(1 )- 89.82(5) 87.86(7) 88.01(6) 
P(2) 
C( 1 )-C(2)-C(3) 176.82(18) 176.7(2) 177.2(2) 
C(6)-C(9)- 178.2(2) 174.5(3) 175.1(3) 
C(IO) 
C(9)-C( 1 0)- 178.9(2) 176.0(4) 174.8(3) 
C(11) 

For C(6) read C(8) 
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The structures of 27, 29 and 30 reveal the usual pseudo-octahedral geometry about 

ruthenium, with a P(1)-Ru(1)-P(2) angle of 99.04(2)0
• The structures of the ethynyl 

tolan ligand may be compared with those in the monogold complexes 

[Au(C=CC6~C=CC6~R)(PPh3)] [R =Me (15), OMe (16), NOz (18), CN (19)]. The 

Ru(1)-C(1) bond angle in the three complexes are between [2.000(3)-2.009(2) A] and 

are comparable with those found in other structurally characterised examples of 

ruthenium acetylides featuring the Ru(PPh3)zCp moiety. 21
•
56·57 The C(l)-C(2) triple 

bond [1.215(3)-1.218(3) A] is not significantly longer than in 15-16 and 18-19 

[ 1.191 (8)-1.204(3) A]. There is no evidence in the bond lengths associated with the 

tolan fragment that indicates quinoidal character in the ligand. The only significant 

difference in the structures of 15-16 and 18-19, and these complexes (with the nature 

of the metal fragment excepted) lies in the relative orientation of the C(3)-C(8) and 

C(l1 )-C(l6) aromatic rings. While in the mono gold complexes these are relatively 

eo-planar, it is clear from Figure 4.10 that in all of these monoruthenium end-caps 

complexes, the planes containing these rings are almost perpendicular. The structure 

of tolans has been a subject of some considerable interest in recent times. 58 and it 

appears likely that these structural differences may be attributed to packing 

interactions within the crystal lattice, as opposed to any electronic effects. 

4.4.3. Electrochemical Characterisation 

4.4.3.1 Cyclic Voltammetric Properties 

As found with the simple ruthenium acetylide derivatives (Ru1-Ru4), the half­

sandwich ruthenium complexes featuring tolan based acetylide ligands also undergo 

a single electron oxidation in common solvents to give the corresponding radical 

cations, the electrode potential and chemical stability of which are both sensitive to 

both the supporting ligands on the ruthenium centre and the acetylide substitutent. In 

this section, we have examined the anodic behaviour of the complexes 

Ru(C=CC6~C=CC6H4R)(Lz)Cp' [25-28 and 30-33], and 

Cp 'Ru(Lz)(C=CC6~C=C6(0Me )2HzC=CC6~C=C)Ru(Lz)Cp' [34 and 35]. 

Complexes 31 and 35 were chosen as representative examples for the 
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spectroelectrochemical studies from this series of complexes, the results of which are 

discussed in more detail below. 

The cyclic voltammogram of [Ru(C=CC6~C=CC6~Me)(PPh3)2Cp] (25) in 

dichloromethane is characterised by an oxidation event at 0.60 V (vs. Fe I Fe+), 

which may be described as quasi reversible although the value of ipa : ipc = 0.8 

suggest partial insolubility of the cation (Table 4.13). The behaviour of two 

ruthenium tolan acetylides (26-27) derivatives were similar to those described for 25. 

The CV behaviour of the nitro tolan of 28 differs from tolans 25-27 in that it has a 

value of ipa : ipc = 1.4 indicating that oxidation is only partly reversible. A reduction 

wave is also observed for 28 where the nitro group is presumed to accept the 

electron. 

The same trend in electrode potentials as a function of the acetylide tolan substituent 

observed in the [Ru(C=CC6~C=CC6~R)(PPh3)2Cp] series was also apparent in the 

[Ru(C=CC6H4C=CC6~R)(dppe)Cp*] complexes. The introduction of the bulky and 

more electron-donating Cp* and dppe ligands around the ruthenium acetylide 

framework rendered the first oxidation event of the 

Ru(C=CC6~C=CC6H4R)(dppe)Cp* series ea. 100- 200 mV more favourable than 

the analogous Ru(C=CC6~C=CC6~R)(PPh3)2Cp complexes. These processes are 

completely electrochemically and chemically reversible at room temperature and 

moderate scan rates (v = 100 mV s-1
), with linear plots of ipa vs v 112 being obtained 

and ~Ep values of comparable magnitude as the internal reference couple (Table 

4.13). Again, in this series of Ru(dppe)Cp* based compounds, the CV behaviour of 

the nitro tolan of 33 exhibits a reduction wave associated with nitro aromatic group. 
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Table 4.13. Electrochemical data for complexes 25-28, 30-33 and 34-35. 

d 

25 

26 

27 

28 

30 

31 

32 

33 

34 

35 

£(1/2)ox/ 

0.60 

0.59 

0.63 

0.64 

0.37 

0.39 

0.41 

0.42 

0.63 

0.43 

/).Eb p ialic 

127 0.8 

113 0.9 

171 0.8 

156 1.4 

103 1.1 

83 1.0 

135 1.0 

149 1.0 

245 2.1 

329 1.1 

E(2)pac 

1.38 

1.28 

1.18 

1.23 

1.27 

E(l/2)red a 

-0.85 

-0.84 

a All E values in Volt vs SCE. Conditions: CH2Ch solvent, 10-1 M NBlLtPF6 

electrolyte, Pt working, counter and pseudo-reference electrodes, v = 100 m V s-1
. 

The decamethyl ferrocene I decamethyl ferrocenium (Fe* I Fe*+) couple was used as 

an internal reference for potential measurements (Fe* I Fe*+) taken as -0.02 V vs 

SCE in CH2Ch I 0.1M [NBlLt]PF6 
45 

b Mp = IEpa - Epcl· c anodic peak potential of a totally irreversible process. d 20 °C. 

The extended "three ring" complexes { Ru(L2)Cp'} 2(J.t-

C=CC6RtC=C6(0Me)2H2C=CC6H4C=C) (L = (PPh3)2, dppe; Cp' = Cp, Cp*) of 34 

and 35 exhibit only a single oxidation wave, despite the presence of two metal 

centres. The CV of 34 is characterised by an irreversible oxidation event at 0.63 V 

(vs. Fe I Fe+) (ipa: ipc = 2.1) which also may suggest that there is partial insolubility 

of the dications. The introduction of the bulky and more electron-donating Cp* and 
-::_''- -~ '-·-": J- - __:~:_:__:: ... ;: ·_· __ -·~~:., _,_~_;_-~'~_r.: _ _:,O,_,o-·~_-_: 

3pp-e ligands;cfn 35-have improved-the electrochemical processes. These processes are 
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completely electrochemically and chemically reversible at room temperature and 

moderate scan rates (v = 100 m V s-1
). 

4.4.3.2. IR Spectroelectrochemical Studies 

The greater chemical stability of the [Ru(C=CAr)(dppe)Cp*] series Ru1b, Ru2b, 

Ru3b and Ru4b under the conditions of the cyclic voltammetry experiments 

prompted us to consider spectroscopic characterisation of the products derived from 

their one/two-electron(s) oxidation of tolan derivatives bearing this metal-supporting 

ligand combination more thoroughly by spectroelectrochemical means. The tolan 31 

was selected for study (IR and UV-Vis-NIR); the tolans 25-28, 30-33 are expected to 

give similar data. Like the studies dealing with arguably chemically simpler 

ruthenium complexes (Ru1a, and Ru2-Ru3), an air-tight spectroelectrochemical cell 

fitted with CaF2 windows providing transparency across the spectroscopic region of 

interest was employed. 46 

The intensity of the characteristic v(C=C) band of the metal coordinated acetylide in 

31 at 2072 cm-1 and which is characteristic of the 18-electron ruthenium acetylide 

decreased on oxidation, with a transient species [31t with an IR bands at 1925 and 

1576 cm-1 being observed as the oxidation proceeded (Table 4.14). In the neutral 

state the v(C=C) band of the tolan moiety was also observed at 2207 cm-1 (Table 

4.14) with little change in the band frequency and intensity occurring during 

oxidation. There is evidence for the carbonyl cation [Ru(CO)(PPh3)2Cpt, present 

even in the initial sample used for IR spectroelectrochemistry, with the characteristic 

v(CO) band being observed near 1975 cm-1
• 

18 From the spectra, a conclusion can be 

made that the oxidation (positive charge) is located at the RuC=CC6H4-, moiety with 

little contribution from the more extended portion of the tolan substituent (Figure 

4.10). 
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Table 4.14. IR data (cm-1
) for compounds 31 and 35 and the corresponding cations.a 

31 

35 

Neutral species Oxidised [cation(s) radical] complex 
v(CC) v(Aryl) v(CC) v(Aryl) 

2072(s), 

2207(s) 

2061(s), 

2196(s) 

1592(w) 

1591(w) 

1925(s) 1575(s) 

1924(s) 1575(s) 

a data from CH2Ch solutions containing 0.1 M NB14BF4 supporting electrolyte at 
ambient temperature. 

Table 4.15. Selected IR vibrational frequencies (cm -I), together with major 
electronic excitations for [31] n+ + methods. and [31-H]" determined by TD DFT 

Expt Calc 
31 31-H 

Vibrational frequencies (IR) I cm·• (intensity) 
n=O 

C=C 2072(s), 2207(s) 2096(s), 2210(s) 
Ring 1576(w) 1563(s) 

n=1 
C=C 1925(s), 2207(s) 2000(s), 2156(s) 
Ring 1577(w) 1558(w) 

Electronic transitions I cm·' (Molar extinction coefficient I M-' 
cm-1 or calculated oscillator strength) 

n=O 
HOM0-7LUMO 26 200 (18 000) 28 700 (1.3458) 
HOMO-I -7 LUMO 29 500 (0.3468) 
HOM0-2 -7 LUMO 34 100 (19 900) 34 300 (0.1144) 

34 900 (0.1 075) 
HOM0-4 -7 LUMO 43 900 (27 900) 43 400 (0.0342) 

n=1 
B-HOSO -7 B-LUSO 12 600 (1300) 9700 (0.7118) 
a-HOSO -7 a-LUSO 21 800 (1890) 21 900 (0.5202) 
B-LUSO -7 B-LUSO + 32 100 (18 700) 26 400(0.3919) 
2 
a-HOS0-2 -7 a- 44 100 (31 800) 43 900 (0.0392) 
LUS0+4 
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Table 4.15. Selected IR vibrational frequencies (cm-1
), together with major 

electronic excitations for [35t+ and [35-H]"+ determined by TD DFT methods 
(cont.). 

Expt Calc 
35 35-H 

Vibrational frequencies (IR) I cm-• (intensity) 
n=O 

C=C 2060 (s), 2196(s) 2091(s), 2208(s) 
Ring 1594 (w) 1546(s) 

n=2 
C=C 1926(s), 2290(s) 1985(s), 2176(s) 
Ring 1577(w) 1521(w) 

Electronic transitions I cm-' (Molar extinction coefficient I M- 1 

cm-1 or calculated oscillator streng!_h) 
n=O 

HOMO~LUMO 23 600 (48 100) 22 700 (2.9134) 
HOM0-5~ LUMO 32 300 (34 1 00) 33 100 (0.6443) 

n=2 
P-[HOSO] ~ P-LUSO 7700 (880) 6000 (0.8553) 
P-[HOS0-1] ~ P- 12 100 (8700) 11 700 (0.6086) 
LUSO 
a-HOSO ~ a-LUSO 25 800 ( 44 700) 18 000 (0.8318) 
P-[HOS0-1] ~ P-
LUS0+2 

32 500 (31 400) 
28 900 (0.3693) 

a-HOS0-5 ~ 32 500 (0.1477) 
a-LUSO 
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RuC=C 

+1 
0 

2300 2100 1900 1700 1500 

Wavenumber/cm-1 

Figure 4.10. IR spectra on oxidation of 31 to [31t' in a spectroelectrochemical cell 

(CH2Ch I O.lM NBu4PF<, ambient temperature). 

An IR spectroelectrochemical study on the extended three-ring system of 

{ Ru( dppe )Cp*} 2(f.!G=CC6H4C=CC&H2(0Me)2C~CC6H4C=C), 35, was also carried 

out. Like 31, the v(C=C) band of 35 at 2060 cm-1
, typical of the IS-electron 

ruthenium acetylide decreased upon oxidation, with a product species (35]2
+ 

featuring an IR band at 1926 cm- 1 being formed as the oxidation proceeded (Table 

4.14, Figure 4.11). In addition, the neutral state v(C=C) band of the tolan moiety 

was also observed at 2196 cm- 1 (Table 4.14, Figure 4.11) and upon oxidation, there 

is little change on the band shift and intensity. Again, it may be concluded that there 

is little contribution from the extended n-system of the bridging ligand to the 

oxidation processes of 35. The reduction of the dication to neutral is almost fully 

reversible. 
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Ruc::c o 

2300 2100 1900 1700 1500 

Wavenumber/cm-1 

Figure 4.11. IR spectra on oxidation of 35 to [35] 2+ in a spectroelectrochemical cell 

(CH2Cl2 I O.lM NBu4PF6, ambient temperature). 

4.4.3.3. Electronic Structure Calculations 

A theoretical investigation was conducted by Dr M.A. Fox at the DFT level, on the 

model systems [Ru(C=CC6H4C=CC6H40Me)(PH3)2Cp] (31-H) and [ {Ru(PH3) 2Cp }2 

(~-t-C=CCoH4C=CC6H2(0Me)2C=CC6H4C=C)] (35-H), which were used to mimic 

complexes 31 and 35, and the corresponding radical cations [31-Ht and [35-H]2+. 

The latter dication discussed here is high-spin which is computed to be more stable 

than the low-spin dication. The discussion which follows refers to results obtained 

from calculations at the B3LYP/3-21G* level oftheorywith no symmetry constraints 

(Table 4.17), as results obtained from other functionals and basis sets are in good 

general agreement (vide infra). Energies and composition of the frontier orbitals are 

summarised in Table 4.18 for 31-H, [31-H]2
\ 35-H and [35-H] 2+, whereas Figure 

4.13 show the frontier orbitals of [31-H]"+ (n = 0, 1) and [35-H] n+ (n = 0, 2), while 

Scheme 4.10 illustrates the labelling scheme for the electronic calculation studies. 
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Table 4.17. Optimised bond lengths (A) for 31-H, [31-Ht, 35-H, and [35-Hf+. 
31-H [31-Ht !!J. 35-H [35-H]2+ !!J. 

Ru-P(1, 2) 2.280 2.311 -0.031 2.279 2.319 -0.040 
Ru-Ca 2.015 1.955 0.060 2.013 1.949 0.064 
Ca=CP 1.228 1.244 -0.016 1.229 1.245 -0.016 
CP-C3 1.414 1.393 0.021 1.420 1.396 0.024 
C3-C4 1.422 1.428 -0.006 1.414 1.426 -0.012 
C4-C5 1.414 1.376 0.038 1.387 1.379 0.008 
C5-C6 1.387 1.425 -0.038 1.412 1.421 0.000 
C6-C7 1.421 1.398 0.023 1.418 1.406 0.012 
C7=C8 1.215 1.223 -0.008 1.215 1.218 -0.003 
C8-C9 1.421 1.403 0.018 1.415 1.407 0.008 
C9-C10 1.401 1.422 -0.021 1.408 1.426 -0.018 
C10-Cll 1.393 1.377 0.016 1.389 1.389 0.000 
C11-C12 1.399 1.412 -0.013 1.408 1.408 0.000 
C12-0Me 1.384 1.363 0.021 
C12-C13 1.416 1.426 -0.001 
C13-C14 1.389 1.389 0.000 
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\ I 

120 [LUMO + 1] 120 P-[LUS0+2] 120 a-[LUS0+1] 

119 LUMO 119 P-[LUS0+1] 119 a -LUSO 

~ ..... '* 
118 HOMO 118 p LUSO 118 a -HOSO 

1o~ - -t 

117 [HOM0-1] 117 P-HOSO 117 a -{HOS0-1] 

Figure 4.13a. The frontier orbitals of [31-H]n+ (n = 0, 1) plotted with contour values ± 0.04 (e/bohr3) 112• 
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217 [LUMO + 1] 215 P-[LUS0+1] 217 a-[LUS0+1] 

216 LUMO 214 p LUSO 216 a -LUSO 

215 HOMO 213 P-HOSO 215 a -HOSO 

214 [HOM0-1] 212 f3 -[HOS0-1] 214 a -[HOS0-1] 

Figure 4.13b. The frontier orbitals of [35-H] n+ (n = 0, 2) plotted with contour values± 0.04 (elbohr3) 112• 
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Table 4.18. Energy, occupancy, and composition of frontier orbitals in the model complexes 31-H, [31-Ht, 35-H and [35-H]2
+ 

(B3LYP/3-21G*). 

31-H 
MO 

LUM0+3 LUM0+2 LUMO+l LUMO HOMO HOMO-I HOM0-2 HOM0-3 HOM0-4 
E(eV) -0.04 -0.22 -0.84 -0.91 -4.74 -5.17 -5.56 -5.88 -6.62 

occ 0 0 0 0 2 2 2 2 2 
%Ru 74 61 50 2 16 46 34 32 0 
%Cp 4 17 24 0 1 9 7 20 0 
%PH3 20 13 27 0 0 4 5 10 0 

%Ca 1 8 0 7 12 9 1 8 0 

%Ca 0 1 0 0 12 27 6 6 0 

%CJ!4. 0 0 0 41 29 3 5 5 100 

%C1 0 0 0 8 5 0 8 3 0 

%Cs 0 0 0 10 8 0 2 0 0 

%CJ!4b 1 0 0 28 13 0 23 12 0 
OMe 0 0 0 2 3 0 8 5 0 
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Table 4.18. Energy, occupancy, and composition of frontier orbitals in the model complexes 31-H, [31-Ht, 35-H and [35-H]2
+ 

(B3L YP/3-21G*) (cont.) 

35-H 
MO_ 

LUM0+3 LUM0+2 LUMO+l LUMO HOMO HOMO-I HOM0-2 HOM0-3 HOM0-4 
t:(eV) -0.39 -0.76 -0.86 -1.34 -4.4I -4.78 -5.I8 -5.27 -5.38 
occ 0 0 0 0 2 2 2 2 2 
%Ru 2 50 0 I 7 I4 22 40 0 
%Cp 0 24 0 0 I 3 4 4 0 
%PH3 I 27 0 0 I I 2 3 0 

%Ca. 6 0 0 3 5 6 I 0 IO 

%Ca I 0 0 0 4 IO 4 I 24 
%C~a 3I 0 0 I6 I4 12 3 3 0 
%Ca. I 0 0 8 4 0 2 I 0 

%Ca 6 0 0 4 4 3 0 0 0 

%C~2(0Me)2 5 0 0 37 22 3 32 17 1 

%Ca 6 0 0 4 4 2 0 0 0 

%Ca I 0 0 8 4 0 2 I 0 
%C~b 3I 0 0 I6 I2 13 3 1 2 

o/oCa 6 0 0 3 5 6 4 7 0 

%Ca 0 0 0 0 5 IO I2 I7 0 
%Ru. 2 0 50 I 6 13 7 3 54 
%Cp I 0 24 0 I 3 2 I 5 
%PH3 I 0 27 0 0 I I 0 4 

-- - -
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Table 4.18. Energy, occupancy, and composition of frontier orbitals in the model complexes 31-H, [31-Ht, 35-H and [35-H]2
+ 

' 

[31-Ht 
MO 

12213 122et ': 12113 12let 12013 120et 11913 119et 11813 118et 11713 117et 11613 116et 11513 115et 11413 113et 

13-[LU et-[LU~ j3-[LUS a-[LUS f3-[LUS a-[LUS 13-[LUS a-LUSO f3-LUSO et-HOSO f3-HOSO et-[HOS 13-[HOS a-[HOS 13-[HOS a-[HOS f3-[HOS a-[HOS 
S0+4] 0+31 I' 0+31 0+2J 0+21 0+11 0+1] 0-11 0-11 0-21 0-21 0-31 0-31 0-41 

E(eV) -2.69 -2.7 '[\ -3.38 -3.45 -3.95 -4.1 -4.02 -4.2 -6.68 -7.79 -8.05 -8.58 -8.74 -8.8 -9.11 -9.17 -9.27 -9.54 

occ 0 0 '" 0 0 0 0 0 0 0 I I I I I I I I I 
%Ru 69 0 ,, 55 55 5 48 48 3 20 8 15 23 55 55 44 41 18 3 
%Cp 2 0 ]\'; 19 20 2 26 25 I 4 2 3 7 5 6 29 31 8 3 

%PH3 28 0 I~ 15 15 0 26 26 I 2 I 2 4 3 3 11 11 3 I 
%C,. 0 0 I 9 9 10 0 0 11 9 6 0 3 9 8 7 8 6 I 

%C~ 0 0 i I I 0 0 0 I 13 5 8 13 26 24 6 8 0 0 

%C6~ 0 100 0 0 45 0 I 51 25 22 10 10 3 3 I I 24 4 
a ·; 

C7 0 0 I. 0 0 4 0 0 5 4 9 11 4 0 0 0 0 I I 
CB 0 0 0 0 12 0 0 11 7 7 I 0 0 0 0 0 9 2 

c6~b 0 0 ,;,, 0 0 19 0 0 16 13 30 35 23 0 0 0 0 18 82 
OMe 0 0 ' 0 0 2 0 0 2 3 9 14 11 0 0 0 0 13 3 
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21813 
13-[L 
uso 
+4] 

E(eV) -5.04 

occ 0 
%Ru 0 
%Cp 0 
%PH3 . 0 
%Ca 0 

%C~ 0 

%CJ14a 0 
C7 0 
C8 0 
C6(0Me 0 
)2H2 
Ca 0 
Cp 0 
C6H. 0 
Ca 0 
Cs 0 
Ru 48 
Cp 26 
Pl-IJ 25 

Table 4.18. Energy, occupancy, and composition of frontier orbitals in the model complexes 31-H, [31-Ht, 35-H and [35-H]2
+ 

(B3LYP/3-21G*) (cont.) 
[35-Hf 

MO 
219a 21713 218a 21613 217a 21513 216a 21413 215a 21313 214a 21213 213a 21113 212a 
a-[LUS 13-[LUS a-[LUS 13-[LUS a-(LUS 13-[LUS a-LUSO 13-LUSO a-HOSO 13-HOSO a-[HOS 13-[HOS a-[HOS 13-[HOS a-[HOS 
0+3] 0+3] 0+2] 0+2] 0+1] 0+1] 0-1] 0-1] 0-2] 0-2] 0-3] 

-4.94 -5.22 -5.15 -5.54 -5.33 -7.63 -5.72 -7.96 -8.75 -8.92 -9.34 -9.79 -9.5 -9.82 -9.91 
0 0 0 0 0 0 0 0 1 I 1 I 1 I I 
2 49 0 2 48 10 I 17 2 6 7 0 10 4 0 
0 25 0 0 26 2 0 3 I I 2 0 3 I 0 
I 26 0 0 26 I 0 2 0 I 12 0 2 I 0 
7 0 0 4 0 5 4 3 3 0 5 8 I 2 9 
I 0 0 0 0 8 0 9 2 3 11 24 2 4 25 
31 0 0 18 0 10 20 13 10 4 ll 0 11 5 0 
0 0 0 7 0 2 6 0 6 4 1 0 0 3 0 
6 0 0 4 0 3 4 3 4 0 4 I 0 4 0 
5 0 0 32 0 14 30 4 42 59 7 6 52 46 0 

5 0 0 4 0 2 4 3 3 0 3 0 2 3 0 
I 0 0 7 0 3 6 0 6 5 0 I 0 4 0 
31 0 0 32 0 14 18 4 12 59 16 6 2 46 3 
7 0 0 4 0 5 4 3 3 0 5 8 I 2 9 
1 0 0 0 0 8 0 9 2 3 11 24 2 4 25 
2 0 48 2 0 12 I 14 4 7 16 49 3 12 55 
1 0 26 0 0 2 0 3 I I 5 4 I 2 5 
0 0 26 0 0 I 0 2 I I 3 3 I I 3 

21013 2lla 
13-(HOS a-[HOS 
0-3] 0-4] 

-9.92 -10.05 
I I 
53 53 
4 6 
3 3 
0 0 
0 0 
3 3 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
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(b) 

Scheme 4.10. The labelling scheme used in the discussion of the DFT result of (a) 

31-H and (b) 35-H. 

The Ru-Ca, Ru-P, Ca=C~ and C~-C(3) bond lengths in 31-H and 35-H are 

comparable with those found the simple ruthenium derivatives of Ru4-H and Rut­

H. At the level of theory employed, the aromatic substituents of the tolan and the 

extended three rings derivatives in the neutral systems 31-H and 35-H either lie in 

the plane approximately parallel or perpendicular to the Cp ring. In contrast, the 

plane of the aromatic substituents in the oxidised species [31-Ht and [35-H]H are 

found approximately bisecting the P-Ru-P angle. 

The HOMO and [HOMO-I] of 31-H are comparable with those of Rul-H being 

approximately orthogonal and derived from mixing the metal d and acetylide 1t­

systems, with the HOMO also containing appreciable contributions from the tolan 

system. The characteristic frontier orbitals in 35-H are similar to those of 31-H and 

in both cases feature a significant contribution from the tolan ligand based atoms 

(Table 4.18, Figure 4.13a). 

The occupied orbitals comprised largely of metal and Cp, metal phosphine and 

phenyl1t-character are found lower in the occupied orbital manifest. The LUMO and 

[LUMO+l] of31-H are very similar to those ofRu4-H (the anthryl substituent) and 

feature important contributions from the acetylenic ligand, which is in the case of 31-

H is the tolan portion of the molecule. The LUMO is essentially the tolan 1t* orbital, 
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which is sufficiently low in energy to lie below the unoccupied Ru-Cp based orbitals 

that comprise [LUMO + 1] Figure 4.13a. 

The frontier orbitals of 35-H feature important contributions from Ca=C~ and the 

ligand substituent (Table 4.18, Figure 4.13b ). Thus, while the HOMO and [HO MO­

l] are approximately orthogonal 7t-type orbitals, the HOMO features contribution 

from the atoms of the ligand substitutent (14% from C6fita), (22 % from 

C6(0Me)2H2) and (12 % from C6H4b) and is somewhat removed from the other 

occupied orbitals. Furthermore, the contribution in [HOM0-1] is largely contributed 

from the metal and the Ca=C~. The LUMO is essentially the ligand 1t* orbital, which 

is sufficiently low in energy to lie below the unoccupied Ru-Cp based orbitals that 

comprise the [LUMO+l] and [LUM0+2]. 

The model radical cation [31-Ht and dication [35-H]2+ feature Ru-C bonds 

somewhat shorter than 31-H and 35-H (Table 4.17). The metal-phosphine bond 

lengths are sensitive to the net electron density available for 7t-back bonding and as 

such are elongated in [31-Ht/ [35-H]2+ relative to 31-H/35-H. The elongation of the 

acetylide C=C bond in [31-Ht/ [35-H]2+ when compared with the neutral model 

system 31-H/35-H is consistent with a decrease in the net acetylide 7t-bonding 

character. The frontier orbitals of the one-electron oxidation product [31-Ht/ [35-

H]2+ are similar to those of 31-H/35-H, with the a-HOSO and ~-LUSO displaying 

appreciable Ru( d) and acetylide ( 1t) character and the next highest unoccupied 

orbitals being largely centred on the Ru(PH3)2Cp fragment (Table 4.18, Figure 

4.13). From the calculations, it may conclude here that there is not much difference 

between the two complexes of31-H and 35-H. 

The spin densities characteristics of the cation [31-Ht and [35-Hf+ are similar to 

that found in [Ru1-Ht and [Ru4-H( Table 4.19 reveals that the major spin 

densities are located at Ru (0.251 ), the C~ atom and the -C6fit- moiety in the case of 

[31-H( In the case of [35-11]2+, the major spin densities also are located at the both 

Ru (0.686) centres, the C~ atom and the -C6fita- and also at the middle ring of the 

system. 
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Table 4.19. Spin densities for the model radical cations, [31-Ht and [35-H]2
+ 

[31-Ht [35-Hf+ !1a [Ru1-Ht [Ru4-Ht 
Ru 0.251 0.686 -0.092 0.413 0.220 
Cp 0.024 0.027 0.010 0.041 0.021 
Ca 0.083 0.080 0.043 0.043 0.079 
CB 0.148 0.443 -0.074 0.269 0.114 
PH3 -0.010 0.002 -0.011 0.000 0.000 
(C6H4)al C4Hsb/C14H9c 0.234 0.471 -0.002 0.246 0.598 
C7 -0.020 0.062 -0.051 
C8 -0.111 0.063 -0.143 
(C6H4)b/C6H(OMe )zHz 0.098 0.132 0.032 
OMe 0.006 0.042 -0.015 
a/:1 = [31-Ht- 0.5[35-H]2+ 6 for [Ru1-Htc for [Ru4-Ht 

To confirm the results obtained in the electronic structure calculations. The neutral 

and oxidised states of the model complexes Ru31-H and Ru35-H at the DFT level 

have been further discussed in the UV-Vis Spectroelectrochemical Studies. Due to 

their stability and insensitivity to the atmospheric conditions as shown in the cyclic 

voltammetric studies, complexes 31 and 35 were chosen to be studied. 

4.4.3.4. UV -vis Spectroelectrochemical Studies 

Examination of the electronic absorption spectra of 31 reveals strong bands at 26 200 

and 43 900 cm-1 which are red-shifted but show typical characteristics of the tolan 

moiety 59·60 (Table 4.20, Figure 4.14). These characteristics are quite similar with 

the simple aromatic acetylide derivatives, although they are much more intense. 

The UV-vis-NIR spectrum of [31t, obtained spectroelectrochemically from 31, 

exhibits strong broad absorption envelopes centred near 44 100 cm-1 and a weaker 

bands near 21 100 and 12 600 cm-1, (Figure 4.14). The spectrum of 31 was almost 

fully recovered after back-reduction, which strongly supports the assignment of these 

characteristic absorption bands to the 17-e species [31bt (Table 4.15) TD DFT 

calculations using the [31-Ht model indicate that the highest energy transition can 

be attributed to charge transfer from the metal fragment (including the acetylide 7t­

system) to the phenyl (1t*) ring being comprised of electronic transitions from the a­

HOSO (highest occupied spin orbital) to the a-[LUSO]. The band centred near 21 
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900 cm- 1 can be approximated in terms of transitions between occupied orbitals with 

large amounts of Ru/Cp character (P-[HOS0-1], P-[HOS0-2], to the P-LUSO 

{Table 4.20, Figure 4.14). The presence of low energy (NIR) bands in 17-e cation 

radicals of the general type [Ru(C=CAr)(dppe)Cp*t has been noted by Paul et al., 

and attributed to forbidden ligand-field type transitions centred on the Ru(III) centre. 
18 The TD DFT calculations carried out in the present study suggest that the lowest 

energy transition should be attributed to the P-HOSO to P-LUSO transition, with the 

low intensity of the observed band reproduced by the low calculated oscillator 

strength and easily explained by the relative, approximately orthogonal orientation of 

these two orbitals. Other NIR bands of slightly greater intensity and higher energy 

are attributable to Ru/Cp based P-[HOS0-1] to the P-LUSO. 

Table 4.20. The principal UV-vis absorption bands [Ymax I cm-1 
(gmax I M-1 cm-1

) 

observed from CH2Clz I 10-1 M NB14PF6 solutions of [31]"+ and [35]"+ (n = 0, 1, for 

31); n = 0, 2 for 35). 

n 

0 +11+2 

43 900 (27 900), 

31 34 100 (19 900), 
44 100 (31 800), 32 100 (18 700), 21 800 (1890), 

26 200 (18 000) 
126 00 (1300) 

35 
32 300 (34 100), 32 500 (31 400), 25 800 ( 44 700), 12 100 (8700), 

23 600 (48 100) 7700 (880) 
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Figure 4.14. The UV-Vis-NlR spectra of (a) 31 and (b) [31t (CH2Ch I 0.1M 

NBu4PF6). 

In the case of35, the UV-Vis-NlR spectrum contains strong bands in between 23 600 

and 32 300 cm·
1 

which is in the red-shift region due to the conjugated extended 

three-rings system of the substituent. The extended three-ring derivative [35] 2+ offers 

four principal absorption bands near 7700, 12 100, 25 800 and 31 500 cm·1 (Figure 

4.15). On the basis of TD DFT calculations using [35-H]2+ as a model, the highest­

energy band observed in the UV-vis-NIR spectrum of [35]2+ is due to electronic 

excitations from the largely middle-ring centred based P-HOSO and delocalised a­

[LUS0-2] to bridging-centred a-LUSO. 
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Figure 4.15. The UV-Vis-NIR spectra of (a) 35 and (b) [35]2
+ (CH2Ch I O.lM 

NBu4PF6). 

4.4.3.5. Conclusions Drawn from the Electrochemical Properties and 

Electronic Structures of Ruthenium Complexes Featuring Oligo­

Phenylene Ethynylene Based Ligands 

Oxidation of the half-sandwich bis(phosphine) ruthenium acetylide complexes 

Ru(C=CC6&C=C6&R)(L2)Cp' and 

Cp 'Ru(L2)( C=CC6H4C=C6(0Me )2H2C=CC6H4C=C)Ru(L2)Cp' afford the 

corresponding radical cations [Ru(C=CC6&C=C6H4R)(L2)Cp' t and 

[ {Cp'Ru(L2)2}(!l-C=CC6H4C=C6(0Me)2H2C=CC6&C=C)]2
+. These cations are 

sensitive to atmospheric conditions. However, the stability of these species is 

improved through the use of the bulky Ru( dppe )Cp* metal end-cap arid in situ 

spectroelectrochemical methods have been used to record the infrared and UV-Vis­

NIR spectra of these relatively 'reactive' cations here. The compounds derived from 

the tolan and the extended three-rings derivatives offer frontier orbitals with 

appreciable metal character, which in the case of the HOMO is also admixed with the 

ethynyl and aromatic n system. There is a critical similarities properties between the 

tolan ruthenium acetylides (RuCp*) and with the simple phenyl derivatives Rul-Ru4 

complexes. There is little to suggest that the extended phenylene ethynylene system 
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is a suitable bridging moiety for promoting electronic interactions between metal 

centres located at the ligand termini. 

4.5. Conclusions 

The preparation of simple ruthenium acetylide complexes that feature phenyl, tolan 

and oligo(phenylene ethynylene) moieties were described. These complexes were 

fully characterised spectroscopically and their electrochemical properties. 

One-electron oxidation of the half-sandwich bis(phosphine) ruthenium acetylide 

complexes Ru(C=CAr)(L2)Cp' [L = (PPh3)2, dppe; Cp' = Cp, Cp*], (Ar =Ph, p-tol, 

Napth., Anth., C6~C=CC6~R and (-C=CC6H4C=C6(0Me)2H2C=CC6H4C=C-) 

affords the corresponding radical cations [Ru(C=CAr)(L2)Cp't+ (n = 1) and (n = 2) 

in the case of the extended three rings system. In addition, there is evidence for 

carbonyl cation [Ru(CO)(PPh3)2Cp t which proved that these systems are sensitive 

to atmospheric conditions, and self-coupling reactions. However, the stability of 

these species is improved through the use of p-tolyl acetylide substituents or the 

bulky Ru( dppe )Cp* metal end-cap. 

The result obtained were supported further by the IR shifts calculated by DFT 

calculations which show very good agreement with observed IR bands. The spectra 

reveal that the oxidation is occurred at the (Ru-C=C- The UV-Vis-NIR 

spectroelectrochemical method was also applied to these complexes and revealed n­

n* arisng from the ethynyl and the substituents for these complexes. On oxidation to 

the cations which low-energy transition bands were observed which are assigned to 

ruthenium-ethynyl to ruthenium-ligand character on the basis of TD-DFT 

computational methods. All the complexes show the appreciable metal character, 

which in the case of the HOMO is also admixed with the ethynyl and aromatic 1t 

system. 

There is a critical distinction in the electronic structure of the compounds based on 9-

ethynyl anthracene, which instead feature frontier orbitals largely localised on the 
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anthracene moiety. Thus compounds such as [Ru4b t which feature larger 7t-systems 

on the acetylide substitutents might be better regarded as metal-stabilised anthracene 

radicals than as radical cations derived from oxidation of the metal centre. There is a 

critical similarities properties between the tolan ruthenium acetylides (RuCp*) and 

with the simple phenyl derivatives Rul-Ru4 complexes. 

Conclusion can be made that there is little to suggest that the extended phenylene 

ethynylene system is a suitable bridging moiety for promoting electronic interactions 

between metal centres located at the ligand termini. 

Molecular structures of 27, 29 and 30 were obtained, the structures being similar to 

each other. The structures reveal the usual pseudo-octahedral geometry about 

ruthenium, with a P(1)-Ru(l)-P(2) angle of 99.04(2)0
• There is no evidence in the 

bond lengths associated with the tolan fragment that indicates quinoidal character in 

the ligand and the planes containing these rings are almost perpendicular. 
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4.6. Experimental Details 

4.6.1. General Condition 

All reactions were carried out under an atmosphere of nitrogen usmg standard 

Schlenk techniques. Reaction solvents were purified and dried using an Innovative 

Technology SPS-400, and degassed before use. No special precautions were taken to 

exclude air or moisture during work-up. The compounds RuCl(PPh3)2Cp, 53 

RuCl(dppe)Cp* 61 and Me3SiC=CC6~C=CSiMe3 62 were prepared by literature 

routes. Other reagents were purchased and used as received. The completed 

experimental details and characterisation of complexes Rul-Ru4 were fully 

described in the previous occasion. 19 

NMR spectra were recorded on a Bruker Avance (1H 400.13 MHz, 13C 100.61 MHz, 
13C 125.68 MHz, 31 P 161.98 MHz) or Varian Mercury e1P 161.91 MHz) 

spectrometers from CDCh solutions and referenced against solvent resonances (1H, 
13C) or external H3P04 e1P). IR spectra were recorded using a Nicolet Avatar 

spectrometer from nujoll mull suspended between NaCl plates. Electrospray ioni­

sation mass spectra were recorded using Thermo Quest Finnigan Trace MS-Trace 

GC or WATERS Micromass LCT spectrometers. Samples in dichloromethane (1 

mg/mL) were 100 times diluted in either methanol or acetonitrile, and analysed with 

source and desolvation temperatures of 120 °C, with cone voltage of 30 V. High 

resolution spectra were recorded using a Thermo Electron Finnigan L TQ FT mass 

spectrometer with capillary temperature 275 oc and capillary voltage 100 V. 

MALDI- TOF spectra were recorded using an ABI Voyager STR spectrometer, with 

a 337 nm desorption laser, linear flight path and 2500 V accelerating voltage and 

trans-2-[3-( 4-tert-Butylphenyl)-2-methyl-2-propenylidene ]malonitrile (DCTB), 

purchased from Sigma-Aldrich, used as matrix. Samples were prepared from 

solutions containing 10 mg/1 L of the matrix and 1 mg/1 L of the sample and mixed 

1:9 sample:matrix. Only 1 JlL ofthe mixtures was used for analyses. 
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Diffraction data were collected at 120K on a Bruker SMART 6000 CCD (27 and 29) 

and on Bruker Proteum-M CCD (30) three-circle diffractometers, using graphite­

monochromated Mo-Ka radiation. The diffracrometer was equipped with Cryostream 

(Oxford Cryosystems) low-temperature nitrogen cooling devices. The structures 

were solved by direct-methods and refined by full matrix least-squares against F of 

all data using SHELXI'L software. 63 All non-hydrogen atoms were refined in 

anisotropic approximation except the disordered ones, H atoms were placed into the 

calculated positions and refined in "riding" mode. The crystallographic data and 

parameters of the refinements are listed in Table 4.10-Table 4.12. 

4.6.2. Experimental 

p-Q--Q-
Ph p"~uC=C ~ /; C=C ~ /; Me 

3 PPh3 

4.6.2.1. Preparation of Ru(C=CC6H4C=CC6H4Me )(PPh3)2Cp (25) 

A solution ofRuCl(PPh3)2Cp (100 mg, 0.14 mmol), Me3SiC=CC6~C=CC6~Me(1) 

(44 mg, 0.15 mmol) and KF (1.2 mg, 0.021 mmol) in MeOH (10 ml) was heated at 

reflux for 20 mins to form a bright yellow precipitate, which was collected by 

filtration, washed with MeOH (3 ml), and air-dried to afford a yellow solid (82 mg, 

63 %). Recrystallisation from CH2Ch/MeOH gave bright yellow crystals of 25. 

IR(nujol): v(C=C) 2063,2212 cm·1.1H NMR (CDCh, 400 MHz): 8 2.36 (s, 3H, Me), 

4.33 (s, 5H, Cp), 7.03-7.49 (m, 38H, Ar). 13C{ 1H} NMR (CDCh, 100.6 MHz): 8 

21.7 (Me), 85.5 (Cp); 89.6, 90.2 (C7, C8); 115.4, 117.4, 121.0 (C2, C6, C3); 123.2 (t, 

Jcp =25Hz, Cl); 128.8 (C11); 129.3, 130.3, 131.1 (C4, CS, C10); 131.5 (C9); 127.5 

(dd, 3Jcpf Jcp ~ 5 Hz, Cm); 128.7 (Cp); 134.0 (dd, 2Jcp/5Jcp ~ 5 Hz, Co); 137.9 

(C12); 139.0 (dd, 1Jcpf Jcp ~ 11 Hz Ci). 31P{1H} NMR (CDCh, 162 MHz): 8 51.3 (s, 

PPh3). ES(+)-MS (rnlz): 906, M+; 691 [M-C 17H11t. [High resolution: calculated for 
101 RuCss~1P2 [M+Ht 907.21910; found 907.22091. Found: C 76.17, H 5.03 %. 

Css~6P2Ru requires: C 76.91, H 5.08 %. 
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rt//-o--o-Ph p"~uC=C ~ !J C=C ~ !J OMe 
3 PPh3 

4.6.2.2. Preparation ofRu(C=CC6H4C=CC6H40Me)(PPb3)2Cp (26) 

A solution of RuCl(PPh3) 2Cp (100 mg, 0.14 mmol), HC=CC6~C=CCJ40Me (7) 

(44 mg, 0.21 mmol) and NH4PF6 (44 mg, 0.14 mmol) in stirring MeOH (10 ml) was 

heated at reflux for 30 mins to form a bright yellow precipitate in a red-coloured 

solution, 2-3 drops of DBU was added to form more yellow precipitate which was 

collected by filtration, washed with cold MeOH (3 ml), and air-dried to afford a 

yellow solid (101 mg, 80 %). Recrystallisation from CHChlhexane gave bright 

yellow crystals of 26. IR(nujol): v(C=C) 2064, 2215 cm-1
•
1H NMR (CDCh, 400 

MHz): 8 3.99 (s, 3H, OMe), 4.50 (s, 5H, Cp), 7.03-7.64 (m, 38H, Ar). 13C{1H} 

NMR (CDCh, 125.7 MHz): 8 55.5 (OMe), 85.5 (Cp); 89.3, 89.5 (C7, C8); 115.4, 

116.3, 117.5 (C2, C6, C3); 122.8 (t, Jcp = 25 Hz, C 1 ); 114.2, 130.6, 131.2 (C4, C5, 

ClO); 133.1, 131.3 (C9, Cll); 127.5 (dd, 3Jcpf Jcp ~5Hz, Cm); 128.7 (Cp); 134.1 

(dd, 2Jcp/5Jcp ~5Hz, Co); 139.0 (dd, 1Jcpf Jcp ~ 11 Hz Ci); 159.5 (C12). 31 P{ 1H} 

NMR (CDCh, 81 MHz): 8 51.3 (s, PPh3) ES(+)-MS (rnlz): 945, [M+Nat; 923, 

[M+Ht; 691, [M-C11HuOt. [High resolution: calculated for 101RuC5sH47PzO 

[M+Ht 932.21402; found 932.21683. 

4.6.2.3. 

rt//-o--o-Ph p--~uC=C ~ !J C=C ~ !J C02Me 
3 PPh3 

Preparation of Ru(C=CC6H4C=CC6H4C02Me )(PPb3)2Cp 

(27) 

A solution ofRuCl(PPhJ)zCp (100 mg, 0.14 mmol), HC=CC6~C=CC6~C02Me (8) 

(54 mg, 0.21 mmol) and NH4PF6 (44 mg, 0.14 mmol) in stirring MeOH (10 ml) was 

heated at reflux for 30 mins to form a bright yellow precipitate in red-coloured 

solution, with the addition of 2-3 drops DBU gave more yellow precipitate which 

was collected by filtration, washed with cold MeOH (3 ml), and air-dried to afford a 

yellow solid (95 mg, 73 %). Recrystallisation from CHChlhexane gave bright yellow 

crystals of 27. IR(nujol): v(C=C) 2064, 2202; (C=O) 1724 cm-1
• 

1H NMR (CDCh, 

400 MHz): 8 3.92 (s, 3H, OMe), 4.33 (s, 5H, Cp), 7.05-8.01 (m, 38H, Ar). 13C{1H} 
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NMR (CDCh, 100.6 MHz): 8 52.4 (OMe), 85.5 (Cp); 89.0, 94.3 (C7, C8); 125.1 (t, 

Jcp =25Hz, Cl); 115.6, 116.5, 132.3 (C2, C6, C3); 129.0(Cll), 129.1 129.7, 130.4 

(C4, CS, CIO); 127.5 (dd, 3 Jcp/6Jcp - 5 Hz, Cm); 128.8 (Cp); 131.5 (C9); 131.5 

(C12); 134.0 (dd, 2Jcp/5Jcp - 5 Hz, Co); 138.9 (dd, 1Jcpf Jcp - 11 Hz Ci); 166.9 

(C=O). 31PeH} NMR (CDCh, 81 MHz): 8 51.3 (s, PPh3). ES(+)-MS (rnlz): 950, 

M+; 691, [M-CisH1102t [High resolution: calculated for 101RuCs9H47P202 [M+Ht 

951.20893; found 951.21221. 

4.6.2.4. 

A solution of RuCl(PPh3)2Cp (100 mg, 0.14 mmol), HC=CC6~C=CC6H4N02 (9) 

(51 mg, 0.21 mmol) and NH4PF6 (44 mg, 0.14 mmol) in stirring MeOH (10 ml) was 

heated at reflux for 30 mins to form a bright red precipitate. The addition of 2-3 

drops DBU gave more yellow precipitate which was collected by filtration, washed 

with cold MeOH (3 ml), and air-dried to give a red solid followed by recrystallisation 

from CHCh/MeOH to afford bright red crystals of 28 (87 mg, 67 %). IR(nujol): 

v(C=C) 2063, 2200 cm·1. 1H NMR (CDCh, 400 MHz): 8 4.34 (s, 5H, Cp), 7.08-8.52 

(m, 38H, Ar). 13C{1H} NMR (CDC13, 125.7 MHz): 8 85.6 (Cp); 88.2, 97.1 (C7, C8); 

115.9, 115.8, 130.8 (C2, C6, C3); 126.9 (t, Jcp = 25 Hz, Cl); 123.9 (C11), 130.8, 

131.7, 132.1 (C4, CS, CIO); 127.5 (dd, 3Jcpf Jcp - 5 Hz, Cm); 128.8 (Cp); 131.3 

(C9); 134.1 (dd, 2Jcp/5Jcp- 5Hz, Co); 138.9 (dd, 1Jcpf Jcp- 11 Hz Ci); 146.7 (C12). 
31PeH} NMR (CDCh, 81 MHz): 8 51.3 (s, PPh3). ES(+)-MS(rnlz): 938, [M+Ht; 

691, [M-C16HsN02t. [High resolution: calculated for 101RuCs7~4P202N [M+Ht 

938.18853; found 938.19064. 

~=cOc=c~s;Me, 
2
t._,PPh2 

4.6.2.5. Preparation ofRu(C=CC6H4SiMe3)(dppe)Cp* (29) 

A suspension of RuCl(dppe)Cp* (100 mg, 0.15 mmol), Me3SiC=CC6~C=CSiMe3 

(54 mg, 0.20 mmol), and KF (9.0 mg, 1.72 mmol) in methanol (10 ml) was heated at 
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reflux for 1 hour under a nitrogen atmosphere. The yellow precipitate formed was 

collected then washed with MeOH and hexane and dried to give 29 as a yellow 

powder (95 mg, 76%). IR(nujol): v(C=C) 2058, 2149 cm-1. 1H NMR (CDCh, 300 

MHz): 8 0.29 (s, 9H, SiMe3); 1.62 (s, 15H, Cp*), 2.21 (2 x dd, 2H, JHP = JHH ~ 6 Hz,), 

2.83 (2 x dd, 2H, JHP = J"" ~6Hz); 6.65 (pseudo-d, J"" ~8Hz, 2H, C6H4); 7.10 

(pseudo-d, JH11 ~8Hz, 2H, C6~); 7.18-7.79 (m, Ar 20H). 13C{IH} NMR (CDCh, 

100.6 MHz): 8 0.14 (s, SiMe3); 10.0 (Me at Cp); 29.4 (dd, JcplccP ~ 23 Hz, CHz); 

92.7 (Cp); 89.3, 90.6 (C7, C8); 92.6 (Cp); 106.7, 110.9, 116.1(C2, C6, C3); 129.3, 

130.3 (C4, C5); 135.6 (t, Jcp = 25 Hz, Cl); 127.0, 127.3 (dds, Jcp/ ccP ~ 5 Hz, 

Cm;m'); 128.7 (Cp;p'); 133.4, 133.1 (dds, Jcp/ ccP ~ 5 Hz, Co;o' ); 138.4, 138.7 (m, 

Ci;i') 31PeH} NMR (CDCh, 121.4 MHz): 8 81.8 (s, dppe). ES(+)-MS(m/z): 833, 

[M+H( [High resolution: calculated for 101RuC49HszPzSi [M+Ht 833.24298; found 

833.24442. 

~o--o Ph p·~u-C=C ~ ,1 C=C ~ ,1 Me 
2
(...PPh2 

4.6.2.6. Preparation ofRu(C=CC6H4C=CC6H4Me)(dppe)Cp* (30) 

A solution ofRuCl(dppe)Cp* (100 mg, 0.14 mmol), HC=CC6H4C=CC6~Me (6) (32 

mg, 0.15 mmol) and N~PF6 (24 mg, 0.15 mmol) in stirring MeOH (10 ml) was 

heated at reflux for 30 mins to form a bright yellow precipitate in red-coloured 

solution, at which point 2-3 drops of DBU were added to form more yellow 

precipitate which was collected by filtration, washed with cold MeOH (3 ml), and 

air-dried to afford 30 as a yellow solid (84 mg, 66 %). IR (nujol). v(C=C) 2062, 2206 

cm-1. 1H NMR (CDCh, 400 MHz): 8 1.56 (s, 15H, Cp*), 2.08 (2 x dd, 2H, JHP = JHH 

~6Hz,), 2.68 (2 x dd, 2H, J"p= J"" ~6Hz); 3.82 (s, 3H, Me); 6.70 (pseudo-d, JHH = 

8 Hz, 2H, C6~); 6.86 (pseudo-d, JHH ~9Hz, 2H, C6H4); 7.16-7.34 (m, 20H Ar); 

7.43 (pseudo-d, JHH ~ 9 Hz, 2H, c6~); 7.75 (pseudo-d, JHH ~ 8 Hz, 2H, c6~). 
13C{1H} NMR (CDCh, 125.7 MHz): 8 10.3 (Me at Cp); 21.7 (Me); 29.6 (dd, JcplccP 

~ 23 Hz, CH2); 89.3, 90.4 (C7, C8); 92.9 (Cp); 111.1, 116.7, 121.1 (C2, C6, C3); 

129.4 (C11); 129.3, 130.3, 131.1 (C4, C5, CIO); 131.5 (C9); 135.6 (t, Jcp = 25 Hz, 

Cl); 137.9 (C12); 127.7, 127.5 (dds, Jcpl ccP ~ 5 Hz, Cm;m'); 128.8 (Cp;p'); 133.5, 

133.2 (dds, Jcpl ccP ~5Hz, Co;o'); 138.4, 138.7 (m, Ci;i') 31 PeH} NMR (CDCh, 81 
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MHz): 8 81.8 (s, dppe). ES(+)-MS(m/z): 8Sl, [M+Ht. [High resolution: calculated 

for 101Rus3HsoP2 [M+Ht 8Sl.2S040; found 8Sl.2S213. 

4.6.2.7. 

A solution of RuCl(dppe)Cp* (100 mg, 0.14 mmol), HC=CC6HtC=CC6HtOMe (7) 

(3S mg, 0.1S mmol) and NHtPF6 (24 mg, O.lS mmol) in stirring MeOH (10 ml) was 

heated at reflux for 30 mins to form a bright yellow precipitate in red-coloured 

solution, at which point 2-3 drops of DBU were added to form more yellow 

precipitate which was collected by filtration, washed with cold MeOH (3 ml), and 

air-dried to afford 31 as a yellow solid (81 mg, 63 %). IR(nujol). v(C=C) 2061, 2206 

cm-1. 1H NMR (CDCh, 400 MHz): () 1.S6 (s, ISH, Cp*), 2.09 (2 x dd, 2H, JHP = JHH 
. . 

~6Hz,), 2.68 (2 x dd, 2H, JHP = JHH ~6Hz); 3.30 (s, 3H, OMe); 6.68 (pseudo-d, JHH 

~8Hz, 2H, C6Ht); 6.84 (pseudo-d, JHH ~9Hz, 2H, C6Ht); 7.16 (pseudo-d, JHH ~ 8 

Hz, 2H, C6Ht); 7.41 (pseudo-d, JHH ~ 9 Hz, 2H, C6H4); 7.24-7.7S (m, 20H Ar). 

13C{1H} NMR (CDCh, 12S.7 MHz): 8 10.0 (Me at Cp); 29.S (dd, Jcp/ccP ~23Hz, 

CH2); SS.S (s, OMe); 89.1, 89.6 (C7, C8); 92.S (Cp); 111.0, 114.1, 116.4 (C2, C6, 

C3); 133.0, 131.4 (C9, Cll); 114.2, 130.3, 131.0 (C4, CS, ClO); 13S.3 (t, Jcp = 2S 

Hz, Ca); 127.7, 127.S (dds, Jcp/ccP ~ S Hz, Cm;m' ); 128.8 (Cp;p' ); 133.8, 133.2 

(dds, Jcp/ccP ~ s Hz, Co;o' ); 137.1, 139.0 (m, Ci;i'); 1S9.4 (C12). 31PeH} NMR 

(CDCh, 81.8 MHz): 8 81.8 (s, dppe). ES(+)-MS(m/z): 867, [M+H( [High 

resolution: calculated for 101RuC53H50P20 [M+Ht 867.24S32; found 867.24611. 
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4.6.2.8. Preparation of Ru(C=CC6H4C=CC6H4C02Me )( dppe )Cp * 
(32) 

A solution of RuCl(dppe)Cp* (100 mg, 0.14 mmol), HC==CC6&C==CC6H4C02Me 

(8) (39 mg, 0.15 mmol) and N&PF6 (24 mg, 0.15 mmol) in stirring MeOH (10 ml) 

was heated at reflux for 20 mins to form a bright yellow precipitate in red-coloured 

solution, at which point 2-3 drops of DBU were added to form more yellow 

precipitate which was collected by filtration, washed with cold MeOH (3 ml), and 

air-dried to afford 32 as a yellow solid (66 mg, 49 %). IR(nujol): v(C=C) 2061, 2208; 

(C=O) 1717 cm-1. 1H NMR (CDCh, 400 MHz): () 1.56 (s, 15H, Cp*), 2.08 (2 x dd, 

2H, JHP = JHH- 6Hz), 2.68 (2 x dd, 2H, JHP = JHH- 6Hz); 3.92 (s, 3H, OMe); 6.70 

(pseudo-d, JHH- 8Hz, 2H, C6&); 7.19 (pseudo-d, JHH- 8Hz, 2H, C6&); 7.21-7.74 

(m, 20H Ar); 7.52 (pseudo-d, JHH- 9 Hz, 2H, C6&); 7.98 (pseudo-d, JHH- 9 Hz, 

2H, C6H4. 13C{1H} NMR (CDCh, 125.7 MHz): () 10.0 (Me at Cp); 29.5 (dd, Jcp/ccP 

- 23 Hz, CH2); 52.4 (s, OMe); 92.5 (Cp); 88.8, 94.6 (C7, C8); 111.4, 115.8, 132.3 

(C2, C6, C3); 137.8 (t, Jcp =25Hz, Cl); 128.9 (Cll), 129.1, 129.7, 130.7 (C4, CS, 

CIO); 127.7, 127.2 (dds, Jcp/ ccP- 5Hz, Cm;m'); 128.8 (Cp;p'); 131.3, 131.4 (C9, 

C12); 133.8, 133.2 (dds, Jcp/ ccP - 5 Hz, Co;o'); 137.1, 139.0 (m, Ci;i'); 167.0 

(C=O): 31 P{'H} NMR (CDCh, 81.8 MHz): () 81.8 (s, dppe). ES(+)-MS(rnlz): 895, 

[M+Ht. [High resolution: calculated for 101RuCs4Hs1P202 [M+Ht 895.24023; found 

895.24303. 

4.6.2.9. 

A solution of RuCl(dppe)Cp* (100 mg, 0.14 mmol), HC==CC6&C==CC6H4N02 (9) 

(37 mg, 0.15 mmol) andNH4PF6 (24 mg, 0.15 mmol) in stirring MeOH (10 ml) was 

heated at reflux for 30 mins to form a bright red precipitate, 2-3 drops of DBU were 
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added to form more red precipitate which was collected by filtration, washed with 

cold MeOH (3 ml), and air-dried to afford 33 as a red solid (66 mg, 50%). IR(nujol): 

v(C=C) 2063,2207 cm-1. 1H NMR (CDCh, 400 MHz): 6 1.56 (s, 15H, Cp*), 2.10 (2 

x dd, 2H, JHp= JHH ~6Hz,), 2.69 (2 x dd, 2H, JHp=JHH ~6Hz); 6.72 (pseudo-d, JHH 

= 8.4 Hz, 2H, C6l-Lt); 7.20-7.34 (m, 20H, Ar); 7.60 (pseudo-d, JHH = 8.8 Hz, 2H, 

C6H4); 7.74 (pseudo-d, JHH = 8 Hz, 2H, C6l-Lt); 8.20 (pseudo-d, JHH = 8.8 Hz, 2H, 

C6f-Lt). 13C{1H} NMR (CDCh, 100.6 MHz): 6 10.0 (Me at Cp); 29.5 (dd, Jcp/ccP ~ 

23 Hz, CH2); 87.8, 97.1 (C7, C8); 92.5 (Cp); 111.6, 114.8, 129.8 (C2, C6, C3); 132.7 

(t, Jcp = 25 Hz, Cl); 123.6 (Cll); 129.8, 131.3, 131.7 (C4, C5, ClO); 131.2 (C9); 

127.5, 127.2 (dds, Jcp/ ccP ~ 5 Hz, Cm;m' ); 128.8 (Cp;p' ); 133.8, 133.2 (dds, Jcp/ 

ccP ~5Hz, Co;o'); 137.1, 139.0 (m, Ci;i'); 146.4 (Cl2). 31PeH} NMR (CDCh, 81.0 

MHz): 6. 81.7 (s, dppe). ES(+)-MS(rn/z): 882, [M+Ht. [High resolution: calculated 

for 101RuCs2Ht7P202N [M+Ht 882.21983; found 882.22115. 

4.6.2.10. 

OMe 

p-Q-~-Q-~ Ph p'~u·C=C ~ /; C=C ~ /; C=C ~ /; C=C-~u'PPh 
3 PPh3 Ph3P 3 

M eO 

Preparation of 

{Ru(PPh3)2Cp}2(~C=CC6H4C=CC6H2(0Me)2C=CC6H4C=C) (34) 

A solution of RuCl(PPh3)2Cp (200 mg, 0.28 mmol), 

HC=CC6l-LtC=CC6H2(0M,e)2C=CC6H4C=CH (14) (53 mg, 0.14 mmol) and NHtPF6 

(90 mg, 0.55 mmol) in stirring MeOH (20 ml) was heated at reflux for 20 mins to 

form a bright yellow precipitate in red-coloured solution, with the addition of 2-3 

drops of DBU was gave more yellow precipitate. It was then cooled in the ice-bath 

which was collected by filtration, washed with cold MeOH (3 ml), and air-dried to 

give 34 as a yellow solid. (177 mg, 73 %). IR(nujol): v(C=C) 2068, 2198 cm-1.1H 

NMR (CDCh, 400 MHz): 3.91 (s, 6H, OMe), 4.34 (s, IOH, Cp), 7.01-7.47 (m, 70H, 

Ar). 13C{lH} NMR (CDCh, 125.7 MHz): 6 56.7 (s, OMe); 85.5 (Cp); 81.6, 86.0 

(C7, C8); 115.6, 117.2,119.9 (C2, C6, C3); 113.6, 130.6, 131.4 (C4, C5, CIO); 122.7 

(t, Jcp = 25 Hz, Cl); 127.7 (dds, Jcp/ccP ~ 5 Hz, Cm;m'); 128.7 (Cp;p'); 133.2 (C9); 

133.8, 134.0 (dds, Jcp/ccP ~ 5 Hz, Co;o'); 138.8, 139.1 (m, Ci;i'); 153.9(Cll). 
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31 PrtH} NMR (CDCh, 81 MHz): 6 51.3 (s, PPh3). MALDI-MS (rnlz): 1767, [M+H]. 

[High resolution: calculated for 101Ru2ClloH86P40 2 [Mt 1766.37057; found 

1766.38675. 

4:6.2.11. Preparation of 

A solution of RuCl( dppe )Cp* (lOO mg, 0.15 mmol), 

HC=CC6~C=CC6H2(0Me)2C=CC6~C=CH (14) (29 mg, 0.07 mmol) and NH4PF6 

(24 mg, 0.15 mmol) in stirring MeOH (15 ml) was heated at reflux for 30 mins to 

form a bright yellow precipitate in red-coloured solution, with the addition of 2-3 

drops of DBU gave more yellow precipitate. It was then cooled in the ice-bath which 

was collected by filtration, washed with cold MeOH (3 ml) followed by EhO (3ml), 

and air-dried to afford 35 as a yellow solid. (88 mg, 71 %). IR (nujol). v(C=C) 2054, 
I . 

2192; H NMR (CDCh, 400 MHz): 6 1.56(s, 15H, Cp*), 2.07 {2 x dd, 2H, JHP = JHH 

-6Hz,), 2.68 (2 x dd, 2H, JHP = JHH- 6Hz); 3.88, 6H, OMe); 6.71 (pseudo-d, JHH-

8Hz, 2H, C6H4); 6.97 (s, 2H, C6H2(0Me)2); 7.22-7.76 (m, 46H Ar);. 13C{1H} NMR 

(CDCh, 125.7 MHz): 6 10.3 (Me at Cp); 29.7 (dd, JcplccP- 23Hz, CH2); 92.9 (Cp); 

85.8, 96.8 (C7, C8); 111.4, 115.7, 116.5 (C2, C6, C3); 113.7, 130.2, 131.2 (C4, C5, 

C10); 131.7 (C9); 136.4 (t, Jcp = 25 Hz, Cl); 127.4, 127.2 (dds, Jcp/ ccP - 5 Hz, 

Cm;m'); 128.8 (Cp;p'); 133.9, 133.4 (dds, Jcp/ ccP- 5Hz, Co;o'); 137.1, 139.0 (m, 

Ci;i'); 153.9 (Cll). 31 PrtH} NMR (CDCh, 162 MHz): 6 81.8 (s, dppe). MALDI(+)­

MS(rnlz): 1654, [M+H( [High resolution: calculated for 101Ru2CwoH94P402 [Mt 

1653.42981; found 1653.44770. 
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Chapter 5 'Photophysical and Electrochemical Properties of Triruthenium 

Carbonyl Clusters Featuring Phenylene Ethnylene Ligands' 

5.1. Introduction 

Recent studies have shown that oriented thiol-terminated conjugated rigid-rod 

molecules have the ability to conduct electrons to and from metallic surfaces. I-J This 

demonstration has led to many studies of such systems with a view to the preparation 

of viable molecular-based wires for use in future electronic devices. A common 

approach often employed in the study of the conductivity molecular wires is to attach 

an organic molecule with an extended, conjugated 7t-system to metal surface, most 

frequently the thiollinkage to gold, and to a Scanning Tunneling Microscopy (STM) 

tip to form the top contact. 4 For single-molecule electronics considerable effort has 

been invested in the design and the synthesis of the molecules but, the nature of the 

molecule-surface contact is not clear, nor has the significance of the mode of the 

attachment in the overall performance of the molecular wire been fully established. 
5

'
6 With a view to expanding the range of available metal-molecule binding groups, 

and to help establish the role of these groups on the overall performance of single­

molecule devices, an increasing number of studies utilising surface-binding groups 

other than thiols and surfaces other than gold have been conducted.7
-
1° For example, 

long alkyl chains can be covalently linked to silicon surfaces and are particularly 

appealing "second generation" binding groups. ll-!3 

Metal clusters offer an opportunity to study the nature of small-molecule/surface 

interactions. 14 Although the cluster-surface analogy should not be taken literally, 

well-defined molecular cluster models have been used to refine current 

understanding of the preferred binding sites of molecular tethers in numerous 

computational investigations. 15
-
17 However, the use of synthetic models systems in 

this regard is less well established. 18 

While gold i-s ·perhaps the most ofteri ·used metal substrate in molecular electronics: 

the attributes of ruthenium as an electrode material, such as its ability to form hard 
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thin films, have recently being highlighted. 5 Metal cluster chemistry is now a mature 

science, 19 and the extensive chemistry of ruthenium carbonyls and phosphine 

substituted derivatives suggests these materials are suitable initial model systems for 

ruthenium surfaces. 

Given the ready preparation of ethynyl terminated phenylene ethynylenes, and the 

rich coordination chemistry of the C=CH group to clusters, systems of the general 

type HC=C{C6H4C=C}nC6H4R offer an attractive entry point for the further 

development of the clusters as surface model in molecular electronics. Multimetallic 

end-caps to phenylene ethynylene moieties, especially those larger than 1 ,4-diethynyl 

aromatics, are less common than mononuclear species; examples include those 

prepared by Adams and eo-workers during their investigations of the binding modes 

of a thiol-terminated 1 ,4-bis(phenylethynyl)benzene to osmium clusters. 20 

Although reactions of terminal alkynes with carbonyl clusters such as Ru3(C0)12 or 

the activated derivative Ru3(C0) 10(NCMe)z usually result in the generation of 

products derived from cluster fragmentation and alkyne coupling, 21 ·22 and in some 

cases, to yield complexes with unusual structures, 23 terminal acetylenes and gold 

alkynyls Au(C=CR)(PR' 3) both react readily with Ru3(C0)10(jl-dppm) to give 

alkynyl clusters Ru3(jl-X)(!l-C2R)(C0)7(jl-dppm) (X= H, AuPR'3) in high yield. 24 

Very recently, the Bruce group have used a combination of these reactions of gold 

acetylides as part of a strategy to prepare bis(cluster) complexes featuring bridging 

c4 ligands. 25 

Several related gold-containing Ru3 and Os3 clusters works have been synthesised by 
26 while other examples, such as AuRu3(jl3, 112 -C2Bu1)(C0)9(PPh3) have been 

obtained from Ru3(jl-H) (1.!3, 112 -C2Bu1)(C0)9(PPh3) by deprotonation with NaH or K­

Selectride followed by reaction of the resulting monoanion with AuCl(PPh3). 
27 

Further examples of mixed-metal gold-ruthenium complexes were prepared by 

addition of Au(C2Ph)(PR3) (R = Ph, tol) to Ru3(jl-dppm)(CO)w. 24 The likely 

pathway of this reaction has been mapped through reactions involving Os clusters. 
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Oxidative addition of Au(C=CPh)(PR2Ph) (R = Me, Ph) to Os3(C0) 10(NCMe)2 

afforded Au0s3(J.t, T}2 -C2Ph)(C0)10(Pr2Ph) which on heating undergoes 

decarboxylation to form the J.13, T}-alkynyl complex Au0s3(J.t3, T}2 -C2Ph)(C0)9(Pr2Ph). 
28 

Other examples of the clusters Ru3(J.t-R)(C0)10 prepared from more exotic extended 

acetylenes include products from the reaction between Ru3(CO)w(NCMe)2 with 

W(C=CC=CH)(C0)3Cp. The initial product Ru3{J.t3-HC2C=C[W(C0)3Cp]}(J.t­

CO)(C0)9, was readily converted into the corresponding hydrido-alkynyl cluster 

Ru3(J.t-H){J.t3-C2C=C[W(C0)3Cp]}(C0)9 by brief heating in refluxing benzene. 29 

Whilst reaction between Ru3(J.t-dppm)(C0)10 with cis-Pt(C=CC=CH)2(dppe) gave 

Ru3(J.t-H){ J.13·T}2 -C2C=C[Pt(C=CC=CH)(dppe)]}(J.t-dppm)(C0)7. 30 

In this report, reactions ofterminal acetylene tolan ofHC=CC6H4C=CC6RtMe, 6 and 

HC=CC6H4C=CC6RtC02Me, 8 with Ru3(CO)w(J.t-dppm) that afforded products 

Ru3(J.t-H)(J.t-C2C6RtC=CC6H4Me)(C0)7(J.t-dppm) (36) and Ru3(J.t-H)(J.t­

C2C6RtC=CC6H40Me)(C0)7(J.t-dppm) (37), in which the the hydride-bridged 

clusters 'end-cap' the phenylene ethynylene fragment, are described. The isolobal 

relationship between H and (AuPR3) links clusters 36 and 37 with the AuPPh3 

bridged clusters 38-42 (Scheme 5.1). In addition, the availability of bis(gold)(l) 

complex, {Au(PPh3)h(J.t-C=CC6H4C=CC6H4C=CC6RtC=C), 23, has led the 

preparation of his-cluster 43 (Scheme 5.3).The syntheses, molecular structural 

analyses, electrochemical and photophysical properties of these complexes are fully 

described and thoroughly discussed in this chapter. 
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5.2. Result and Discussion 

5.2.2. Syntheses 

Reactions of the readily synthesised terminal alkynes tolans, HC=CC6~C=CC6~R 

[R = Me (6); = COzMe (8) with RuJ(CO)w(tl-dppm) were carried out in refluxing 

THF. Purification of the products was carried out by preparative TLC followed by 

recrystallisation from chlorofomlhexane to give bright yellow Ru3(tl-H)(tl­

C=CC6~C=CC6~R(C0h(tl-dppm) clusters featuring a bridging-hydride ligand[R = 

Me (36); = C02Me (37) in 41 and 25% yield respectively (Scheme 5.1). 

Both of the clusters were characterised by the usual spectroscopic methods. In the 1H 

NMR spectra, the hydride ligands were detected as doublets near 8H -19 ppm (JHP = 

33 Hz). In addition, methyl and methyl ester resonances at 8H 2.38 and 8H 3.94 ppm 

in 36 and 37 respectively were also observed. Two sets of doublet-of-triplet (dt) 

signals were observed at ea. 8H 3.3 and 8H 4.3 ppm (JHP = JHH = 11 Hz), arising from 

the two methylene protons of the dppm moieties. However, the numerous aromatic 

protons in 36 and 37 were not fully resolved, but were observed as series of heavily 

overlapped 8H 6.4-8.1 ppm. The pseudo-doublet resonances from the tolan portion of 

the molecule were not distinctly observed. 

X= H; R = Me (36), C02Me (37) 

X= AuPPh3; R =Me (38), OMe (39), C02Me (40), N02 (41), CN (42) 

Scheme 5.1. Synthesis of clusters 36-42. 

The 31P NMR spectra of 36 and 37 were characterised by a pair of doublets (Jpp =54 
·-·-- - - -

Hz), indicating the inequivalence of the phosphorus centres; the resonances near Op 

34 ppm and Op 38 ppm were broadened by unresolved JPH coupling. These 
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spectroscopic parameters are similar to those of other Ru3(~-t-H)(~-t-C2R)(Co h(~-t­

dppm) species. 31 -36 

IR spectra recorded in cyclohexane solutions in a cell fitted with CaF2 windows 

showed v(CO) carbonyl bands of variable intensities between 1940-2064 cm-1. In 

addition to these bands, both clusters show weak acetylenic bands v(C=C) which 

were observed above 2200 cm-1, and for 37, an additional strong v(C=O) band was 

observed at 1731 cm-1. The electrospray mass spectra [ES-MS]+ showed the 

aggregate of [M+Kt ions at mlz 1139 (36) and at m/z 1185 (37). The simple 

protonated species [M+Ht was also found for 36 as well as the molecular ion M+ at 

mlz 1146 for 37. 

In a manner similar to that described above, the reaction of the gold complexes 

Au(C=CC6~C=CC6~R)PPh3 [R = Me(15), OMe (16), C02Me (17), N02 (18), CN 

(19)] with Ru3(CO)IO(j.t-dppm), in refluxing THF, gave Ru3(j.t-AuPPh3)(j.t­

C2C6H4C=CC6H4R)(C0)7(1-t-dppm) [R =Me (38), OMe (39), C02Me (40), N02 (41), 

CN (42) in 12-50 % yield. The hydride ligand in 36 and 37 has been formally 

substituted by the isolobal Au(PPh3) fragment (Scheme 5.1). Similar species have 

been obtained from reactions of gold acetylides with triangulo triruthenium clusters. 
24·25·37 or through the auration of cluster anions obtained by deprotonation of the 

corresponding hydride clusters. 26·27 

The 1H NMR spectra of these clusters show similar characteristics to the hydride­

bridging clusters (36 and 37) except for the loss of the hydride signal by the 

replacement of the (AuPPh3) moiety. The similarities include the methyl resonance 

can be observed at oH 2.37 for 38. In addition, methoxy and methyl ester resonances 

of 39 and 40 can be observed above OH 2 ppm. Two sets of doublet-of-triplet (dt) 

signals can be observed at ea. OH 33 and OH 4.3 ppm (JHP = 11-14Hz, JHH = 10-11 

Hz) arising from the methylene protons of the dppm moieties. However, as might be 

expected, the npmeroHs !li"Qmatic proto11sjn 38~42 were not ful!y resQlved, bJlt F~r~ 

observed as series of heavily overlapped OH 6.4-8.2 ppm. The pseudo-doublet 

resonances from the tolan portion of the molecule were not distinctly observed. 
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The 31 P NMR spectra was particularly informative, with the three chemically distinct 

phosphine centres giving rise to a characteristic pattern in which the resonance from 

P(2) (for labelling scheme see Scheme 5.2) was split into a doublet of doublets at ea. 

Dp 41 ppm (Jpp =62Hz, Jpp =39Hz) by coupling to both the gold bound phosphine 

P(1) at ea. Dp 61 ppm (Jpp =39Hz) and the dppm phosphorus centre P(J) at ea. Dp 39 

ppm ( d, Jpp = 62 Hz). 

(CO) C -o- -o-
/RuU\)c ~ li c=c ~ li R 

Ph2<73) \ /x11 
"-_ _........Ru -Ru(COb 

Ph
2
(P2) (CQ)¥ 

Au 
(P1)Ph3 

Scheme 5.2. A plot of (AuPPh3) bridging clusters of 38-42 showing the location of 

three phosphorus centres. 

The IR spectra of 38-42 were recorded in cyclohexane solutions in a cell fitted with 

CaF2 windows show carbonyl bands of variable intensities in between 1910-2038 

cm-1. The v(CO band pattern is almost the same in each member of the series 38-42 

with no apparent systematic shift in frequency that could be attributed to variation in 

x-back-bonding from the ruthenium centres brought by the electron-donating or -

withdrawing properties of the tolan susbtituent. The electronic environment at each 

cluster core is therefore similar. In addition to these strong v(CO) bands, weak 

acetylenic bands v(C=C) were observed above 2200 cm-1, and for 40 a strong v(C=O) 

band can be seen at 1720 cm-1, while for 42, a strong nitrile v(CN) band also can be 

observed at 2212 cm -I. 

The electrospray ionisation mass spectrum (ESt -(MS) showed the aggregate ion 

[M+AuPPh3t, for 38 at mlz 2016 and 42 at mlz 2028 and phosphine auration 

fragmentation [Au(PPh3)zt at mlz 721 for 39-41. In addition to these fragmentations 

ions, simple protonated species [M+Ht also can be observed for all complexes. 
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The his( cluster) {Ru3(J.t-AuPPh3)(C0)7(J.t-dppm)} 2(J.l-C2C6l4C=CC6H4C=CC6H4C2) 

(43) was obtained in 48% yield from the stoichiometric reaction of the di-gold 

reagent { Au(PPh3) }2(J.t-C=CC6H4C=CC6l4C=CC6H4C=C), 23 and Ru3(CO)IO(J.l­

dppm) (Scheme 5.3). The complex was isolated as a pure powder following 

preparative TLC. 

Ph3PAu-c=c-Q-c=c-Q-c=c-Q-c=c-AuPPh3 

Scheme 5.3. Synthesis of his-cluster 43. 

In the 1 H NMR spectrum of 43, the dppm protons are observed as two sets of 

doublet-of-triplet (dt) signals at ea. DH 3.3 and DH 4.2 ppm {JHP = 10 Hz, JHH ~ 14 

Hz). As was the case for the monoclusters 36-37 and 38-42, the numerous aromatic 

protons in 43 were not fully resolved, but were also observed as series of heavily 

overlapped DH 6.4-8.0 ppm. The pseudo-doublet resonances from the diethynyl -1,4-

bis(phenylethynyl)benzene portion of the molecule were not distinctly observed. 

The symmetrical nature of the complex was established by the observation of 31P 

NMR and IR [v(CO)] spectra essentially identical to those of monoclusters (38-42) 

whereas in the 31P NMR spectrum, the three chemically distinct phosphine centres 

giving rise to a characteristic pattern in which the resonance from P(2) (for labelling 

scheme see Scheme 5.2) was split into a doublet of doublets at ea. Dp 41 ppm (Jpp = 

62Hz, Jpp =39Hz) by coupling to both the gold bound phosphine P(l) at ea. ~P 61 

ppm (Jpp =39Hz) and the dppm phosphorus centre P(3) at ea. Dp 38 ppm (d, Jpp = 62 
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Hz). The IR spectrum of the carbonyl bands v(CO) can be observed as variable 

intensities in between 1907-2032 cm-1 

Whilst in the electrospray mass spectrum of 43, the molecular ion was observed as an 

isotopic envelope centred at mlz 3010, together with adducts of higher mass for 

which accurate mass measurements suggest formulations of [M+Kt and 

[M+K+NCMe]2+ as well as [M+2K]2+ at rnlz 1544. 
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5.2.3. Molecular Structural Analyses 

The molecular structures of 36-42 have been determined by single crystal X-ray 

diffraction as shown in Figure 5.1 to Figure 5.4. Crystallographic data, selected 

bond lengths and angles are listed in Table 5.1, Table 5.2 and Table 5.3 The 

crystallographic work has been carried out by Dr D. S. Yufit and Dr Albesa-Jove. 

Molecular Structure of RuJ(JJ-H)(JJ-C2C6H4C=CC6H4R)(C0}7(JJ-dppm) (R = Me 

(36) and C02Me (37) 

36 

Figure 5.1. A plot of a molecule of 36 and 37 illustrating the atom numbering 

scheme. 
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07 

Figure 5.2. The ' core' of the Ru3-bridging of the molecules 36 and 37. 
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Table 5.1. Crystal data for 36 and 37. 

36 37 

Molecular formula C:49l134()7J>2Ftu3 C:sol134()9J>2Ftu3 xC:hC:II 

M! gmor' 1099.1 1263.29 

C:rystal system Monoclinic Monoclinic 

a/ A 10.6155(7) 14.7618(4) 

bl A 32.425(2) 19.3952(5) 

cl A 13.0009(8) 18.3016(5) 

a/ o 90 90 

f3/ 0 94.43(1) 101.86(1) 

y/0 90 90 

V!N 4461.7(5) 5128.1(2) 

Space group 1>2(1)/n J> 2/c 

z 4 4 

Dc!Mgm3 1.637 1.636 

C:rystal size I mm 0.24x0.18x0.04 0.40x0.12x0.08 

C:rystal habit plate plate 

F (000) 2184 2504 

Ftadiation Mo(Ku) Mo(Ku) 

Wavelength I A 0.71073 0.71073 

).1.1 mm-1 1.637 1.145 

Temperature I K 120(2) 120(2) 

Data collection range I 
2.01-26.00 1.55-28.00 

0 

Fteflections measured 27650 36577 

Data, restraints, 
8747,0,555 8284,9,596 

parameters 

Ftt. wR2 (all data) 0.0583, 0.1043 0.0799,0.1053 

Goodness-of-fit on F 
1.052 0.961 

(all data) 

peak, hole I eA-3 1.553, -0.977 0.851, -0.618 

_ ,.;.F_ ---·'---~.!l.:___ _ 
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Cy, 
C~/;Ca 

~\Z "RuA 
Rue"-.. ~ PPh2 

Ru8_p~ 

Figure 5.3. The core geometry representative of molecule 36and 37. 

Table 5.2. Selected bond lengths (A) for 36 and 37. 

36 37 

C(1)-C(2) 1.309(6) 1.315(6) 

C(2)-C(3) 1.461(6) 1.460(7) 

C(3)-C(4, 8) 1.403(6), 1.393(7), 1.407(7) 

1.400(6) 

C( 4)-C( 5),C(7)-C(8) 1.379(6), 1.387(7), 1.382(7) 

1.388(6) 

C(6)-C(5, 7) 1.399(6), 1.392(7), 1.399(7) 

1.395(7) 

C(6)-C(9) 1.438(6) 1.433(7) 

C(9)-C(10) 1.199(6) 1.182(7) 

C(10)-C(11) 1.439(6) 1.436(7) 

C(11)-C{l2, 16) 
1.383(7), 1.393(7), 1.390(7) 

1.392(7) 

C(12)-C(13), C(16)- 1.380(6), 1.375(7), 1.381(8) 

C(15) 1.378(6) 

C(14)-C(13, 15) 1.399(7), 1.376(7), 1.391(7) 

1.387(7) 

Ru(1)-C(1) 2.184(4) 2.192(4) 

Ru(1)-H(1) 1.80(5) 1.73(5) 

Ru(1)-C(2) 2.243(4) 2.246(5) 

Ru(2)-C(1) 2.201(4) 1.956(5) 

Ru(2)-C(2) 2.263(4) 2.273(4) 

Ru(3)-C(1) 1.934(4) 2.223(4) 

Ru(l)-P(2) 2.3049(11) 2.3205(14) 

Ru(2/3)-P(l/3) 2.3023(11) 2.2920(13) 

Rufl').;Ru(2) 2.7-714(5) 2.7966(6) 
-.......:.,__.:.: 

:-

Ru(1)-Ru(3) 2.8277(5) 2.7935(6) 
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Ru(2)-Ru(3) 2.8312(5) 2.8035(6) 

Table 5.2. Selected bond angles (0
) for 36 and 37 (cont.) 

36 37 

Ru(3 )-C( 1 )- 156.3(4) 156.7(2) 

C(2) 

C( 1 )-C(2)-C(3) 137.8(4) 145.4(5) 

C(6)-C(9)~ 174.9(5) 174.2(6) 

C(IO) 

C(9)-C( 1 0)- 176.7(5) 174.9(6) 

C(ll) 

Ru(l )-Ru(2 )- 60.60(1) 59.847(14) 

Ru(3) 

Ru( 1 )-Ru(3 )- 58.67(1) 59.955(14) 

Ru(2) 

Ru(2)-Ru(l)- 60.73(1) 60.199(14) 

Ru(3) 

Molecular Analyses of 36 and 37 

There are few, if any, differences within the structures of the H-bridged clusters 36 

and 37, and so discussion of the geometry of 36 may be taken as representative of the 

molecular structures in this series. The cluster core geometry of Ru3-bridging of the 

molecules· 36 and 37 is illustrated schematically in Figure 5.2. Whereas for the 

'bigger picture' of the bond lengths (A) and angles (0
) of the structures, the core 

geometry representative of molecules 36 and 37 is shown in Figure 5.3. Similarly, in 

the case of the heterometallic complexes, 38 may be used as a reference point for 

description and discussion. 

36: The cluster 36 contains a triangular Ru3 metal framework with a hydride ligand, 

which was found in the difference map and refined, bridging the Ru(l)-Ru(2) edge 

(Figure 5.1a and Figure 5.2). The Ru(l)-Ru(3) bond is supported by the dppm 

ligand [Ru(1,3)-P{2,1) 2.3049(11), 2.3023(11) A], while the C(l)-C(2) moiety caps 
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one triangular face in the expected f.l,11 1 ,11 2,11 2 mode. As a consequence of the 

interactions with the metal centres, the C(l)-C(2) bond [1.309 A] is elongated when 

compared with that in 15. The C(9)=C(10) alkyne bond is normal [1.199(6) A]. The 

Ru-Ru bond lengths range from 2.7724(5) A, for Ru(1)-Ru(2), to 2.8312(5) A for the 

non-bridged Ru(2)-Ru(3) bond. There is no evidence for distortion of the phenylene 

ethynylene structure. 

Molecular Structure of RuJ(f,.l-AuPPhJ)(f.l-C2C6H4C=CC6HaR)(C0)7(f.l-dppm) [R 

=Me (38), OMe (39), C02Me (40), N02 (41) and CN (42)] 

Figure 5.4. A plot of molecules of (a) 38 and (b) 39 illustrating the ~tom 

numbering scheme. 
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41 

Figure 5.4.(cont.) A plot of molecules of (c) 40, (d) 41, and (e) 42 illustrating 

the atom numbering scheme. 
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Table 5.3. Crystal data for 38- 42. 

38 39 40 41 42 

Molecular c69~809P3Ru3Au X C67~609NP 3Ru3Au C61~s07NP3Ru3Au 
C61~s07P3Ru3Au C61~sOsP3Ru3Au 

formula CHC13 .Ch X CHC13 

M! gmo1" 1 1558.14 1574.14 1702.51 1708.48 1688.49 

Crystal system Triclinic Monoclinic Monoclinic Monoclinic Monoclinic 

a/ A 11.1228(5) 11.0042(12) 11.0952(2) 11.1445(18) 11.0569(3) 

bl A 15.3234(7) 27.520(3) 27.417(5) 27.492(4) 27.3570(7) 

cl A 19.8213(9) 20.590(2) 23.226(4) 23.130(16) 20.6694(5) 

a! o 89.79(1) 90 90 90 90 

j3 I o 85.77(1) 90.544(3) 115.83(7) 118.255(6) 91.71(1) 

y/0 87.72(1) 90 90 90 90 

VI Aj 3366.5(3) 6234.9(11) 6359.0(2) 6242.3(16) 6249.4(3) 

Space group P-1 P2(1)/n P2t!C P2tfc P2tiC 
I 

z 2 4 4 4 4 I 

I 

Dc!Mgm.l 1.537 1.677 1.797 1.818 1.795 
I 

Crystal size I 
0.20x0.16x0.04 0.34x0.24x0.22 0.20x0.12x0.06 0.10x0.10x0.04 0.26x0.14x0.06 

mm 

Crystal habit plate plate plate plate plate 

F (000) 1524 3080 3364 3336 3296 
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Table 5.3. Crystal data for 38- 42.(cont.) 

Radiation Mo(KJ Mo(KJ Mo(KJ Mo(Ka) Mo(Ka) 

Wavelength I A 0.71073 0.71073 0.71073 0.71073 0.71073 

l.l.lmm-1 2.951 3.189 3.258 3.319 3.312 

Temperature I K 120(2) 120(2) 120(2) 120(2) 120(2) 

Data collection 
1.03-30.53 1.24-30.52 2.59-29.50 2.35-28.30 1.49-31.00 

range I 0 

Reflections 
45893 84736 71159 63851 65628 

measured 

Data, restraints, 19840, o, I 

20358,0,731 1903,0,578 17700, 12,738 15492,0,784 
parameters 655 

R~> wR2 (all 0.0497, 
0.0654, 0.1008 0.0435, 0.0925 0.0649, 0.0991 0.0572, 0.0865 

data) 0.0714 

Goodness-of-fit 

on F- (all data) 
0.952 1.106 1.006 1.067 1.055 

peak, hole I eA-3 1.946, -1.969 2.161,-1.461 1.871, -1.359 3.191,-1.796 
1.281,-

1.213 
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Figure 5.5. The core geometry representative of molecule 38-42 

Table 5.4. Selected bond length (A) 'core geometry' for 38 to 42. 

38 39 40 41 42 

RuA-Rus 2.7994(4) 2.8394(4) 2.7933(6) 2.7987(5) 2.8353(3) 

RuA-Ruc 2.8345(5) 2.7861(4) 2.8451(7) 2.8140(6) 2.7987(3) 

RuA-Ca 2.198(4) 2.210(3) 2.213(4) 2.186(4) 2.218(2) 

RuA-Cp 2.217(4) 2.243(3) 2.229(4) 2.229(4) 2.229(3) 

Rus-Ruc 2.8330(5) 2.8271(4) 2.8248(6) 2.8321(6) 2.8175(3) 

Rus-Ca 2.201(4) 1.947(3) 2.191(4) 2.223(4) 1.951(3) 

Rus-Cp 2.273(4) 2.231(3) 2.238(4) 2.242(4) 2.231(3) 

Ruc-Ca 1.939(4) 2.193(3) 1.944(4) 1.952(4) 2.192(3) 

Ca-Cp 1.322(6) 1.324(5) 1.318(6) 1.318(6) 1.322(4) 

Cp-Cy 1.458(5) 1.460(5) 1.460(6) 1.459(6) 1.470(4) 
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Table 5.4. Selected bond lengths (A) for 38 to 42 (cont.) 

38 39 40 41 42 

C(y)-C(4, 8) 1.394(6), 1.390(5), 1.400{7), 1.398(6), 1.396(4), 

1.402(6) 1.406(5) 1.382(7) 1.397(6) 1.396(4) 

C(4)-C(5),C(7)- 1.386(6), 1.391(5), 1.383(6), 1.378(6), 1.383(4), 

C(8) 1.374(6) 1.392(6) 1.389(8) 1.399(6) 1.381(4) 

C( 6)-C( 5' 7) 1.386(6), 1.395(5), 1.378(7), 1.403(6), 1.400(4), 

1.395(6) 1.392(5) 1.389(8) 1.373(6) 1.398(4) 

C(6)-C(9) 1.442(6) 1.441(5) 1.437(7) 1.432(6) 1.436(4) 

C(9)-C(10) 1.198(6) 1.196(5) 1.196(7) 1.201(6) 1.191(5) 

C(10)-C(11) 1.429(6) 1.433(5) 1.450(7) 1.432(6) 1.434(5) 

C(11)-C(12, 16) 1.396(7), 1.388(6), 1.376(7), 1.383(7), 1.393(4), 

1.389(7) 1.400(5) 1.384(8) 1.391(7) 1.390(5) 

C(12)-C(13), 1.391(7), 1.392(6), 1.388(7), 1.383(7), 1.382(5), 

C( 16)-C( 15) 1.398(6) 1.392(6) 1.381(6) 1.379(7) 1.376(5) 

C(14)-C(13, 15) 1.390(7), 1.392(5), 1.377(7), 1.377(7), 1.385(5), 

1.378(7) 1.376(5) 1.381(6) 1.377(7) 1.388(5) 

Ru(a)-P(p) 2.3173(10) 2.2881(9) 2.3272(11) 2.3164(11) 2.3261(7) 

Ru(p!y)-P(l/3) 2.2881(11) 2.3241(9) 2.2897(11) 2.2925(11) 2.2940(7) 

Au(1)-Ru(a) 2.7533(3) 2.7825(3) 2.7889(5) 2.7808(5) 2.7853(2) 

Au(l )-Ru(p) 2.7794(4) 2.7920(3) 2.7882(5) 2.7766(5) 2.7836(2) 

Au(l)-P(1) 2.2848(10) 2.2924(9) 2.2976(12) 2.2912(11) 2.2974(7) 
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Table 5.5. Selected bond angles (0
) for 38 to 42 (cont.) 

38 39 40 41 42 

Ru(y)-C(a)-C(p) 154.8(3) 151.89(2) 154.0(3) 153.1(3) 152.8(2) 

C( a )-C(P)-C( Y) 139.4(4) 140.7(3) 142.2(4) 141.6(4) 141.8(3) 

C(6)-C(9)-C(10) 177.3(5) 173.8(4) 175.3(6) 176.9(5) 174.8(3) 

C(9)-C(10)- 177.3(6) 176.3(4) 174.0(6) 178.5(5) 173.1(3) 

C(11) 

Ru(a)-Au(l)- 60.79(1) 59.972(9) 59.932(13) 60.48(1) 60.338(6) 

Ru(p) 

Ru( a)-Ru(P)- 60.43(1) 58.901(8) 60.848(16) 59.96(2) 60.006(7) 

Ru(y) 

Ru(a)-Ru(y)- 59.20(1) 60.768(11) 59.029(11) 59.430(11) 60.643(8) 

Ru(p) 

Ru(p)-Ru(a)- 60.37(1) 60.330(11) 60.123(15) 60.61(2) 59.351(7) 

Ru(y) 

Molecular Analyses of 38-42 

38: The structure of 38 differs from that of 36 by formal replacement of the bridging 

hydride with the isolobal jJ.-Au(PPh3) fragment. The C(l)-C(2) and Ru(l)-P(2) bonds 

in 38 are longer than in 36. Conversely, Ru(l )-C(2) is significantly shorter. 

Metallation of the Ru(l)-Ru(2) bond therefore appears to reduce the amount of 

electron density available at Ru(l), giving rise to a weaker Ru(l)-P(2) back-bonding 

interaction and promoting a greater interaction with the acetylide 7t-system. There is 

a small expansion of the Ru3 core in 38 relative to that in 36 brought about by 

metallation of the Ru(l)-Ru(2) bond. Again, there is no evidence for distortion ofthe 

phenylene ethynylene structure. 

There are few, if any, differences of note within the structures of 38-42. Like the 

hydride-bridging Ru3 clusters, the cluster core geometry is illustrated schematically 

in Figure 5.5. The selected bond lengths (A) and angles (0
) are summarised in Table 

5.3 and Table 5.4. The clusters 38-42 feature a triangular Ru3 metal framework, with 

the Au(PPh3) moiety bridging the Ru8 -RUc bond, and the RuA -Ru8 bond supported 

by the bridging dppm ligand. The gold supported metal-metal bond is the shortest of 
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the three Ru-Ru bonds in the cluster, with the unsupported RuA-RUc bond generally 

being the longest. The C(l )-C(2) acetylide ligand caps the triangular face in the 

expected ).!3-T] 1 ,TJ2,TJ2 mode. As a consequence of the interaction with the metal 

centres, this bond is elongated in comparison to typical acetylenic C=C bond lengths 

[1.318(6) - 1.324(5) A]. The tolan C(9)=C(10) alkyne bond is in the normal range 

[1.191(5)- 1.201(6) A]. 

Planar tolan structures are thought to be more conducting than conformers in which 

the phenyl ring systems are twisted with respect to one another. 38
-4° Thus, whilst the 

barrier to rotation about the aryl-ethynyl single bond is small in the gas phase and in 

solution, 41
-4

3 much of the interest in the solid-state structures of tolan and related 

oligo(phenylene ethynylene) compounds lies in the analysis of the inter-ring torsion 

angles. In the case of the clusters 38-42, the dihedral angles between the planes of the 

tolan phenyl rings range from 33.2-42.8°. 

In much the same way as observed in the structures of the parent compounds of 

Au(C=CC6H4C=CC6~R)(PPh3) [R = Me (15); OMe (16); C02Me (17); N02 (18); 

CN (19)] (see Chapter 3), the packing of the molecules 38-42 in the crystalline state 

is also determined by a number of relatively weak C-H .. .X (X = 0, Cl, 1t) 

interactions. However, the presence of carbonyl ligands and solvent molecules in 

these clusters structures result in a much more complicated 3D-network of these 

interactions than was observed in the structures of parent compounds of the gold(I) 

acetylides. There are no obvious stacking 1t ... 7t interactions between tolan ligand 

fragments in the case of the cluster structures, likely a consequence of the significant 

steric bulk of the cluster "end-cap". 

5.2.4. Electrochemical Properties 

Transition metal clusters typically offer closely spaced frontier orbitals with a 

significant metal character. This can lead to a rich electrochemical response in these 

systems, and has led to the description of cluster compounds as "electron sinks". 44
-4

6 

This potential for redox activity, coupled with the ready spectroscopic probes offered 
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by both the carbonyl ligands and several of the remote substituents (e.g., the ester 

and nitro groups) prompted examination of the heterometallic (Ru3-Au) clusters 38-

41 and their mononuclear (phosphine)Au-tolan precursors 15-18 using cyclic 

voltammetry and, in selected examples, IR spectroelectrochemical methods. 

Compounds 42 and 19 were not included in the spectro-electrochemical studies. 

These studies were carried out in collaboration with Dr Frantisek Hartl of the 

University of Amsterdam. 

5.2.4.1. Cyclic Voltammetry 

The cyclic voltammograms of the mononuclear gold complexes 15-18 m 

dichloromethane show totally irreversible anodic [02, between 0.85-1.15 V vs 

Fe/Fe+] and cathodic [R2 < -2.20 V vs Fe/Fe+] waves close to, or beyond, the limits 

of the solvent potential window (Table 5.5). Indeed, for 15 and 16 which feature 

electron-donating tolan substituents R = Me and OMe, respectively, the cathodic 

waves are shifted beyond the limit of the electrochemical window. These irreversible 

redox processes were not studied in detail. Complex 18 shows an additional cathodic 

wave R1 at -1.47 V, which is fully reversible and apparently belongs to the 

reduction of the remote R = N02 substituent. 
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Figure 5.6. Cyclic voltammogram of heterometallic cluster 40 (R = OMe). The 

asterisks denote two small cathodic peaks observed in addition to rO 1 during the 

reverse cathodic scan triggered beyond 01. Experimental conditions: carefully 

polished Pt disk microelectrode, dichloromethane containing 10-1 M Bl4NPF6, v = 

100 m V s-1 at 293 K. 

The cyclic voltammograms of the heterometallic clusters 38-41 exhibit irreversible 

redox processes at very similar electrode potentials to those observed in the 

precursors 15-18 (Table 5.5, Figure 5.6). The similarity of these electrochemical 

events point to their localisation at the terminal 1,2-diphenylacetylene moiety, 

indicating that the tolan chain is not significantly affected by coordination to the 

triruthenium cluster core through the acetylide moiety. The anodic waves 02 partly 

overlap with higher-lying irreversible waves 03, which are not observed for 15-18. 

The chemically irreversible nature of R2 is further illustrated by the presence of a 

new anodic wave rR2 arising in the course of the reverse potential scan initiated 

beyond R2 (Figure 5.6). This wave is shifted some 1. 7-1.8 V positively relative to 

R2, and arises from oxidation of an unassigned secondary reduction product. 
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Table 5.5. Electrochemical properties of the Au-tolan complexes 15-18 and 

corresponding heterometallic cluster compounds 38-41.3 

Compound Ep,c E112 Ep,a Ep,a 

(R2, tolan) (RI, N02) (OI, Ru3-core) (02/03, tolan) 

15 not observed -- -- 0.94 

16 not observed -- -- 0.88 

17 -2.37 -- -- l.I4 

18 -2.23 -1.49 -- 1.13 

38 -2.49 -- 0.19 0.93/I.02 

39 -2.48 -- 0.18 0.88/0.95 

40 b -2.35 -- 0.25 1.04/l.I6 

41 -2.16 -1.47 0.29 1.02/l.I5 

a Redox potentials (V vs Fe/Fe+) were determined from cyclic voltammetric scans. 

Experimental conditions: Pt disk working microelectrode, v = IOO mV s-I, T = 293 

K. Ep denotes peak potential of a chemically irreversible step. b See Figure 5.6. 

The nitro group in 41 is reduced at essentially the same cathodic potential RI as that 

in 18 (Table 5.5). At room temperature, the peak-to-peak separation (~Ep = Ep,c -

Ep,a) for this redox couple (I 00 m V) is only slightly larger than the value of 80 m V 

determined for the Fe/Fe+ internal standard. At 206 K, however, the ~Ep value of the 

nitro reduction increases to 600 m V while that of the internal Fe/Fe+ standard does 

not change. The electrochemically quasireversible to irreversible nature of the 

cathodic step RI in 41 may reflect some hindered access of the remote N02 group to 

the electrode surface, and in turn sluggish electron transfer kinetics. 

The dominant new feature in the cyclic voltammograms of clusters 38-41 is the 

irreversible two-electron anodic wave 0 I (Table 5.5, Figure 5.6) that corresponds to 

oxidation of the triruthenium cluster core. The reverse cathodic scan at room 

temperature reveals the presence of three small cathodic peaks due to reduction of 

secondary oxidation products, which are shifted significantly more negatively from 

OI, for example in the case of38 by 0.63, 1.13 and 1.8I V, respectively. The minor 

dependence of the anodic potentials 0 I on the nature of the electron donating or 
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withdrawing substituents R, (R =Me, OMe, C02Me or N02) reflects a rather limited 

degree of electronic communication between the cluster core and the substituted 

tolan moiety, in agreement with the conclusions drawn from the IR spectra of the 38-

41 series (see below). 

5.2.4.2. IR S pectroelectrochemistry 

The triruthenium clusters 38 (R =Me), 40 (R = C02Me) and 41 (R = N02) were 

selected for IR spectroelectrochemical investigations aimed at obtaining more 

information about the electronic communication between the cluster core and the 

remote substituent R on the conjugated tolan chain. These experiments were carried 

out in dichloromethane solutions containing 10-1 M NBU4PF6 as supporting 

electrolyte. For reference purposes, the carbonyl stretching frequencies of the parent 

compounds are listed in the Experimental section. 

One-electron reduction of the nitro group in compound 41 at the electrode potential 

RI (Table 5.5) led to the expected disappearance ofthe absorption bands at 1519 and 

1344 cm-1
, which can be attributed to the Vas(NOz) and v5(N02) modes, respectively. 

47 A new band arose at 1367 cm-1
, assigned to vas(N02). 

48 In addition, an absorption 

band at 1589 cm-1 was replaced by a new one at 1568 cm-1 that may be due to a 

nitrobenzene ring v(C=C) mode. This N02-localized reduction also results in a low­

frequency shift of the v( C=C) band from 2213 to 2186 cm_,. The v( C=O) band 

pattern of the carbonyl-triruthenium fragment was almost unchanged by the 

reduction, with wavenumbers of individual bands decreasing by only 1-2 cm-1
, in 

agreement with the weak influence of the nitro group on the electronic properties of 

the metal centres and hence hardly affecting the ruthenium-to-CO n-back-bonding 

interactions. Apparently, the N02 substituent is relatively strongly conjugated with 

the uncoordinated acetylene moiety of the cluster-anchored tolan ligand, while 

interactions with the cluster core are more limited. 
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Figure 5. 7. IR spectral changes in the C=C and C=O stretching region observed 

during the irreversible oxidation of complex 41 at the anodic wave 01 (Table 5.5) in 

CH2C}z at 293 K, using an OTTLE cell. The asterisk denotes a product of a slow 

thermal reaction of the oxidized complex. 

The first oxidation event is clearly cluster centred (Table 5.5). The vas(N02) and 

Ys(N02) bands shifted by 2 and 1 cm-1
, respectively, to higher frequencies when the 

triruthenium cluster core in 41 was oxidized at the anodic potential 01 (Table 5.5). 

In addition, the oxidation at potential 01 was accompanied by a v(C=C) shift to 2217 

cm-1 (Figure 5.7), which is a significantly smaller absolute shift (3 cm-1
) than that 

induced by the N02 reduction (27 cm-1
). Perhaps surprisingly, the irreversible 

oxidation of the cluster core largely preserved the v(C=O) band pattern, with the 

oxidation product exhibiting v(CO) bands at 2100m, 2051s, 2014s, 1997sh, 1977mw, 

1962sh and 1947w cm-' (Figure 5.7). The shift of the v(C=O) bands to higher 

wavenumbers by 40-70 cm-1
, the greatest shift being associated with the fully 

symmetric all-CO-stretching mode, is consistent with the two-electron nature of the 
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oxidation wave 01. Whilst it is beyond the scope of this work to determine the 

structure of the oxidation product, we can, however, state firmly that the irreversible 

two-electron oxidation of 41 does not induce a rapid CO dissociation reaction and 

that the geometry of the triruthenium-carbonyl moiety remains largely preserved 

after this initial oxidation event. The initially observed oxidation product is, 

however, thermally unstable and slowly converts to another carbonyl cluster species, 

as judged from a new absorption at 2081 cm·1 (Figure 5. 7). 

The oxidation products derived from 38 and 40 were significantly more chemically 

reactive, with rapid in situ electrochemical oxidation of either species resulting 

directly in a product with a v(C=O) band pattern (2083m, 2074sh, 2049m, 2035s, 

2024m, 2008s, 1995m-s, 1983m, 1960m-w, 1946sh and 1917w cm-1
) quite different 

from the parent clusters being observed in each case. In line with the very limited 

electronic communication between the X group and the cluster core, the v(C=O) 

band of the ester moiety in 40 was almost unchanged, shifting from 1720 cm·1 in 40 

to 1722 cm·1 in the oxidized species. Interestingly, oxidation of 38 and 40 caused the 

v(C=C) band to completely disappear. This observation is in sharp contrast with the 

in situ electrochemical oxidation of cluster 41, where the v(C=C) band is initially 

preserved (Figure 5.7). We assume that the ethynylene moiety in 38 and 40 features 

in fast chemical reactions that follow the initial two-electron oxidation. In contrast, 

the conjugation of the acetylene moiety to the nitro-phenyl-acetylene unit in 41 

appears to stabilise the initial oxidation product to such an extent that it can be 

observed by IR spectroelectrochemical methods at room temperature. 

5.2.5. Photophysical Properties 

5.2.5.1. UV-Vis Spectroscopy 

The electronic absorption spectra of the ligand precursors 1-5, the mononuclear gold 

complexes 15-19 and the heterometallic clusters 38-42 were recorded as dilute (1-10 

J..Lmol dm -3
) solutions in CH2Ch (Table 5.6). The spectra of 1-3 and 5 are 

characteristic of the tolan (1 ,2-diphenylacetylene) moiety, exhibiting three relatively 
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intense transitions between ea. 280 - 350 nm. 18
•
49 The spectrum of nitro-substituted 

derivative 4 contains a broad absorption band from the nitrobenzene moiety centred 

near 340 nm. Substitution of the SiMe3 group for Au(PPh3) resulted in little change 

to these spectroscopic profiles. As noted previously, the UV-vis absorption spectra of 

the cluster derivatives 38-42 exhibit several new features that were not present in the 

spectra ofthe precursors 1-5 and 15-19. The clusters all exhibit an absorption band of 

low intensity near 450 nm, which is associated with charge transfer transitions from 

the cluster to the unoccupied orbitals of the tolan moiety. This assignment is 

supported by the cyclic voltammetric investigations presented above. Two bands 

between 300 - 400 nm, which were not resolved in all cases (Table 5.6) and a higher 

energy absorption band near 280 nm were also observed. Given their similar 

energetic positions and intensities as observed for 1-5, these absorption bands likely 

contain contributions from tolan-centred transitions. 

192 



Table 5.6. 

Compound 

1 

2 

3 

4 

5 

15 

16 

17 

18 

19 

38 

39 

40 

41 

42 

The principal UV -vis absorption bands observed from CH2Ch 
solutions of1-5, 15-19,38-42. 

A. I nm (E I M-1 cm-1
) 

290 (53200) 306 (62300) 326 (59500) 

a 313 (62700) 332 (58300) 

285 (84200) 314 (59300) 335 (50800) 

280 (64900) 300sh (41200) 342 (42900) 

287 (30000) 315 (47300) 336 (45900) 

297 (41700) 315 (69400) 337 (68300) 

b 320 (65900) 341 (62500) 

310 (33500) 327 (44900) 348 (39900) 

284 (42200) 299 (37100) 358 (30300) 

310 (39500) c 328 (55500) 349 (51400) 

324 (41200) 450 (5500) 

275 (46600) 329 (22100) 450 (3000) 

283 ( 1 02000) 
336 (43000) 376 

451 (8000) 
(32000) 

283 (65900) 390 (24500) 463 (9000) 

285 (84200) 
331 (34700) 376 

440 (5800) 
(25600) 

a Several unresolved bands were also observed between 250-300 nm (ea. 43000 M-
I -1) cm 
b Several unresolved bands were also observed between 260 - 300 run (ea. 28000 -
48000 M-1 cm-1

) 

c Several unresolved bands were also observed between 260 - 300 nm (ea. 24000-
34000 M-1 cm-1) 

The photophysical properties of 1 ,4-bis(phenylethynyl)benzene have been reported, 
42 and the nature of the S1 excited state examined using time-resolved spectroscopic 

techniques. 50 The availability of the silyl, Au and cluster capped phenylene 

ethynylene derivatives 1, 15, 36, 38, 11, 23 and 43 prompted consideration of the 

absorption and luminescent properties of these derivatives. A detailed study of the 

photophysical properties of Au(PCy3) substituted phenylene ethynylene derivatives 

has been reported by Che and colleagues. 51 
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For ease of comparison electronic absorption data from various compounds and 

complexes featuring SiMe3, Au(PPh3), and cluster end-caps are summarised in Table 

5. 7, and illustrated in Figure 5.8. The trimethylsilylethynyl tolan 6 displayed a series 

of partially resolved absorption bands, the profile of which was consistent with other 

examples of ethynyl tolans. 52 Substitution of the SiMe3 group for the Au(PPh3) 

centre in 15 caused a red-shift in the absorption profile, but no significant change in 

the profile of the absorption envelope. The 1 ,4-bis(phenylethynyl)benzene 

derivatives 11 and 23 each give rise to absorption profiles similar to that of the parent 

material. 42 The extended conjugation system in 11 results in a red-shift of the lowest 

energy absorption band relative to that in 1 ,4-bis(phenylethynyl)benzene, which is 

modestly accentuated in the gold compound 23. Consequently the gold centre 

contributes little to the singlet transitions of these species; similar observations have 

been made previously by Che and colleagues. 51 
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Figure 5.8. The absorption spectra of 1, 11, 15, 23, 36, 38 and 43 in CH2Ch. 

The cluster derivatives 36, 38 and 43 give rise to band patterns that are similar to 

each other, yet significantly different from the silyl and gold phenylene ethynylene 

derivatives 6, 15, 11 and 23. The UV-Vis absorption spectrum of each cluster 
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complex was characterised by a low energy band below 25000 cm-1 (observed as a 

shoulder in the case of 43), and two poorly resolved overlapping transitions at higher 

energy. There was little clear evidence for the more structured absorption bands 

associated with the precursors, suggesting the loss of electronic identity associated 

with the phenylene ethynylene moiety upon introduction of the cluster end-cap. 

Table 5.7. The UV-vis spectra of6, 11, 23, 15, 36,38 and 43 in CH2Ch solution. 

v(cm-1) I£ (M-1 cm-1) 

6 30670 I 54000; 31750 I 47000; 32670 I 56580; 34480 I 39500 

15 29580 I 140800; 30770 I 115800; 31650 I 144500; 33780 I 78600 

36 23750 I 5900; 29760 I 35600; 32000 I 37400 

38 22170 I 6750; 30500 I 44400; 32250 I 54000 

11 26900 I 43900; 28570 I 68200; 30860 I 44000 

23 26450 I 55500; 28330 I 95600; 30000 I 79600 

43 21460 I 181 00; 25770 I 68300 

5.2.5.2. Photoluminescence Properties 

These compounds were further probed by luminescence measurements in 

collaboration with Dr Andrew Beeby of the Department of Chemistry at Durham 

University, the results of which are summarised in Table 5.8, and illustrated in 

Figure 5.9. The tolan based materials 1 and 15 are highly emissive, giving rise to 

structured emission spectra, similar to that observed from other ethynyl-substituted 

tolans. 52 The lifetime of the emissive singlet excited state from 1 was measured to be 

0.62 ns. In the case of 3 the heavy gold atom promotes population of the triplet state, 

and in degassed solutions phosphorescent emission is also observed. The extended 

systems 11 and 23 behave in a comparable fashion, giving rise to bright blue 

emission, somewhat red-shifted in comparison with that of the tolan derivatives 6 

and 15. A small shoulder on the shorter wavelength side of the fluorescence profile 

of 23 is thought to be due to photodegradation of the sample. The di(gold) complex 

23 is both fluorescent and phosphorescent in degassed CH2Ch solutions. The modest 

Stokes shifts observed for this family of phenylene ethynylene derivatives are 
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indicative of relatively small structural rearrangements in the photo-excited states, as 

can be observed in other similar systems. 50 

Table 5.8. Selected photophysical properties of 1, 11, 15, 23, 36, 38 and 43 m 

CH2Clz. 

Compound A-em I cm-1 

1 29760 

15 29160 

36 28330 

38 27400 

11 26740 

23 25970 

43 e 

Stokes shifta f I ns 

lcm-1 

2800 0.62d 

2500 0.61 

4700 0.65 

8200 e 

2700 0.53 

2400 f 

Aphosphorc 

cm-1 

19450 

17790 

I 

a Stokes shift = (liAabs - liAem). b Experimental lifetime determined with the time 

correlated single photon counting (TCSPC) technique (A.ex = 334 nm). c In degassed 

solution. d Aex = 295 nm. e fluorescent intensity too low for accurate measurement. f 

Not fitted to a single exponential decay, possibly due to trace amount of a fluorescent 

impurity or photodegradation. 

The cluster 36 was not strongly fluorescent, with emission red-shifted in comparison 

with that of the tolan precursors 1 and 15; the lifetimes of all three tolan derived 

compounds (1, 15 and 36) were similar (Table 5.8). Furthermore, the similarities in 

the emission profiles, including vibrational structure, clearly indicating tolan-centred 

emission in each case. 
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In contrast, the heterometallic cluster 38 displayed only a very weak, broad, 

structureless emission spectrum. It appears that introduction of the bridging gold 

centre serves to increase non-radiative decay mechanisms, which is perhaps curious 

given the intense fluorescence associated with gold acetylide complexes such as 11. 
51 Similarly, and in stark contrast to 1,4-bis-(pheny1ethynyl)benzene and the ethynyl 

derivatives 11 and 23, which are all intensely fluorescent, the his( cluster) 43 was 

only extremely weakly fluorescent and phosphorescent. Apparently the electronic 

differences brought about by the cluster end-cap bring about rapid non-radiative 

decay of the photoexcited state of the oligo(phenylene ethynylene) moiety. The 

difficulties in determining the lifetime of this weakly emissive sample likely point to 

the presence of a very small amount of a fluorescent impurity, possibly caused by 

photodegradation of the sample. This photo-instability may also account for the 

difficulties in obtaining an accurate microanalysis for this compound. 

Taken as a whole, the significantly different absorption profiles of the precursors 6, 

15, 11, 23 and the cluster complexes 36, 38, 43 points to a perturbation of the ground 

state electronic structure of the phenylene ethynylene moiety brought about by the 

cluster, but not the mono-nuclear gold, end-caps. The cluster end-caps provide for 

non-radiative decay mechanisms that are particularly effective in the case of the 

Ru3(1.1-AuPPh3) derivatives. Whilst the cluster-surface analogy has largely fallen into 

disuse over the last decade, the observations reported here support ideas that the 

electronic structure of a conjugated molecule may be distorted by attachment to a 

metallic surface, and as such it may be appropriate to consider the use of carefully 

chosen cluster models in further investigations. 

5.3. Conclusions 

In this chapter several new gold-containing clusters were prepared via the reaction 

between Ru3(CO)IO(Jl-dppm) with the readily prepared alkynes 6 and 8, and mono­

nuclear gold complexes 11-15. Cluster complexes featuring bridging hydride (36 and 

37) and bridging Au(PPh3) ligands (38-42) and his-clusters with AuPPh3-bridging 

ligands were synthesised. All the metal complexes exhibited differences in 
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absorption and emission spectra when the organic precursors, the gold complexes 

and the clusters were compared, indicating a mixing of electronic states between the 

cluster and phenylene ethynylene moieties in the photoexcited states. The electronic 

properties of these clusters show that the cluster carbonyl bands are insensitive to the 

electronic nature of the tolan substituent, including the N02-centred reduction in the 

case of 41. Oxidation is centred on the cluster core, and in the case of the most stable 

system, 41, IR spectroelectrochemistry reveals the oxidation product to retain the 

same carbonyl arrangement as the starting material. The tolan group does not act as a 

particularly efficient conduit for passage of the electronic effect of electron donating 

or withdrawing groups to the cluster core. 

The molecular structures of these clusters were also obtained but the only difference 

in these structures is the replacement of hydride ligands with the isolobal f,l-Au(PPh3) 

fragment in 38-42. 
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5.4. Experimental Details 

5.4.1. General Condition 

All reactions were carried out under an atmosphere of nitrogen usmg standard 

Schlenk techniques. Reaction solvents were purified and dried using an Innovative 

Technology SPS-400, and degassed before use. No special precautions were taken to 

exclude air or moisture during work-up. Preparative TLC was performed on 20 x 20 

cm glass plates coated with silica gel (0.5 mm thick, Merck GF-254). The compound 

Ru3(C0) 1o(j.t-dppm) 53 was prepared by literature methods. Other reagents were 

purchased and used as received, or prepared as described elsewhere in the Thesis. 

Dichloromethane (Acros Chemicals) for the spectroelectrochemical experiments was 

freshly distilled from P20 5 under an atmosphere of dry nitrogen. Bu4NPF6 electrolyte 

(TBAH; Aldrich) was recrystallized twice from absolute ethanol and dried overnight 

under vacuum at 80 °C before use. IR spectra of the synthesized complexes were 

recorded using a Nicolet Avatar spectrometer from cyclohexane solutions in a cell 

fitted with CaF2 windows, NMR spectra were obtained with Bruker Avance ctH 

400.13 MHz or 1H 499.83 MHz) or Varian Mercury ctH 399.97 MHz), and Varian 

Mercury e1P 161.91 MHz or 31P 80.96 MHz) spectrometers from CDCh solutions 

and referenced against solvent resonances ctH, 13C) or external H3P04 e1P). Mass 

spectra were recorded using Thermo Quest Finnigan Trace MS-Trace GC or Thermo 

Electron Finnigan L TQ FT mass spectrometers. 

Cyclic voltammograms were recorded at u = 100 m V s-1 from solutions of 

approximately 104 M in analyte in dichloromethane containing 10-1 M BU4NPF6, 

using a gas-tight single-compartment three-electrode cell equipped with platinum 

disk working (apparent surface area of 0.42 mm2
), coiled platinum wire auxiliary, 

and silver wire pseudo-reference electrodes. The working electrode surface was 

polished between scans with a diamond paste containing 0.25 j.tm grains 

(Oberflfichentechnologien Ziesmer, Kempen, Germany). The cell was placed in a 

Faraday cage and connected to a computer-controlled PAR Model 283 potentiostat. 

All redox potentials are reported against the standard ferrocene/ferrocenium (Fe/Fe+) 
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redox couple used as an internal reference system. 54
•
55 Cyclic voltammetric 

measurements at ea. 210 K were performed with the electrochemical cell immersed 

into a bath of acetone/dry ice. 

IR spectroelectrochemical experiments at room temperature were performed with an 

air-tight optically transparent thin-layer electrochemical (OTTLE) cell equipped with 

aPt minigrid working electrode (32 wires cm-1
) and CaF2 windows. 56 The cell was 

positioned in the sample compartment of a Bruker Vertex 70 FTIR spectrometer ( 1 

cm- 1 spectral resolution, 16 scans). The controlled- potential electrolyses were 

carried out with a P A4 potentiostat (EKOM, Polmi, Czech Republic). 

Diffraction data were collected at 120K on a Bruker SMART 6000 CCD (36 and 37) 

and (38, 39. and 42), and on Bruker Proteum-M CCD (40, 41) three-circle 

diffractometers, using graphite-monochromated Mo-Ka radiation. The structures 

were solved by direct-methods and refined by full matrix least-squares against F of 

all data using SHELXTL software. 57 All non-hydrogen atoms were refined in 

anisotropic approximation except the disordered ones, H atoms were placed into the 

calculated positions and refined in "riding" mode. The crystallographic data and 

parameters ofthe refinements are listed in Table 5.1-Table 5.3. 

Fluorescence spectra were measured at room temperature in dilute solutions, with an 

absorbance of < 0.1, using a Horiba-Jobin-Yvon Fluorolog 3-22 Tau-3 

spectrofluorimeter, using conventional 90° geometry. Fluorescence lifetimes were 

determined with the time correlated single photon counting TCSPC technique using 

295 or 334 nm irradiation, as detailed in Table 5.8. Phosphorescence spectra were 

measured using a LS-50B Perkin-Elmer luminescence spectrometer, triplet emission 

was recorded over 4 ms after 0.3 ms delay time 
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5.4.2. 

5.4.2.1. 

Experimental 

Preparation of RuJ{).t-H)(J.1-C2C6H4C=CC6H4Me )( C0)7(J.1-dppm) 

(36) 

A solution of Ru3(C0)10().1-dppm) (100 mg, 0.10 mmol) and 

HC=CC6H4C=CC6H4Me, 6 (22 mg, 0.10 mmol) in THF (15 ml) was heated at reflux, 

with the progress of the reaction being monitored by TLC and IR spectroscopy. 

When adjudged complete (ea. 3h), the solvent was temoved and the residue purified 

by preparative TLC (hexane:acetone 70:30) and the yellow band was collected, and 

crystallised from (CHChlhexane) to afford orange crystals of 36 suitable for X-ray 

crystallography (49 mg, 41 %). IR(C6H12): v(CO) 2064s, 2011s, 2003s, 1994m, 

1984m, 1958m, 1940m cm-1; v(C=C) 2214w cm-1 .1H NMR (CDCh, 499.83 MHz):o 

-19.24 (d, JHP =33Hz, 1H, J.t-H), 2.38 (s, 3H, Me), 3.32, 4.30 (2 x dt, JHp= JHH = 11 

Hz, 2H, dppm), 7.17-7.50 (m, 28H, Ar). 31PeH} NMR (CDCh, 161.98 MHz): o 34.7 

(d, Jpp = 54 Hz); 38.5 (d, Jpp = 54 Hz). ES(+)-MS (m/z): 1139, [M+Kt; 1101, 

[M+Ht. C49H3401P2Ru3 requires: C, 53.51; H, 3.12% Found: C, 53.34; H, 3.30 %. 

5.4.2.2. 

(CO) C -o- -o-
/ Ru.:J' \)c ~ !J C=C ~ !J C02 Me 

Ph2P \/xl1 l /Ru -Ru(COh 
p (C<(h/ 
Ph2 H 

Preparation of RuJ(J.1-H)().t-C2C6H4C=CC6H4C02Me)(C0)7 

{).1-dppm) (37) 

In a manner similar to that described above, Ru3(C0)10(J.t-dppm) (100 mg, 0.10 

mmol) and HC=CC6~C=CC6~C02Me, 8 (27 mg, 0.10 mmol) were heated in 

refluxing THF (15 ml) for 3h. The reaction mixture was purified by preparative TLC 

(hexane/acetone 70:30) and the yellow band was collected, and crystallised from 

(CHChlhexane)cto afford,.orange crystals of37 suitable for X-ray crystallography.(29 

mg, 25 %). IR(C6H 12): v(CO) 2064s, 2012s, 2003s, 1995m, 1985m, 1959m, 1941m 

cm-1; v(C=C) 2210w cm-1; v(C=O) 1731s cm-1; 1H NMR (CDCh, 400.13 MHz): o-
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19.22 (d, JHP =33Hz, 1H, J.t-H), 3.94 (s, 3H, OMe), 3.33, 4.30 (2 x dt, JHP = JHH = 

11 Hz, 2H, dppm), 6.37-8.05 (m, 28H, Ar). 31 P{ 1H} NMR (CDCh, 161.98 MHz): 3 

34.8(d, Jpp = 54 Hz); 38.7 (d, Jpp = 54 Hz). ). ES(+)-MS (rn/z): 1146, M+; 1185 

[M+Kt. CsoH3409P2Ru3 requires: C, 52.36; H, 2.97% Found: C, 51.63; H, 2.92. %. 

5.4.2.3. 

(CO) C -o- -o-
/Ru;j'\)c ~ ;; C=C ~ ;; Me 

Ph2P \/xl1 
lp/~Q)~Ru(COb 

Ph2 Au · 
PPh3 

Preparation of RuJ(J.t-AuPPhJ)(J.t-C2C6H4C=CC6H4Me )(CO)? 

(J.t-dppm) (38) 

In a manner similar to that described above, Ru3(C0)10(J.t-dppm) (100 mg, 0.10 

rnrnol) and Au (C=CC6~C=CC6~Me)PPh3 , 15 (70 mg, 0.10 rnrnol) were heated in 

refluxing THF (15 ml) for 3 h. Purification by preparative TLC (hexane/CH2Ch: 

60:40) afforded a yellow band which was collected, and crystallised from 

(CHCh/MeOH) to afford orange crystals of38 suitable for X-ray crystallography (73 

mg, 44 %). IR(C6H12): v(CO) 2033s, 1989s, 1970s, 1954m, 1939m, 1910w cm-1; 

v(C=C) 2214w cm-1. 1H NMR (CDCh, 499.83 MHz): 3 2.37 (s, 3H, Me), 3.33, 4.24 

(2 x dt, JHP= 14Hz, JHH =11Hz, 2H, dppm), 6.38-7.93 (m, 43H, Ar). 31P{ 1H} NMR 

(CDCh, 161.98 MHz): 3 38.3 (d, Jpp =62Hz); 40.5 (dd, Jpp =62Hz, Jpp =39Hz); 

60.9 (d, Jpp = 39 Hz). ES(+)-MS (rnlz) 2016, [M+AuPPh3t; 1559, [M+H( 

C67H4s07P3Ru3Au requires: C, 51.64; H, 3.10% Found: C, 51.66; H, 3.28 %. 

5.4.2.4. 

(CO) C -o- -o-
/Ru;j' c;c ~ ;; C=C ~ ;; OMe 

Ph2P \/xl1 
l /Ru -Ru(COb 

p (CQ)¥ 
Ph2 Au 

'pph3 

Preparation of RuJ(J.t-AuPPhJ)(J.t-C2C6H4C=CC6~0Me)(C0)7 

(J.t-dppm) (39) 

In a manner similar-to· that described above, Ru3(CO)u:>(J.t-dppm) (100 mg, 0.10 

rnrnol) and Au (C=CC6~C=CC6~0Me)PPh3, 16 (71 mg, 0.10 rnrnol) were heated 
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in refluxing THF (15 ml) for 3 h. Preparative TLC (hexane/CH2Ch: 60:40) gave a 

yellow band which was crystallised from (CHChlhexane) to afford orange crystals of 

39 suitable for X-ray crystallography (67 mg, 41 %). IR(C6H12): v(CO) 2038s, 

1993s, 1972s, 1956m, 1939m, 1909w cm-1; v(C=C) 2201w cm·1. 1H NMR (CDCh, 

499.83 MHz): 8 2.36 (s, 3H, OMe), 3.35, 4.26 (2 x dt, JHP =12Hz, JHH = 11 Hz, 2H, 

dppm), 6.39-7.94 (m, 43H, Ar). 31PeH} NMR (CDCh, 161.98 MHz): 8 38.5 (d, Jpp 

=62Hz); 40.8 (dd, Jpp =62Hz, Jpp =39Hz); 61.1 (d, Jpp =39Hz). ES(+)-MS (m/z) 

1575, [M+Ht; 721, [Au(PPh3)2t. C67HtsOsP3Ru3Au requires: C, 51.12; H, 3.07% 

Found: C, 51.33; H, 3.10 %. 

5.4.2.5. 

(CO) C -o- -o-
/ Ru-::J \)c ~' /; C=C ~ /; C02 Me 

Ph2P \/xl1 
( _........--Ru -Ru(CO)J 

p (CQ)~ 
Ph2 Au 

Preparation of PPh3 Ru3(J..L-AuPPh3)(J..L-

C2C6H4C=CC6RtC02Me)(C0)7 J..L-dppm) (40) 

In a manner similar to that described above, RuJ(CO)IO(J..L-dppm) (100 mg, 0.10 

mmol) and Au (C=CC6HtC=CC6HtCOzMe)PPh3, 16 (74 mg, 0.10 mmol) were 

heated in refluxing THF (15 ml) for 3 h. Preparative TLC (hexane/CHzCb: 60:40) 

gave a yellow band which was collected, and crystallised from (CHCh/MeOH) to 

afford orange crystals of 40 suitable for X-ray crystallography (20 mg, 12 %). 

IR(C6H12): v(CO) 2034s, 1991s, 1971s, 1959m, 1938m, 1912w cm-1; v(C=C) 2210w 

cm-1; v(C=O) 1720s cm-1;. 1H NMR (CDCh, 499.83 MHz): 8 2.64 (s, 3H, OMe), 

3.52, 4.26 (2 x dt, JHP = 11 Hz, JHH = 10 Hz, 2H, dppm), 6.38-8.04 (m, 43H, Ar). 

31PeH} NMR (CDCh, 80.96 MHz): 8 38.7 (d, Jpp =62Hz); 41.3 (dd, Jpp =62Hz, 

Jpp = 38 Hz); 61.3 (d, Jpp = 39 Hz). ES(+)-MS (m/z) 1603, [M+Ht; 721, 

[Au(PPhJ)zt. C6sHts09P3Ru3Au requires: C, 50.97; H, 3.00. Found: C, 50.67; H, 

3.34%. 
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5.4.2.6. Preparation of RuJ(J.l-AuPPhJ)(J.l-C2C6H4C=CC6H4N02)(C0)7 

(J.l-dppm) (41) 

In a manner similar to that described above, Ru3(C0)10(J.1-dppm) (1 00 mg, 0.10 

mmol) and Au (C=CC6~C=CC6~N02)PPh3 , 17 (73 mg, 0.10 mmol) were heated in 

refluxing THF (15 ml) for 3 h. Purification by preparative TLC (hexane/CH2Ch: 

60:40) afforded a yellow band which was crystallised from (CHCh/MeOH) to give 

orange crystals of 41 suitable for X-ray crystallography (82 mg, 50 %). IR(C6H12): 

v(CO) 2034s, 1992s, 1971s, 1955m, 1940m, 1910w cm-1
; v(C=C) 2213w cm-1. 1H 

NMR (CDCh, 399.97 MHz): 8 3.39, 4.30 (2 x dt, JHP = 11 Hz, JHH = 10 Hz, 2H, 

dppm), 6.38-8.24 (m, 43H, Ar). 31P{'H} NMR (CDCh, 80.96 MHz): 8 38.7 (d, Jpp = 

62Hz); 40.6 (dd, Jpp =62Hz, Jpp =38Hz); 61.3 (d, Jpp =39Hz). ES(+)-MS (m/z) 

1590, [M+Ht; 721, [Au(PPhJ)zt. C66~s09NP3Ru3Au requires: C, 49.84; H, 2.83; 

N, 0.88, Found: C, 49.54; H, 2.64; N, 0.78%. 

5.4.2.7. Preparation of RuJ(J.l-AuPPhJ)(J.l-C2C6~C=CC6H4CN)(CO),(J.l-

dppm) (42) 

In a manner similar to that described above, Ru3(C0)10(J.1-dppm) (100 mg, 0.10 

mmol) and Au(C=CC6~C=CC6~CN)PPhJ, 18 (71 mg, 0.10 mmol) were heated in 

refluxing THF (15 ml) for 3 h. Purification of the reaction mixture by preparative 

TLC (hexane/CHzCh: 60:40) gave a yellow band which was collected, and 

crystallised. from (CHCh/MeOH) to afford orange crystals of 42 suitable for *-ray ·.~·. 

crystallography (60 mg, 37 %). IR(C6H12): v(CO) 2035s, 1991s, 1973s, 1941m, 

1918w cm-1
; v(C=C) 2209w cm-1; v(C=N) 2212s cm-1

• 
1H NMR (CDCh, 399.97 
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MHz): o 3.37, 4.28 (2 x dt, JHP= 11Hz, JHH =10Hz, 2H, dppm), 6.36-8.06 (m, 43H, 

Ar). 31 P{'H} NMR (CDCh, 161.91 MHz): o 38.5(d, Jpp =62Hz); 41.0 (dd, )pp= 62 

Hz, )pp= 39Hz); 61.1 (d, )pp= 39Hz). ES(+)-MS (m/z): 2028, [M+AuPPh3t; 1570, 

[M+Ht. C67l!ts07NP3Ru3Au requires: C, 51.24; H, 2.87; N, 0.89, Found: C, 51.08; 

H, 2.86; N, 0.93%. 

5.4.2.8. Preparation of {RuJ(~-dppm)(C0)7}2{(~-AuPPhJ)h 

(~-C2C6H4C=CC6H4C=CC6H4C2) ( 43) 

In a manner similar to that described above,Ru3(C0)10(~-dppm) (50 mg, 0.052 

mmol) and {Au(PPh3)}2(~-C=CC6f!tC=CC6!!tC=CC6!!tC=C), 23 (32 mg, 0.026 

mmol) in THF (1 0 ml) were heated in refluxing THF (1 0 ml) for 3 h before 

purification by preparative TLC (hexane/acetone: 60/40). The product ( 43) resisted 

crystallisation, but was obtained as an orange powder (37 mg, 48%) by precipitation 

from dropwise addition of the compound dissolved in the minimum volume of 

CH2Ch to ea. 10 ml hexane, with stirring. C126Hs6014P6Ru6Au2 requires: C, 50.27; 

H, 2.88%. IR(C6H12): v(CO) 2032s, 1989s, 1969s, 1955m, 1938m, 1907w cm-1. 1H 

NMR (CDCl3, 399.97 MHz): o 3.32, 4.24 (2 x dt, JHP = 10 Hz, JHH = 14 Hz, 2H, 

dppm), 6.37-7.95 (m, 82H, Ar). 31P{ 1H} NMR (CDCh, 161.91 MHz): o 38.3 (d, Jpp 

= 62 Hz); 40.6 (dd, )pp = 62 Hz, )pp = 39 Hz); 61.0 (d, Jpp = 39 Hz). ES(+)-MS 

(m/z): 3049, [M+Kt and [M+NCMe+K]2+; 3010, [Mt; 1544, [M+2K]2+.The 

compound, whilst apparently pure by NMR spectroscopic methods, analysed 

consistently low in carbon. 
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Chapter 6. 'Novel Transmetallations From Simple Gold(I) Acetylide Moities' 

6.1. Introduction 

Transmetallation is a process of increasing importance in the area of transition metals 

in organic synthesis. The process is defined as exchange of ligands between two 

metal centres. 1
'
2 Transmetallation is one of the essential reaction steps in numerous 

organometallic catalytic cycles and in recent times has been well illustrated in the 

development of procedures for the simple synthesis of C-C, C-N, C-0 bonds. 3
-
7 

Although the process is almost as old as organometallic chemistry itself. For 

example, in the Sonogashira Pd/Cu cross-coupling reactions discussed in Chapter 1, 

the Pd(II) complex PdX(Ar)Ln formed in the oxidative addition reaction of an aryl 

halide with the active Pd(O)Ln species undergoes transmetallation with a copper 

acetylide produced in the copper cycle to produce Pd-acetylide expelling the copper 

halide, CuX (Scheme 6.1 ). 8
-

11 In the Stille cross-coupling, transmetallation of the 

Pd(II)LnR 1 X complex with an organostannane is utilised to form the intermediate 

complex Pd(II)LnR1R2 and expelling SnRX (Scheme 6.2). 12
-
17 Whilst in the Suzuki­

Miyaura cross-coupling reactions, the Pd(ll) complex produced as a product from the 

oxidative addition of aryl halide, undergoes transmetallation with the boron-ate 

complex to from organopalladium species Pd(II)L(n-l)R1R2 
18

-
21 and in Negishi cross­

coupling reaction, either Ni or Pd complex can undergo transmetallation with ZnRX 

compound to form organopalladium or organonickel species. 9
•
11

•
22

-
24 
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ArO=CR 

Pd(PPh3hCI2 

rC=C-R 

Cui/Et3N 
Catalyst Initiation 

[NEt3H]CI 

Pd(PPh3h(C=CR)2 

~Rc=cc~cR 
Pd(PPh3~ArX 

Reductive Elimination 
\ Oxidative Addition 

Catalytic Cycle ,Ar 
(PPh3)2Pd. 

X 

HG==CR 
Cui/NEt3 

[NEt3H]X 

Transmetallation 

Scheme 6.1. The example of the transmetallation reaction between the active 

Pd(O)Ln species with a copper acetylide produced in the copper cycle to produce Pd­

acetylide expelling the copper halide, CuX in the the Sonogashira cross-coupling 

reaction using PdCh(PPh3)2/Cul catalysts. 

Transmetallation 

Scheme 6.2. A transmetallation reaction between the active Pd(II~Lr~Rlx complex -'0 
-

with an organostannane is utilised to form the intermediate complex Pd(II)LnR1R2 

and expelling SnRX in Stille cross-coupling reaction. 
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However, and somewhat surprisingly, despite the prevalence of transmetallation 

reactions involving copper(!) acetylide complexes, and the growing awareness of 

gold catalysis in general. 25-32 Other known transmetallation reactions include 

lithiated acetylides, 70'71 and also the use ofGrignard reagents. 82 

The examples of transmetallation involving the readily prepared gold(I) species 

Au(C=CR)(PPh3) are scarce. 33 '34'40 Perhaps the work most directly relevant to the 

topics contained in this thesis is the cross-coupling reaction of Au(C=CR)(PPh3) with 

halo-carbynes and halo-acetylenes developed by Bruce and eo-workers in the last 

few years. They have developed a simple coupling protocol based upon the formal 

elimination of AuX(PR3) during the Pd/Cu catalysed cross-coupling of 

organometallic halocarbynes with a gold-alkynyl reagent in a manner that resembles 

the classical Sonogashira synthesis of aromatic acetylenes (Scheme 6.1 ). 35-37 

Other examples of cross-coupling reactions between halo acetylenes and gold(I) 

acetylides which resemble the Cadiot-Chodkiewicz cross-coupling protocol have 

also been reported by the same group. 38 These reactions proceed in high yield 

without any complicating side-reactions, and have been used in the preparation of 

both even and odd numbered all-carbon ligands, including some of the longest 

crystallographically characterised examples reported to date. The reaction is carried 

out at room temperature in ethereal solvents, avoiding the complicating choice of 

amine solvent or base necessary in the related Sonogashira cross-coupling protocol, 

and the AuX(PR3) by-product can be isolated from the reaction mixture and re­

cycled (Scheme 6.3). 38 
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Scheme 6.3. The Pd/Cu catalysed cross-coupling of organometallic halocarbynes 

with a gold-alkynyl reagent in a manner that resembles the classical Sonogashira 

synthesis of aromatic acetylenes. 38 

The use of transmetallation reactions of gold(!) acetylide complexes Au(C=CR)L in 

preparative scale procedures is not common. To the best of our knowledge, there are 

few literature examples of the use of this gold-acetylide reagent in their preparation 

of metal acetylide complexes. Shaw and eo-workers have prepared Ni[(!l­

dppm)z(C=CPh)2] complex from the reaction of NiCh(j.l-dppm)z and two 

stoichiometric equivalents of Au(C=CPh)(PPh3) in CH2Ch at ea. 20°C. 34 Yam and 

eo-workers have prepared the tetranuclear copper (I) alkynyl complexes 

[Cll4(PR3)4(!l3-TJ\ TJ 1
, 112-C=CR')3]PF6, (R = Ph,p-MeC6~,p-CF3C6~] and (R' = p­

MeOC6H4, p-EtOC6~, p-nBuOC6~, p-nHexOC6H4, p-nHeptoC6H4, p-MeC6H4, p­

nBuC6~, p-nHexC6~, p-nHeptC6H4, p-nOctC6~, p-PhC6H4, p-ClC6~, pC4H3S, 

and p-Me0C6~) from the transmetallation reaction between [Cu(MeCN)4]PF6 with 

triaryl phosphine (PR3) and the appropriate gold(D alkyl polymer. In addition, 

[ Au(PPh3)2t was also isolated as a by product from the reaction. (Scheme 6.4) 34 
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Scheme 6.4. Tetranuclear copper (I) alkynyl "open-cube" complexes prepared by 

Yam and eo-workers. 34 

In this chapter a series of novel, preparative scale, stoichiometric transmetallation 

reactions involving a gold(I) aceylide complex are presented. Specifically, the 

readily available complexes Au(C=CR)(PPh3) [R =Ph, C6H4Me] have been treated 

with several inorganic and organometallic compounds MXLn [M = metal, Ln = 

supporting ligands, X = halide ], to afford the corresponding metal-acetylide 

complexes M(C=CR)Ln, (20-80 % yield), with representative examples featuring 

metals from Groups 8-11. The acetylide products were fully characterised by usual 

spectroscopic methods including the molecular structural analysis. 

6.2. Result and Discussion 

6.2.1. Syntheses 

6.2.1.1. Group 8 Complexes 

Metal acetylide complexes M(C=CR)(L2)Cp' (M= Fe, Ru, Os; L = PR3; Cp' == Cp, 

Cp*) have been prepared on many previous occasions. 4145 The synthesis of such 

species usually takes advantage of the ready isomerisation of 1-alkynes to 

vinylidenes that takes place in the coordination sphere of the Group 8 metal centre 

(Scheme 6.5). The mechanism of the 1 ,2-H shift has been the subject of a 

consiaerable body of work, ·and wliilst examples of inteniiediates cont~il1ing 112
-

HC=CR ligands have been obtained in the case of the Ru(PMe3)2Cp moiety 46-51 a 
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concerted reaction mechanism is thought to be most prevalent in examples 

containing bulkier and less-electron donating supporting ligands, such as 

Ru(PPh3)2Cp. 52-56 

Me OH 

via ~ H 
{.!;;;Oii\ + c 
~··M-nl 

L/ ~ 

base ttP( 
Ph P' ·Ru-C=C-R 

3 I 
Ph3P 

Scheme 6.5. The mechanism of the synthesis of group 8 metal acetylides by the 

isomerisation of 1-alkynes to vinylidenes. 

The cationic vinylidene complexes [M{C=C(H)R}(L2)Cp't thus formed are acidic, 

· and deprotonation occurs readily following treatment with bases such as NEt3, 57-59 

NaOMe 60-62 or even on chromatographic Ah03. 63 

Whilst the 1-alkyne/vinylidene/acetylide conversion has proven to be immensely 

useful in the preparation of metal acetylide complexes of the type M(C=CR)(L2)Cp', 

it is obviously limited to the use of stable 1-alkynes. Several authors have sought to 

take advantage of the significant thermal stability of 1-alkynes featuring SiMe3 

protecting groups and synthetic routes to metal acetylide complexes from 

silylalkynes based on desilylation/metallation routes are being developed. 52·64·65 

However, whilst silylvinylidenes arising from a 1,2-silyl shift are known on iron, 66 

the mechanism of the desilylation/metallation process in the case of ruthenium 

examples has not been conclusively established. 

Complex Fe(C=CPh)(dppe)Cp (44) was prepared from the reaction between 

FeCl(dppe)Cp and Au(C=CPh)(PPhJ) in the presence ofN~PF6 in refluxing MeOH. 

Treatment of the red solutions formed with DBU and purification of the crude 

product by extraction with benzene and preparative TLC afforded 44 in 43 %yield 

(Scheme 6.6). In addition another colourless band containing AuCl(PPh3) was also 
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collected, characterised from the observation of a singlet resonance in the 31P NMR 

at Dp 34 ppm. 67 

NH4PF6 , DBU 

MeOH, !1 

Scheme 6.6. The preparation of 44 through transmetallation from a gold(I) acetylide. 

The complex 44 has been prepared in the previously. 68 but only pertinent 

spectroscopic data of Be NMR and IR were reported. From this transmetallation 

procedure, the complex was fully characterised by the usual spectroscopic methods. 

In the 1H NMR spectrum, the Cp resonance was observed at DH 4.25 ppm. The 

aromatic protons associated with the dppe ligand in 51 and the phenyl acetylide 

substituent were not fully resolved, but were observed as a series of heavily 

overlapped resonances between DH 6.50-7.94 ppm. The two sets of CH2 proton 

resonances from the dppe moieties were clearly observed as doublet-of -doublet (dd) 

resonances above DH 2 ppm (JHP = JHH ~6Hz). In addition, in the 31 P NMR, complex 

51 show a singlet phosphine resonance at Dp 107.5 ppm. 

The Be spectrum of 44 contains the CH2 carbon of the dppe moiety resonance was 

observed as doublet-of-doublet (dd) at De 28 ppm (Jep/eeP ~ 22 Hz). The acetylide 

carbons Ca and Cp were observed, and identified on the basis of the Jep coupling 

constants with a triplet at De 142.5 ppm with coupling constant Jep = 14 Hz being 

assigned to Ca, and a singlet at De 123.1 pp m assigned to Cp (Scheme 6. 7). In 

addition, the spectrum also shows the resonance of Cp at De 79.3 ppm. The carbon 

resonances for the phenyl substituent C1-C4 were also observed and identified, thus, 

C1 and C2 were observed at De 130.5 ppm and De 129.4 ppm respectively, whereas for 

C3 and C4, the resonances were observed at De 129.0 ppm and De 127.6 ppm. 

The aromatic carbons associated with the diphenylphosphir:e ethane (dppe) ligand 

are clearly distinguishable from the carbons of the phenyl substituent on the 

acetylenic moiety on the basis of the coupling to the phosphorus nucleus, and 
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assigned on the basis of the size of the coupling constant. Thus, Ci is observed as 

multiplet (dds) at 8c 138.1 and 8c 138.8 ppm. For Co and Cm, the resonances were 

observed as doublet-of-doublet (dds), thus, Co at 8c 134.0 ppm and 8c 132.0 ppm 

(Co,o ', JcP/CCP- 5Hz), Cm at 8c 127.0 ppm and 127.8 ppm (Cm,m' JcPJCCP- 5Hz). 

The singlet resonances for Cp (Cp,p') were observed at 8c 128.1 ppm (Scheme 6.7). 

Scheme 6.7. The 13C NMR spectral assignment of 44. 

The IR spectrum of 44 was recorded in CH2Ch solution in a cell fitted with CaF2 

window, which the spectrum shows one v(C=C) band at 2060 cm-1 whilst the 

electrospray mass spectrum [ES-MSt contains the molecular ions [Mt at m/z 620 

and the [M-C=CPht at mlz 519. The known complex 44 68 was identified by 

comparison of the spectroscopic data with the data originally reported 

(Experimental Section, 6.4.2.1 ). 

The reaction between Au(C=CPh)(PPh3) and RuCl(L2)(l'J 5 -C5R5) [L = PPh3; R = H, 

Lz = dppe; R =Me], in the presence ofNI4PF6 in refluxing methanol resulted in the 

formation of a red solution presumed to contain a vinylydene intermediate, the 

deprotonation ofwhich by DBU resulted in the precipitation of the target compounds 

45 and 46 as yellow solids in 81% and 53 % yield, respectively (Scheme 6.8). As 

expected, the filtrate recovered from these reactions contained AuCl(PPh3) as 

evidence by 31 P NMR spectroscopy (8p 34 ppm). 67 These known complexes 45, 69 

and 46, 68 were identified by comparison of the spectroscopic data with the data 

originally reported (Experimental Section, 6.4.2.2-6.4.2.3). 
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L = PPh3, R = H; (45) 
L2 = dppe, R = Me; (46) 

Scheme 6.8. The synthetic route of 45 and 46. 

6.2.1.2. Group 9 Complex 

The alkynyl complex, lr(C=CR)(CO)(PPh3)2, have been prepared by reactions of 

Vaska's complex IrCl(CO)(PPh3) 2 with lithiated acetylides 70'71 or from Cui 

catalysed reactions with terminal acetylenes carried out in amine solvents. Whilst the 

first method is best described as a simple nucleophilic displacement of chloride the 

latter method likely involves a Cu(l) acetylide intermediate and could be regarded as 

a transmetallation reaction. 72
-
74 For an example, reaction between IrCl(CO)(PPh3)2 

and CuC=CPh in refluxing benzene has afforded irregular octahedral cluster of 

Cu41r2(PPh3)2(C=CPh)8 
74 as shown in Scheme 6.9. 

PPh3 
I 

(Ph-C~~~u CPh), 

lrCI(CO)(PPh3), cz \-1'1 
CeHe ~f ·-

(Ph-C==Ch-lr-(C==CPhh 

Cu-C=C-Ph 

PPh3 

Scheme 6.9. The preparation of CU4lr2(PPh3)2(C=CPh)s from IrCl(CO)(PPh3)2 and 

CuC=CPh. 74 

Here, Ir(C=CC6H4Me)(02)(CO)(PPh3) (47) was prepared by treating 

IrCl(CO)(PPh3)2 with Au(C=CC6~Me)(PPh3) in MeOH at room temperature. The 

gold by-product AuCl(PPh3) was removed from the crude product by extraction with 
- -

acetone. Recrystallisation ( chloroformlhexane) of the yellow solid that remained 

after extraction afforded yellow crystals of lr(C0)(02)(C=CC6~Me)(PPh3), 47 (40 
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%), which were suitable for crystallographic characterisation. Due to the presence of 

dioxygen during the work-up, and the tendency of the 16-e Ir(l) systems to adopt a 

further 2 electron-donating ligand, the 0 2 adduct obtained in this work is not overly 

surprising. 75
-
77 (The route to the formation of dioxygen adduct in 47 is shown in 

Scheme 6.10), although in some cases treatment of the 16 electron Vaska's complex 

derivatives Ir(CO)(R)(PPh3)z [ R = alkenyl or alkynyl groups] with a stream of air or 

0 2 was necessary to obtain complete conversion to the dioxygen adducts. 78
-
79 

PPh3 
I 

OC-Ir-CI 
I 
PPh3 

THF 
+ 

RT 

oPPh3 _ 
'\I -o-0-::;lr-C;C ~ !J Me 

OC PPh3 

(47) 

Scheme 6.10. The preparation of 47 via a transmetallation reaction of Vaska's 

complex, and subsequent reaction with atmospheric dioxygen. 

The methyl resonance in 47 was observed at oH 2.23 ppm whereas the aromatic 

protons of the para-tolyl substituent can be observed as two sets of pseudo-doublets 

at oH 6.26ppm (JHH = 8 Hz) and 6.82 ppm CJHH = 8 Hz). However, the aromatic 

protons from the PPh3 moities in 47 were not fully resolved, but were observed as a 

series of heavily overlapped resonances between oH 7.37-7.64 ppm. 

The 31 P NMR spectrum of 47 shows a singlet atOp 7.36 ppm, which is to the best of 

our knowledge, the first 31 P NMR characterisation has been carried out for this 

Ir(Oz)(CO)(C=CR)(PPh3h complex. In addition, the resonance is slightly shifted to 

higher field when compared with Ir(CO)(C=CPh)(PPh3)z (op 4.63 ppm). 80 Whereas 
, .. ~· 

the resonance is shifted downfield when compared to the Vaska's complex itself (op 

) 
81 24.8 ppm. 
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In the 13C NMR spectrum of 47, the expected methyl resonance can be observed at 

oc 21.4 ppm. The acetylide carbons were observed and identified, thus for Ca, the 

resonance can be observed at 66.3 ppm and another resonance at oc 109.4 ppm was 

identified as C~. The carbon resonances for the para-to1y1 substituent Ct-C4 also 

were observed and identified, thus, C1 and C2 were observed at oc 125.3 ppm and oc 
128.7 ppm respectively, whereas for C3 and C4 the resonances were observed at oc 
135.1 ppm and oc 131.4 ppm. In addition, the (C=O) resonance also can be observed 

at higher chemical shift (oc 167.4 ppm). 

The aromatic carbons associated with the triphenyl phosphine (PPh3) ligand are 

clearly distinguishable from the tolyl moiety on the basis of the coupling to the 

phosphorus nucleus, and assigned on the basis of the coupling constant. Thus, Ci is 

observed as doublet-of-doublet (dd) at oc 134.9 ppm ctJcp/Jcp- 5Hz), However, for 

C0 , arises as singlet resonance at oc 131.0 ppm, for Cm the reosonance observed as 

doublet-of-doublet(dd) at oc 128.4 ppm CZJcplJcp- 5Hz) and Cp arises as singlet at 

oc 128.4 ppm. (Scheme 6.11) 

TheIR spectrum of 47 shows one weak v(C=C) band at 2128 cm-1
. In addition, the 

strong terminal v(CO) band was also observed at 1962 cm-1
, while the v(0-0) band 

can be observed at 834 cm-1
. Similar observations have been made previously. 76

-
80 

The [ES-MSt for complex 47 contains the protonated molecular ion [M+H]+ at mlz 

893 as well as the MeCN adduct to the molecular ion [M + H + MeCN]+ at m/z 934. 
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6.2.1.3. Group 10 Complexes 

Group 10 acetylide complexes have been prepared on numerous occasions, being 

among the earliest metal acetylide complexes prepared and characterised. Whilst, 

early synthetic routes took advantage of nucleophilic reactions between acetylide 

anions (as lithium salts or Gringnard reagents) 82 later developments have given rise 

to more convenient preparations involving Cui catalysed reactions between, for 

example, MC}z(PR3)2 and terminal alkynes. 83-87 

Reaction of Au(C=CPh)(PPh3) with NiBr(PPh3)Cp in THF resulted formation of a 

green solution which was purified by preparative TLC and recrystallisation 

(chloroform!MeOH) afforded Ni(C=CPh)(PPh3)Cp 48, 88 as green crystals in 53 % 

yield, (Scheme 6.12). In addition a colourless band that contained the expected by 

product AuBr(PPh3) was also collected, and characterised by the observation of a 

singlet resonance in the 31 P NMR spectrum (bp 34.5 ppm). 89 

THF 

RT 

Scheme 6.12. The synthetic route affording 

transmetallation between Ni(II) and Au(I) centres. 

~-o Ni-C=C :\ I 
Ph3P/ '' 11 

(48) 

Ni(C=CPh)(PPh3)Cp, 48, via 

The complex was characterised by usual spectroscopic methods and identified by 

comparison with the original spectroscopic data and an authentic sample (see 

Experimental Section, 6.4.2.5). 

Complexes trans-Pt(C=CR)z(Lz) [R =Ph; L = PPh3 (49), R = C6H4Me; L = PPh3 

(50), R = C6~Me; L = PMe3 (51)] were prepared from room temperature reactions 

between PtC}z(Lz) [L = PPh3, PMe3] and Au(C=CR)(PPh3) [R = Ph, C6~Me] in 

methanol affording the targeted products 49-51 as yellow precipitates (Scheme 

6.13). As expected, the filtrate contains AuClPPh3. Recrystallisation of the yellow 

solids afforded pale yeliow (49 and 50) and pale green (51) single crystals suitable 

for X-ray crystallography. 
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Me OH 

R = H; L = PPh3 (49), R =Me, L = PPh3 (50), R =Me, L = PMe3 (51) 

Scheme 6.13. The synthetic route of the preparation of 49-51. 

Each of the complexes 49-51 were characterised by the usual spectroscopic methods. 

In the case of 49 and 50, 84 the spectroscopic data of these known complexes were 

identified by comparison of the spectroscopic data with the data originaUy reported 

(Experimental Section, 6.4.2.5-6.4.2.6). In the case of compounds 50 and 51, a 

singlet at ea. OH 2.2 ppm was observed arising from the tolyl substituents. However, 

the numerous aromatic protons in 49 were not fully resolved, but were observed as a 

series of heavily overlapped resonances between oH 6.3-7.8 ppm. Conversely, the 

aromatic protons in 51 were observed as pseudo-doublet CJHH- 7-8 Hz) resonances 

in between oH 6.2-7.2 ppm which arise from the tolyl portions of the molecule. In 

addition, in the case of 51, the resonance of the PMe3 moiety was observed as 

doublet at OH 1.77 ppm eJPH, 4JpH- 4Hz). Another doublet was also observed at OH 

1.80 ppm e JPt-H- 30 Hz) which arise from the coupling of the proton in the PMe3 

moiety to the platinum nucleus. 

The 31 P NMR spectra contain singlet phosphine resonances, each accompanied by 

platinum satellites. In the case of 49 and 50, where as L = PPh3, the resonances were 

observed atOp 19.7 ppm (s + d, 1Jp1p =ea. 2600Hz, PPh3), whilst in the case of 51, 

where L = PMe3, exhibit the same characteristics but the resonance was shifted 

downfield to Op-19.3 ppm (s + d, 1Jp1p= 2309Hz, PMe3). 

The 13C NMR spectra of 49 and 50 are similar to each other, with the exception that 

in 50 addition methyl resonances can be observed at Oc 22 ppm. Due to the 

symmetrical nature of the complexes, only two acetylenic carbon were observed with 

Ca, identified on the basis of the Jcp coupling constant, being observed as a triplet 

(Jcp = 16Hz) at ea Oc 110, and a singlet resonances at slightly higher chemical shift 

( ca.Oc 113 ppm) assigned to c~. 
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R = H (49), Me (50) (51) 

Scheme 6.14. The 13C NMR spectral assignment of(a) complexes 49 and 50 and 

(b) 51. 

As with other examples described in this chapter, the aromatic carbons associated 

with the triphenylphosphine (PPh3) ligands in 49 and 50 are clearly distinguishable 

from the substituents moieties on the basis of the coupling to the phosphorus nucleus, 

and assigned on the basis of the coupling constant. Thus, Ci is observed as doublet­

of-doublet (dd) at ea. 3c 131 ppm eJcpf Jcp ~29Hz). For Co and Cm, the resonances 

were also observed as doublet-of-doublet (dd), thus, Coat ea. 3c 135 ppm CZJcp/5Jcp 

~5Hz), Cm at ea. 3c 127 ppm eJcpf Jcp ~5Hz). The singlet resonances for Cp were 

observed at ea. 3c 128ppm (Scheme 6.14a). 

In the 13C spectrum of 51, the aromatic carbons associated with the 

trimethylphosphine (PMe3) ligand are also clearly observed at 3c 15.7 ppm (Jcp ~ 20 

Hz) as doublet-of-doublet (dd) as result from the coupling of the carbon to the 

phosphorus nuclei, in addition to satellite resonances arising from the coupling of the 

carbon nuclei to the platinum nucleus. In addition, methyl resonances can be 

observed at 3c 22 ppm (Scheme 6.14b ). Other carbon nuclei were identified and give 

rise to resonances similar to those described for 49 and 50. 

Each of the complexes 49-51 give rise to one v(C=C) bands in the IR spectra at 

above 2100 cm-1
• The [ES-MSt for complexes 49-51 contain the protonated 

molecular ion [M+Ht at m/z 922 for 49, at m/z 950 for 50 and at m/z 578 for 51. In 

the case of 49 the. presence,ofNa +which is believed abstracted from theoglass used in " - c 

the preparation of the samples were also observed in the spectrum. In the case of 50, 

the protonated molecular ion with the MeOH [M + H + MeOHt adduct was also 
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observed in the spectrum at mlz 982. However, in the case of 51, the dimer ions with 

the Na+ [2M + Nat was also observed at mlz 1177. In addition, the molecular ion 

with the Na+ and MeOH adducts was also observed at m/z 632. 

The room temperature reactions between PtCh(PMe3)2 and Au(C=CC6!-4Me)(PPh3) 

with the presence of NH4PF6 in methanol resulted in the unexpected formation of 

[Au(PMe3)2]PF6, 53 in 49 % yield as a white crystalline material, which was 

recrystallised from MeCN/MeOH. The [ES-MSt spectrum of 53 contains the 

[M+Nat at m/z 721 and molecular ion M+ at mlz 349. The assignment of the 

structure is also supported by both high-resolution mass spectrometry and elemental 

analysis. In addition, the crystal lattice of 53 shows that the PF6 anion is presence in 

the packing. Thus it can be concluded that NH4PF6 salt in this reaction plays an 

important role to afford the unexpected product of 53, but clearly more work remains 

to be done to elucidate the mechanism of this process, the synthetic route of the 

preparation of 53 is shown in Scheme 6.15. 

Me OH 

(53) 

Scheme 6.15. The synthetic route ofthe formation of 53. 

6.2.1.4. Group 11 Complex 

The yellow complex Cu(C=CC6H4Me)PPh3 52 90 was prepared by the addition of 

Au(C=CC6H4Me)(PPh3) and Cui in THF . .The copper containing product was 

collected from the reaction mixture by filtration, and as expected Aui(PPh3) could be 

recovered from the filtrate as a cream-coloured solids (8p 35 ppm). In order to aid 

characterisation, the Cu(C=CC6!-4Me) obtained was treated with PPh3 in 

ethanol/CH2Ch to give a yellow suspension of 52 in 22 % yield (Scheme 6.16). The 

poor solubility of the Cu(C=CC6!-4Me) is believed the factor that has affecting the 

low yield of product incthis reaction althoughthecreaction wa~rleft stirringc'fot ea. 24 

hours at room temperature. The complex 52 also has been fully characterised by the 
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usual spectroscopic methods and the spectroscopic data obtained was compared with 

the original data. (see Experimental Section, 6.3.2.9). 

-o-

THF 
Cui + Ph3PAu-C=C ~ /; Me 

RT 
Cu-C=C-o-Me 

EtOH/CH2CI2 j PPh3 
RT 

Ph3PCu-C=C-o-Me 

(52) 

Scheme 6.16. The 'two-steps' reaction of the preparation of 52. 

6.2.2. The Proposed Mechanism 

A senes of reactions on both preparative and NMR scale were carried out to 

investigate further the mechanisms of the transmetallation reactions between [Ln]MX 

[X = Cl, NCMe] with the gold acetylide moieties Au(C=CR)PPh3 [R = Ph, C6RtMe]. 

In this context of studies, RuX(L2)Cp' and Au(C=CC6RtMe)PPh3 were chosen to 

represent all the transmetallation reaction in this chapter. 

Reaction 1: To investigate the likely role of a vinylidene intermediate and the 

consequent source of proton in the formation ofRu(C=CC6H4Me)(dppe)Cp*. 

1. RuCI(dppe)Cp* (100 mg, 0.49 mmol), Au(C=CC6H4Me)(PPh3) (86 mg, 0.49 

mmol), NaPF6 (25 mg, 0.49 mmol) were added to dry MeOH (12 mL) and the 

reaction mixture stirred in RT for ea. 3 h resulting in the formation of bright­

red solution, presumed to contain the · vinylidene 

[Ru(C=C(H)C6H4Me)(dppe)Cp*t (see below). The addition of 2-3 drops of 

DBU caused a yellow precipitate to form, which was collected by filtration 

and washed with cold MeOH (3 mL) followed by diethyl ether (3 mL) to 

afford Ru(C=CC6H4Me)(dppe)Cp* as a yellow solid, the identity of which 

was confirmed by the usual spectroscopic methods ctH, 31 P NMR) an(fMs­

ES+. 
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2. A similar scale reaction in MeOH was carried out for more than 7 h to follow 

the course and evolution of the chemical processes involved in the 

preparation of the acetylide complex. The progress of the reaction was 

monitored by spot TLC and NMR. After ea. 2 h the reaction mixture had 

formed a bright orange solution containing both the vinylidene complex 

[Ru( C=C(H)C6RtMe )( dppe )Cp*t and the chloride RuCl( dppe )Cp*. After 5 

h, a white precipitate was observed. After 7 h, no further change in the 

reaction mixture was observed. The reaction mixture was filtered to give a 

white precipitate, which was characterised as AuCl(PPh3) by 1H and 31P 

NMR spectroscopies. The bright-red solution was taken to dryness and 

recrystallised from diethyl ether to afford a pink solid of the vinylidene 

[Ru{C2(H)C6RtMe}(dppe)Cp*]PF6, the identity of which was confirmed by 
1H and 31 P NMR spectroscopies. 

3. Similar scale and procedure of the reaction was carried out but this time, 

instead of using Au(C=CC6RtMe)(PPh3), a stoichiometric amount of the 

terminal alkyne HC=CC6RtMe was used. The progress of the reaction was 

monitored by spot TLC and NMR. After ea. 2 h a bright orange solution was 

observed. Upon completion, the reaction mixtures were taken to dryness 

followed by recrystallisation from diethyl ether to afford a pink solid of the 

vinylidene [Ru{C2(H)C6RtMe}(dppe)Cp*], which was confirmed by 1H and 
31 P NMR spectroscopies. 

Thus it can be concluded that the cationic vinylidene complex 

[Ru { C2(H)C6RtMe} ( dppe )Cp*t was formed as an intermediate in the reaction 

between RuCl(dppe)Cp* and Au(C=CC6H4Me)(PPh3), which can be isolated as a 

pink solid of the PF6 salt. The use of Au(C=CC6H4Me)(PPh3) as eo-reactant also 

gave PPh3AuCl as a by-product. Deprotonation of the vinylidene by DBU gave 

Ru(C=CC6RtMe)(dppe)Cp* as a yellow solid. The confirmation of the products 

were briefly carried out by the simple spectroscopic (NMR and MS-ES+) methods. 

The source of the proton iri these reactio~s is mostlikely to.be the MeOH s~l~ent.-
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Reactions conducted in non-protic solvents supported this concept. For example, the 

reaction of [Ru(NCMe)(PPh3)2Cp][BP1Lt] and Au(C=C C6H4Me)PPh3 in THF was 

explored. 

The activated ruthenium precursor [Ru(NCMe)(PPh3)2Cp][BP1Lt] (100 mg, 0.09 

mmol) and Au(C=CC6H4Me)(PPh3) (55 mg, 0.09 mmol) were added into the dry 

THF (12 mL) and stirred at RT for ea. 48 h and the progress of the reaction was 

monitored by spot TLC and 1H and 31 P NMR. After this time the reaction mixture 

was taken to dryness and 31 P NMR spectrum was taken which shows that there was a 

resonance at 3 51.5 ppm typical ofRu(C=CC6~Me)(PPh3)Cp. However, there were 

also resonances of the starting materials of [Ru(NCMe)(PPh3)2Cp][BP1Lt] (3 42.9 

ppm) and Au(C=CC6H4Me)PPh3 (3 43.6 ppm), and unknown resonances at 3 39.9 

ppm and 3 30.5 ppm were also observed. The crude solids also showed the presence 

ofRu(C=CC6~Me)(PPh3)Cp in MS-ES+, which is the M+ was observed at m/z 806 

and [M+Na]+ at m/z 829. These isotopic envelopes were also confirmed by the 

accurate mass measurement. The unexpected resonances near 40 and 30 ppm could 

be suggested as arising from an intermediate gold-substituted vinylidene, but such 

suggestions remain unfounded at present. 

To further verify these suggestions, a short series of NMR experiments were also 

conducted. 

Reaction 2: The NMR tube reaction of [Ru(NCMe)(PPh3)zCp][BPh.t] and 

Au(C=C C6H4Me)PPh3 in CDCh. 

A 1:1 stoichiometric amount of [Ru(NCMe)(PPh3)2Cp][BP1Lt] and Au(C=C 

C6H4Me )PPh3 were added to CDCh solution in an NMR tube. The progress of the 

reaction was monitored by 1H and 31 P NMR every 24 h for a week. After 24 h, there 

was a resonance at 3 51.5 ppm which is a typical signal for Ru(C=CR)(PPh3)Cp (i.e. 

indicative to Ru(C=CC6~Me)(PPh3)Cp]. In addition, there were also resonances of 
~,- ~ - . ·- - ... 

the starting materials of [Ru(NCMe)(PPh3)zCp][BP1Lt] (3 42.9 ppm) and Au(C=C 

C6H4Me)PPh3 (3 43.6 ppm) and the unknown resonance at 3 39.9 ppm were also 
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observed. There were no changes in the chemical shifts of these resonances although 

the progress of the reaction was monitored daily for 7 days. Apparently the reaction 

had reached equilibrium. 

Reaction 3: The NMR tube reaction of Ru(C=CPh)(dppe)Cp* and Au(C=C 

C6H4Me )PPh3 in CDCh. 

A 1:1 stoichiometric amount of Ru(C=CPh)(dppe)Cp* and Au(C=C C6~Me)PPh3 

were added to the CDCh solution in an NMR tube. The progress of the reaction was 

monitored by 1H and 31 P NMR every 24 h for two week. After 3 days, there was no 

resonance that could be attributed to the expected vinylidene or acetylide products. 

The only resonances observed were those of the starting materials of 

Ru(C=CPh)(dppe)Cp* (o 81.9 ppm) and Au(C=C C6~Me)PPh3 (o 43.5 ppm). There 

were no changes in the chemical shifts of these resonances although the progress of 

the reaction was monitored daily for 3 days. Then, stoichiometrically amount of 

AuCl(PPh3) was added on the day 4. After 24 h later, the typical vinylidene 

resonance was observed at() 72.8 ppm. However, there were also resonances ofboth 

starting materials as well as AuCl(PPh3) (o 34.3 ppm). There were no changes in the 

chemical shifts of these resonances although the progress of the reaction was 

monitored daily for two weeks. 

The absence of any detectable protio-vinylidene in the THF reaction suggests that the 

transmetallation proceeds perhaps via a transient gold vinylidene 

[Ru(C=C(AuPR3)R(dppe)Cp*t with the position of the equilibrium being solvent I 

proton dependent. The role of free AuCl(PPh3) in the reaction is interesting, but 

clearly more work remains to be done to elucidate the mechanism of this process. 

230 



6.2.3. Molecular Structural Analysis 

The molecular structures of 47, 49- 51 and 53 have been determined by single crystal 

X-ray diffraction as shown in Figure 6.1-Figure 6.6. Crystallographic data, selected 

bond lengths and angles are listed in Table 6.1 to Table 6.5. The crystallographic 

work has been carried out by Dr D. S. Yufit. 

C34 

Figure 6.1. A plot of molecules of 47, illustrating the atom numbering scheme. 
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Table 6.1. Crystal data for 47. 

Molecular formula 

M! gmor1 

Crystal system 

a/ A 

bl A 

cl A 

fJ I o 

Space group 

z 

Del Mgm3 

Crystal size I mm 

Crystal habit 

F (000) 

Radiation 

Wavelength I A 

J..tlmm-1 

Temperature I K 

Data collection range I 0 

Reflections measured 

Data, restraints, parameters 

Rt, wR2 (all data) 

Goodness-of-fit on F (all data) 

peak, hole I eA-3 

47 

c46H37P203Ir x CHCh 

1011.26 

Monoclinic 

9.8286(3) 

19.5234(5) 

22.3040(6) 

90 

98.99(1) 

90 

4227.3(2) 

p 2t/C 

4 

1.589 

0.12x 0.08 x 0.03 

plate 

2008 

Mo(Ka) 

0.71073 

3.465 

120(2) 

1.39-27.50 

46829 

9712,6,401 

0.1074,0.1714 

1.064 

2.142,-1.794 
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Table 6.2. Selected bond lengths (A) and angles (0
) for 47. 

Ir(1)-C(1) 1.900(9) 

Ir(1 )-C( 4) 1.981(9) 

Ir(1 )-P(1) 2.354(2) 

Ir( 1 )-0(2) 2.057(8) 

Ir(1)-0(3) 2.046(8) 

lr(l)-P(2) 2.355(2) 

C(1)-0(1) 1.064(11) 

C(4)-C(5) 1.203(12) 

C(5)-C(6) 1.470(14) 

0(2)-0(3) 1.495(11) 

P( 1 )-Ir(1 )-C(1) 89.8(3) P(l)-Ir(1)-0(2) 91.08(19) 

P( 1 )-Ir( 1 )-C( 4) 91.9(2) Ir(l )-0(2)-0(3) 42.7(3) 

P(2)-Ir(l )-C( 4) 87.7(2) C(1 )-Ir(1 )-C( 4) 94.6(4) 

P(l)-Ir(1)-P(2) 176.24(8) C(5)-C( 4)-Ir(1) 177.6(7) 

P(l)-Ir(1)-0(3) 87.0(2) C(1)-Ir(1)-0(3) 117.1(4) 

P( 1 )-Ir( 1 )-0(2) 91.08(19) 

Molecular Analyses of 47 

The structure of 47 (Figure 6.1) does not differ significantly from those of similar 

complexes such as IrC1(02)(CO)(PPh3)2, 91 Ir(CO)(C=CPh)(PPh3)2, 
80 or from the 

heteronuclear complex of {Cp(OC)3W}C=CC=C{Ir(CO)(PPh3)2(02)}. 78 Thus, the 

bond lengths of Ir-CO, Ir-P and Ir-0 are 1.900(9), 2.354(2) and 2.355(2), and 

2.057(8) and 2.046(8), which is comparable with the Ir(CO)(PPh3)2(02) fragment in 

the heteronuclear complex of {Cp(OC)3W}C=CC=C{Ir(CO)(PPh3)2(02)}[2.02(4), 

2.35(1) and 2.03(3), 2.08(3). In addition, the bond length of the dioxygen adduct for 

both complexes is also comparable, 1.495(11) for 47 and 1.36(4) in 

{Cp(OC)3W}C=CC=C{Ir(CO)(PPh3)2(02)}. These bond lengths are also similar to 

taii~ges of 1.882(9}-1.90(1), 2:3'6:f(3}-.:_2J70(3) and 2.029(8~2.084(9)''A,' and 
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1.46(1)-1.477(11) A for [0(2)-0(3)], respectively, found in IrC1(02)(CO)(PEtPhz)2 
92 and lrz(Jl-dppp )C}z(Oz)(C0)2. 93 

The ethynyl moiety in the structure of 47 is essentially linear whereas the angle 

between Ir(1)-C(4)-C(5) is 177.6(7r where as the angle between P(l)-Ir(1) and P(2) 

is 176.24(8). These bond angles are comparable with those found in 

Ir(CO)(C=CPh)(PPh3)z, 80 and in the the lr(CO)(PPh3) 2(02) fragment in the 

heteronuclear complex of {Cp(OC)3W}C=CC=C{Ir(CO)(PPh3) 2(02), 
78 the bond 

angles found in these structures are lr(1)-C(4)-C(5) is 174.0(2r [a little curvature in 

the heteronuclear complex and found as 154.0(4)0
] and the angle between P(l)-Ir(1)­

P(2) is in between 173.3 (2r-174.7(4)0
• 

234 



Group 10 (trans-Pt(C=CR)2(PL)2) 

trans-Pt(C=CPh)2(PPh3) 2 (49) 

Figure 6.2. A plot of a molecule of 49, illustrating the atom numbering scheme. 
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() 

Figure 6.3. A plot of a molecule of 50, illustrating the atom numbering scheme. 

Molecular Analyses of 49 and 50 

The structures of complexes 49 and 50 are comparable and similar to each other 

(Figure 6.1 and Figure 6.2). In both structures, the platinum ion is coordinated by a 

series of four cr-bonded ligands in a square planar arrangements. The molecular 

geometry is that normally expected for Pt(II) complexes observed in other acetylide 

platinum complexes in the this system, [R = C6H4SOCMe, C6~NH2, C6H4CN, 

C6H4N02 and RI= C6H5; R2 = c6~N02]. 85-87·94·95 

The ethynyl moiety is essentially linear in between the complexes, but there is a 

gentle curvature in the molecular backbone, being the angles Pt(l)-C(1)-C(2) and 

C(l)-C(2)-C(3), respectively 172.78(15)-175.88(15)0 and 173.27(18)-177.32(18t, 

which is brought about by crystal packing. These angles are comparable with those 

similar structures explained above [174.4(6)-177.5(2) and 173.7(8)-176.0(8) 
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respectively]. The angles of C(1)-Pt(l)-C(2) is slightly distorted as provided by the 

value of the cis angle 85.90(5)-86.73(5)0
• The acetylenic (C=C) bond lengths are the 

same within the limit of precision of the structure determination, 1.188(2)-1.207(2) 

A. The bond lengths of the Pt(1)-C(1) are also very much similar to each other and 

are in the typical lengths for this system, 2.0017(17)-2.0252(17)0
• The selected bond 

lengths (A) and angles (0
) of 49 and 50 are shown in the Table 6.3. 
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Table 6.3. Crystal data for 49 -51 

Molecular 

formula 

M! g mor1 

Crystal system 

a I A 

bl A 

cl A 

Space group 

z 
Dc!Mg m3 

Crystal size 

mm 

Crystal habit 

F (000) 

Radiation 

Wavelength I A 

Jll mm·• 

Temperature I K 

Data collection 

range I 0 

Reflections 

measured 

Data, restraints, 

parameters 

R1, wR2 (all 

data) 

Goodness-of-fit 

on r (all data) 

peak, hole I ek3 

49 

921.87 

Orthorhombic 

17.9771(3) 

9.5527(1) 

22.9326(3) 

90 

90 

90 

3938.2(1) 

Pbca 

4 

1.555 

0.34 X 0.18 X 0.08 

plate 

1840 

Mo(KJ 

0.71073 

3.681 

120(2) 

2.11-30.00 

51715 

5741,0,330 

0.0296, 0.0508 

1.053 

0.401, -0.785 

50 

949.92 

Monoclinic 

13.5550(2) 

8.5121(1) 

18.0271(3) 

90 

90.30(1) 

90 

2079.97(5) 

P 21/n 

2 

1.517 

0.34 X 0.08 X 0.06 

plate 

952 

Mo(Ka) 

0.71073 

3.487 

120(2) 

1.88-29.00 

25528 

5541,0,347 

0.0215, 0.0411 

1.095 

1.253, -0.378 

51 

577.53 

Monoclinic 

12.3805(5) 

5.7372(2) 

17.1229(7) 

90 

105.86(1) 

90 

1169.92(8) 

P2(1)/c 

2 

1.639 

0.34 X 0.16 X 0.06 

plate 

568 

Mo(KJ 

0.71073 

6.140 

120(2) 

2.47-29.98 

10382 

3307,0,124 

0.0273,0.0414 

1.098 

0.566, -0.851 
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Table 6.4. Selected bond lengths (A) and angles CO) for 49 to 51. 

49 50 51 

C(l)-C(2) 1.207(2) 1.188(2) 1.214(4) 

C(2)-C(3) 1.441(2) 1.445(2) 1.437(3) 

C(3)-C(4, 8) 
1.399(3), 1.403(2), 1.404(3), 

1.395(2) 1.397(2) 1.393(3) 

C( 4)-C(5),C(7)-C(8) 
1.392(3) 1.393(2), 1.386(4), 

1.382(3) 1.387(2) 1.394(3) 

C(6)-C(5, 7) 
1.369(3), 1.388(3) 1.395(4), 

1.396(3) 1.391(2) 1.392(4) 

Pt(1 )-C(1) 2.0017(17) 2.0252(17) 2.001(3) 

Pt(1)-P(l) 2.3121(4) 2.2887(4) 2.2929(6) 

P(1)-C(11) 1.8232(16) 1.8239(16) 1.811(3) 

P(1)-C(21,10) 1.8254(16) 1.8181(16) 1.814(3) 

49 50 51 

C(1)-C(2)-C(3) 173.27(18) 177.32(18) 175.3(3) 

P(1 )-Pt(1 )-P(2) 93.27(5) 94.10(5) 90.45(7) 

C(3 )-C( 4 )-C(8) 104.15(8) 108.19(7) 117.6(2) 

C(1 )-Pt(1 )-P(1) 86.73(7) 85.90(5) 90.45(7) 
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(51) 

Figure 6.4.: A plot of molecules of 51, illustrating the atom numbering scheme. 

Figure 6.5. Representative packing diagram of 51. 
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Molecular Analysis of 51 

The structure of complex 51 (Figure 6.3 and Figure 6.4) is quite similar to that of 

complex 50, however, the (PPh3)2 ligands of 50 is replaced by (PMe3)2 ligands 

(Figure 6.3). Surprisingly, there is no comparable similar structure to complex 51 

that features a (PMe3)z ligand moiety. However a complex has been reported 

containing the cis-Pt(C=CC6Me4)2(PMe3)2 fragment, the heteronuclear gold complex 

[ {Au{Pt(PMe3)2 }z}{J.1~Ar(C=C)2 }3] reported by Vicente and eo-workers (Figure 

6.4). 96 

Figure 6.4. The heteronuclear complex of [ {Au{Pt(PMe3)2}z} {Jl-Ar(C=C)z}J]. 96 

The structure of 51 shows the platinum ion to be coordinated in square planar 

arrangements by two trans-PMe3 groups and two trans-acetylene ligands moieties 

The ethynyl moiety is essentially linear, but there is a gentle curvature in the 

molecular backbone, resulting from the angles Pt( 1 )-C( 1 )-C(2) and C( 1 )-C(2)-C(3 ), 

178.7(2t and 175.3(3t, respectively, which are brought about by crystal packing. 

These angles are comparable with those similar structures as shown in Figure 6.4 

[177.2(2)0 and 174.7(6)0 respectively]. The acetylenic (C=C) bond lengths are also 

comparable 1.214(4) A, and in [ {Au{Pt(PMe3)z}z}{J.1-Ar(C=C)zh] is 1.215(8) A. 

The bond lengths of the Pt(l )-C(l) are also very much similar to each other and are 

in the JypicalJengths for this system, 2.00J(3) A-[1.99-4{6) A}. In addition, the bond 

length of Pt(1)-P(l) is also comparable which is 2.2929(6) A [2.2819(18) A]. The 

selected bond lengths (A) and angles CO) of 51 are shown in the Table 6.3. 

241 



6.2.3.3. Group 11 

Au(PMe)J [PF6] (53) 

P2 

F3B 

F3BA 

Figure 6.5. A plot of molecules of 53, illustrating the atom numbering scheme. 

Figure 6.6. Representative packing· diagram of 53, reveals that there is no 

aurqphilic interaction due to. the steric effect of the supgorting ligand_attached to,gold 

as well as the presence ofPF6- in the lattice. 
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Table 6.4. Crystal data for 53. 

Molecular 
formula 
Mlgmor 1 

Crystal system 
a/ A 
bl A 
cl A 
a/ o 

fJ I o 

y/0 
VI A3 

Space group 
z 

C6H1sP2xPF6 

494.08 
Orthorombic 
11.5118(2) 
8.5384(2) 
14.3292(3) 
90 
90 
90 
1408.45(5) 
Pnma 
4 
2.330 

53 

Dc1Mgm3 

Crystal size I mm 
Crystal habit 

0.56 X 0.20 X 0.02 
plate 

F (000) 
Radiation 
Wavelength I A 
J.l I mm-1 

928 
Mo(Ka) 
0.71073 
0.456 

Temperature I K 120(2) 
Data collection 
range I 0 

Reflections 
measured 

2.27-31.50 

19470 

Data, restraints, 24 77
, 4, 

106 
parameters 

R1, wR2 (all 0.0201, 0.0509 
data) 
Goodness-of-fit 
on r (all data) 

peak, hole I eA-3 

1.054 

1.280, -1.565 
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Table 6.5. Selected bond lengths [A] and angles [0
] for 53. 

Au(1)-P(l) 2.3016(8) P(l)-C(1) 1.813(4) 

Au(1)-P(2) 2.3023(8) P(2)-C(3) 1.803(3) 

P(1)-C(2) 1.804(3) P(2)-C(4) 1.81 0( 4) 

P(1)-Au(l)-P(2) 178.90(3) C(3)#1-P(2)-C(3) 105.20(19) 

C(2)#1-P(l )-C(2) 105.7(2) C(3)-P(2)-C(4) 104.91(12) 

C(2)-P( 1 )-C( 1) 104.69(12) C(3)-P(2)-Au(l) 113.23(9) 

C(2)-P(1)-Au(1) 113.74(10) C(4)-P(2)-Au(1) 114.43(13) 

C(l )-P(l )-Au(l) 113.35(13) 

Molecular Analysis of 53 

The structure of 53 (Figure 6.5) is comparable with the structure of Au(PMe3)2[Cl] 
97 The P(l)-Au(l)-P(2) coordination is essentially linear, 178.90(3t, for 

Au(PMe3)2[Cl] is 175.4(1)0
• The distance between Au(l)-P(l)/P(2) are 2.3016(8) 

A/2.3023(8) A, which compare with the value of 2,304(1) A for Au(PMe3)2[Cl]. 

From the crystal lattice of 53, it should be noted that there are no close 

intermolecular aurophilic interactions perhaps due less to the steric effect of the 

(PMe3) ligands and more to Coulombic effects and the presence of PF6 counter ions 

that restrain the intermolecular interaction between the molecules.(Figure 6.6). 

6.3. Conclusions 

In this chapter, the series of novel, preparative scale, stoichiometric transmetallation 

reactions involving a gold(I) acetylide complex are presented. Specifically, the 

readily available complexes Au(C=CR)(PPh3) [R =Ph, C6~Me] have been treated 

with several inorganic and organometallic compounds MXLn [M = metal, Ln = 

supporting ligands, X = halide ], to afford the corresponding metal-acetylide 

complexes M(C=CR)Ln, (20-80 % yield). with representative examples featuring 

metals from Groups 8-11. The acetylide products were fully characterised by usual 
• ·,_:~ - .£ ': --

spectroscopic methods including the molecular structural analysis. A series of both 

preparative and NMR scale reactions were carried out to investigate further the 
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mechanisms of the transmetallation reactions between [Ln]MX [X= Cl, NCMe] with 

the gold acetylide moieties Au(C=CR)PPh3 [R = Ph, C6H4Me]. In this context of 

studies, RuX(Lz)Cp' and Au(C=CC6H4Me)PPh3 were chosen to represent all the 

transmetallation reaction in this chapter. It can be concluded that the absence of any 

detectable protio-vinylidene in the THF reaction suggests that the transmetallation 

proceeds perhaps via a transient gold vinylidene [Ru(C=C(AuPR3)R(dppe)Cp*t 

with the position of the equilibrium being solvent I proton dependent. The role of 

free AuCI(PPh3) in the reaction is interesting, but clearly more work remains to be 

done to elucidate the mechanism of this process. 
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6.4. Experimental Details 

6.4.1. General Condition 

All reactions were carried out under an atmosphere of nitrogen using standard 

Schlenk techniques. Reaction solvents were purified and dried using an Innovative 

Technology SPS-400, and degassed before use. No special precautions were taken to 

exclude air or moisture during work-up. Preparative TLC was performed on 20 x 20 

cm glass plates coated with silica gel (0.5 mm thick, Merck GF-254). The reagents 

NiBr(PPh3)Cp, 98 99 RuCl( dppe )Cp* 100 

[Ru(NCMe)(PPh3)2Cp][BPl4], 101 cis-PtCh(PPh3)2, 102 trans-PtC}z(PMe3) 2, 
103 

FeCl(dppe)Cp, 104 IrCl(CO)(PPh3), 
81 Au(C=CPh)PPh3, 105'106 Au(C=CC6H4Me)PPh3, 

105·106 were prepared by literature methods. Authentic samples of 

Ni(C=CPh)(PPh3)Cp, 44, 43'88'107 Fe(C=CPh)(dppe)Cp, 68 Ru(C=CPh)(PPh3h, 69·108 

Ru(C=CPh)(dppe)Cp*, 68'108 trans-Pt(C=CPh)2(PPh3)2, 84 trans­

Pt(C=CC6H4Me)2(PPh3)2, 84 Cu(C=CC6~Me)(PPh3), 90 were prepared as described 

on previous occasions. Other reagents were purchased and used as received. IR 

spectra of the synthesized complexes were recorded using a Nicolet Avatar 

spectrometer from dichloromethane solutions in a cell fitted with CaF2 windows or 

were recorded using a Nicolet Avatar spectrometer from Nujol mull suspended 

between NaCl plates. NMR spectra were obtained with Broker Avance eH 400.13 

MHz or 1H 499.83 MHz) or Varian Mercury eH 399.97 MHz), and Varian Mercury 

e1P 161.91 MHz or 31 P 80.96 MHz) spectrometers from CDCh solutions and 

referenced against solvent resonances eH, 13C) or external H3P04 e1P). Mass spectra 

were recorded using Thermo Quest Finnigan Trace MS-Trace GC or Thermo 

Electron Finnigan L TQ FT mass spectrometers. 

Diffraction data were collected at 120K on a Bruker SMART 6000 CCD (49 and 50) 

and (53), on Bruker SMART IK CCD (51) and on Rigaku R-AXIS Spider lP (47), 

three-circle diffractometers, using graphite-monochromated Mo-Ka radiation. The 

diffractrometer was equipped with Cryostream (Oxford Cryosystems) low­

temperature nitrogen cooling devices. The structures were solved by direct-methods 
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and refined by full matrix least-squares against F of all data using SHELXTL 

software. 109 All non-hydrogen atoms were refined in anisotropic approximation 

except the disordered ones, H atoms were placed into the calculated positions and 

refined in "riding" mode. The crystallographic data and parameters of the 

refinements are listed in Table 6.1-Table 6.5. 

6.4.2. Experimental 

Group 8 

p-Q 
Ph2p-~e·C=C ~ /; 

vPPh2 

6.4.2.1. Preparation ofFe(C=CPh)(dppe)Cp (44) 68 

A suspension of FeCl(dppe)Cp (50 mg, 0.09 mmol) and Au(C=CPh)(PPh3) (51 mg, 

0.09 mmol) and NH.PF6 (15 mg, 0.09 mmol) in MeOH (10 ml) was heated at reflux 

for ea. 1 h under nitrogen, the progress of the reaction being monitored by TLC 

(hexane: acetone = 7/3). The resulting clear orange solution was treated with 2-3 

drops of DBU and the reaction mixture taken to dryness. The crude was extracted 

with benzene, and the extracts purified by preparative TLC (hexane: acetone= 7/3). 

The red band was collected and afforded title product. (24 mg, 43 %). IR (CH2Cb): 

v(C=C) 2060 cm-1.1H NMR (CDCh, 200): o 2.23 (2 x dd, 2H, JHP = JHH - 6 Hz, 

dppe), 2.63 (2 x dd, 2H, JHP = JHH- 6Hz, dppe); 4.25 (s, 5H, Cp), 6.50-7.94 (m, 

25H, Ar). 31PeH} NMR (CDCh, 81 MHz): o 107.5 (s, dppe). 13C{ 1H} NMR 

(CDCh, 125.7 MHz): o 28.6 (dd, JcPtccP- 22Hz, CH2); 79.3 (Cp); 123.1 (Cp); 127.6 

(C4); 129.0 (C3); 129.4 (C2); 130.5 (Cl); 127.8, 127.0 (dds, JcPtCCP- 5 Hz, Cm,m'); 

128.1 (Cp,p'); 134.0, 132.0 (dds, JcP/CCP- 5Hz, Co,o'); 138.1, 138.4 (m, Ci,i'), 142.5 (t, 

Jcp = 14 Hz, Ca). Found: C, 75.15; H, 5.57 %. C39H34P2Fe requires: C, 75.48; H, 

5.48 %. ES+-MS(rnlz) : 620, [Mt, 519, [M-C=CPht [High resolution: calculated 

for FeC39H34P2 [Mt 620.14797; found 620.14757. Lit. 68
; IR(CH2Cb): v(C=C) 2061 

cm-1. 13CeH} NMR .(CDCh, 75 MHz): o 28.4 (CH2, dppe), 79.2 (Cp), 127.3-142.5 

(m, Ar), 140.5 (Ca), 122.8 (C~). 
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6.4.2.2. Preparation ofRu(C=CPh)(PPh3) 2Cp (45) 69
'
108 

A suspension of RuCl(PPh3)2Cp (100 mg, 0.14 mmol), Au(C=CPh)(PPh3) (77 mg, 

0.14 mmol) and NH4PF6 (22 mg, 0.14 mmol) in MeOH (10 ml) was heated at reflux 

for 30 mins to form a bright red solution. Addition of 2-3 drops of DBU caused a 

yellow precipitate to form, which was collected by filtration, washed with cold 

MeOH (3 ml), and air-dried to afford the title product as a yellow solid (88 mg, 81 

%). IR(nujol): v(C=C) 2077 cm-1.1H NMR (CDCh, 400 MHz): 6 4.32 (s, 5H, Cp), 

7.08-7.50 (m, 35H, Ar). 31PeH} NMR (CDCh, 81 MHz): 6 51.5 (s, PPh3). Be NMR 

(CDCh, 100 MHz): 6 85.2 (Cp); 114.4 (Ci3); 116.1 (t, Jcp =25Hz, Ca); 123.0 (C4), 

127.6 (C3); 130.5 (C2); 130.6 (Cl); 127.2 (dd, 3
JcPt 

6Jcp- 5 Hz, Cm); 128.4 (Cp); 

133.9 (dd, 2
JcPt 

5Jcp- 5 Hz, C0 ); 139.0 (dd, 1
JcPt 

4Jcp- 11 Hz Ci). ES+-MS(m/z): 

793, [M+Ht; 691[M-C=CC6H5t. Lit. 69
'
108

. Be NMR (CDCh, 100 MHz): 6 85.2 

(Cp); 114.4 (Ci3); 116.1 (t, Jcp = 25 Hz, Ca); 123.0 (C4), 127.6 (C3); 130.5 (C2); 

130.6 (Cl); 127.2 (dd, 3Jcpt
6
Jcp- 5Hz, Cm); 128.4 (Cp); 133.9 (dd, 2

Jcpt
5
Jcp- 5Hz, 

Co); 139.0 (dd, 1Jcpt 4Jcp- 11 Hz Ci). 

~EC-o 2
(.,PPh2 

6.4.2.3. Preparation ofRu(C=CPh)(dppe)Cp* (46) 69
,
108 

A suspension of RuCl(dppe)Cp* (100 mg, 0.15 mmol), Au(C=CPh)(PPh3) (84 mg, 

0.15 mmol) and N~PF6 (24 mg, 0.15 mmol) in MeOH (10 ml) was heated at reflux 

for 1 hr to form a bright red solution, which was treated with 2-3 drops of DBU and 

allowed to stir for a further 1 hat RT. The yellow precipitate that formed over this 

time was collected by filtration, washed with cold MeOH (3 ml), and air-dried to 

afford the title product as a yellow solid (56 mg, 51%). IR(nujol): v(C=C) 2066 cm-1. 

1H NMR (CDCh, 400 MHz): 6 1.57 (s, 15H, Cp ), 2.08 (2 x dd, 2H, JHP = JHH = 6 Hz, 

dppe), 2.70 (2 x dd, 2H, JHP = JHH =6Hz, dppe); 6.78-7.8l(m, Ar 25H). 31P{~H} 

NMR (CDCh, 162 MHz): 6 81.1 (s, dppe). Be NMR (CDCh, 100 MHz): 6 10.0 

(Me); 92.5 (Cp); 109.6 (Ci3); 128.8 (t, Jcp = 25 Hz, Ca); 122.4 (C4), 127.4 (C3); 
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130.2 (C2); 131.3 (Cl); 127.1, 127.4 (dd, 3JcP/ 6Jcp - 5 Hz, Cm,m·); 128.8, 128.8 

(Cp,p·); 133.2, 133.7 (dd, 2JcpJ 5Jcp- 5 Hz, Co,o·); 136.9, 138.9 (m, Ci,i'). ES(+)-MS 

(m/z):635, [M-C=CC6Hst; 737, [M +Ht. Lit. 69·108 IR(CH2Ch): v(C=C) 2071 cm-1. 
1H NMR (C6D6, 300 MHz): 6 1.69 (s, 15H, Cp), 1.92 (br, 2H, dppe), 2.70 (br, 2H, 

dppe), dppe); 7.22-7.98 (m, Ar 25H). 31 P{ 1H} NMR (CDCh, 162 MHz): 6 81.0 (s, 

dppe). 13C NMR (CDCh, 100 MHz): 6 10.0 (Me); 92.5 (Cp); 109.6 (Cp); 128.8 (t, Jcp 

=25Hz, Ca); 122.4 (C4), 127.4 (C3); 130.2 (C2); 131.3 (Cl); 127.1, 127.4 (dd, 3JcPI 

6Jcp ~ 5 Hz, Cm,m•); 128.8, 128.8 (Cp,p·); 133.2, 133.7 (dd, 2JcP/ 5Jcp - 5 Hz, Co,o·); 

136.9, 138.9 (m, Ci,d· 

Group 9 

6.4.2.4. Preparation oflr(C0)(02)(PPh3)2(C=CC6H4Me) (47) 

A suspension of IrCl(CO)(PPh3) (100 mg, 0.13 mmol) and Au(C=CC6HtMe)(PPh3) 

(74 mg, 0.13 mmol) were stirred at RT in THF (12 ml) for ea. 6 h to give an orange 

solution. The progress of the reaction was monitored by TLC and when adjudged 

complete the solvent was removed to give a greenish-yellow solid. Acetone (5 ml) 

was added to the crude product and the mixture stirred for 10 mins followed by 

filtration to give a yellow solid which was recrystallised (CHChlhexane) to afford 

yellow crystals of the title product (46 mg, 40 %). IR (CH2Ch): v(C=C) 2128; 

v(C=O) 1962, v(0-0) 834 cm-1.1H NMR (CDCh, 400 MHz) 8 2.23 (s, 3H, Me), 6.26 

(pseudo-d, JHH= 8Hz, C6l!t), 6.82 (pseudo-d, JHH= 8Hz, C6l!t), 7.37-7.64 (m, 30H, 

PPh3). 
31P{ 1H} NMR (CDCh, 161.98 MHz): 6 7.36 (s, PPh3). 

13C{'H} NMR 

(CDCh, 125.7 MHz): 6 21.4 (s, Me); 66.3 (s, Ir-Ca=C); 109.4 (s, Ir-C=Cp); 125.3 

(Cl); 128.7 (C2), 135.1 (C3); 131.4 (C4); 128.4 (dd, 3 JcPI 6Jcp ~ 5 Hz, Cm); 128.4 

(Cp); 131.0 (C0 ); 134.9 (dd, 1JcP! 4Jcp- 5 Hz Ci); 167.4 (s, C=O). Found: C, 61.52; 

H, 4.10 %. C46H31P203Ir requires: C, 61.94; H, 4.18. %.ES+-MS(m/z): 893, [M+Ht, 

934, [M+H+MeCNt. [High resolution: calculated for lrC46H3s03P2 [M+Ht 

893.19199; found 893.19242. 
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Group 10 

6.4.2.5. Preparation ofNi(C=CPh)(PPh3)Cp (48) 43·88
•
107 

To a stirred solution of NiBr(PPh3)ep (100 mg, 0.21 mmol) in dry THF (10 ml) 

under nitrogen Au(e=ePh)(PPh3) (120 mg, 0.21 mmol) was added and the mixture 

allowed to stir at room temperature, the progress of the reaction being monitored by 

TLe (hexane/acetone, 8:2). The solution colour become pale brown after 1 hr. After 

4h at room temperature, the solution was distinctly green . After stirring for 6 hrs, the 

reaction was adjudged complete and the mixture was taken to dryness followed by 

purification on preparative TLe. A green band was isolated which was recrystallised 

(chloroform/MeOH) to afford the title product as green crystals. (55 mg, 53 %). 1H 

NMR: (500 MHz, eDeh): () 5.25 (s, 5H, epH), 6.64-6.65(m, 2H, =ePh-H), 6.91-

6.94 (m, 3H, =ePh-H), 7.34-7.47(m, 9H, PPh3-H), 7.72-7.77(m, 6H, PPh3-H); De 

NMR: (125.67 MHz, eDCh) () 85.90 (d, Jpc = 50 Hz), 92.84 (s, epe), 120.00 ( s, 

e=eNi), 124.81-134.52(m, ArC); 31 P NMR: (80.96 MHz, eDeh) () 41.8 (s, PPh3); 

IR (eH2eh): v (e=e) 2097 cm-1. ES+-MS(m/z) : 995, [2M + Nat, 509, [M+ Nat, 

486, [Mt, 385, [M-e=ePht. Lit. 43·88
•
107: IR (KBr pellet): v (e=e) 2098 cm-1. 1H 

NMR: (270 MHz, CDCh): () 5.25 (s, 5H, epH), 6.65-6.62(m, 2H, =ePh-H), 6.88-

6.93 (m, 3H, =CPh-H), 7.25-7.42(m, 9H, PPh3-H), 7.70-7.78(m, 6H, PPh3-H); De 

NMR: (67.8 MHz, eDel)) () 85.77 (d, Jpc = 49 Hz), 92.58 (s, epC), 119.73 ( s, 

e=eNi), 124.53-134.44(m, ArC); 31 P NMR: (162 MHz, CDeh) () 41.3 (s, PPh3);. 

6.4.2.6. Preparation of trans-Pt(C=CPh)l(PPhJ)2 (49) 84 

To a stirred aliquot of MeOH (15 ml), cis-Pteh(PPh3)2 (141 mg, 0.18 mmol) and 

Au(C=CPh)(PPh3)2 (200 mg, 0.36 mmol) wen~ ~dde_d l.lnder nitrogen to Jorm pale 

yellow suspension, and gradually forming to pale green precipitate. The reaction 

mixture was allowed to stir at RT for ea. 15 h, after which time it was filtered and the 
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precipitate collected and washed with acetone to give a yellow solid which 

recrystallised (CH2Cl2/hexane) to afford pale yellow crystals of the title product. (86 

mg, 59%). IR (nujol) v(C=C) 2107 cm-1.1H NMR (CDCh, 400 MHz): 8 6.26-7.83 

(m, 40H, Ar). 1PeH} NMR (CDCl3, 80.96 MHz): 8 19.7 (s + d, 1
JPtP = 2642 Hz, 

PPh3). 13CeH} NMR (CDCh, 125.7 MHz): 8 111.0 (t, Jcp - 16 Hz, Ca); 113.5 

(Cp);128.8 (Cl); 124.8 (C2), 131.1 (C3); 130.4 (C4); 127.3 (dd, 3JcPt 6Jcp- 5Hz, 

Cm); 128.1 (Cp); 131.7 (dd, 1Jcpf 4Jcp- 5Hz Ci); 135.4 (dd, 2JcPt 5Jcp- 29Hz, Co)· 

Found: C, 68.03; H, 4.44 %. Cs2H4oP2Pt requires: C, 67.75; H, 4.37 %. ES+­

MS(rnlz): 922, [M+Ht; 944, [M+Nat; [High resolution: calculated for PtCs2~1P2 

[M+Ht 922.23257; found 922.23318, PtCs2H4oP2Na [M+Nat 944.21452; found 

944.21662. Lit. 84 : IR (nujol) v(C=C) 2110 cm-1. 

~ PPh3 -o-
Me~C=C-~t-C=C ~-!J Me 

PPh3 

6.4.2.7. Preparation of trans-Pt(C=CC6H4Me)2(PPh3) 2 (50) 84 

To a stirred aliquot of MeOH (40 ml), cis-PtCh(PPh3h (200 mg, 0.25 mmol) and 

Au(C=CC6~Me)(PPh3) (291 mg, 0.51 mmol) were added under nitrogen to form 

pale yellow suspension, which gradually evolved to pale green precipitate. The 

reaction mixture was allowed to stir at RT for ea. 15 h which was filtered and the 

solid collected washed with acetone to give a pale yellow precipitate solid which was 

recrystallised (CH2Ch/MeOH) to afford pale yellow crystals of the title product. (73 

mg, 30 %). IR (nujol) v(C=C) 2106 cm-1. 1H NMR (CDCh, 400 MHz): 8 2.21 (s, 6H, 

Me), 6.19 (pseudo-d, JHH - 7 Hz, c6~), 6. 73 (pseudo-d, JHH - 7 Hz, C6H4), 7.15-

7.83 (m, 30H, PPh3). 1PeH} NMR (CDCb, 80.98 MHz): 8 19.7 (s + d, 1
JPtP = 2658 

Hz, PPh3). 13CeH} NMR (CDCh, 125.7 MHz): 8 22.4 (Me), 111.8 (t, Jcp- 16Hz, 

Ca); 113.1 (Cp);128.3 (Cl); 123.8 (C2), 131.7 (C3); 131.2 (C4); 127.4 (dd, 3 Jcpt 6Jcp 

- 5 Hz, Cm); 128.3 (Cp); 130.9 (dd, 2Jcpf 5Jcp- 29Hz, C0 ); 135.2 (dd, 1JcPt 4Jcp- 5 

Hz Ci). Found: C, 68.76; H, 4.55 %. Cs4~4P2Pt requires: C, 68.27; H, 4.67 %. ES+­

MS(rnlz): 950, [M+Ht,, 972, [M+ Nat, 982, [M+ H + MeOHt [High resolution: 

calculated for 194PtC54~5P2 [M+Ht 949.26178; found 949.26252. Lit. 84: IR,(nujol) 

v(C=C) 2106 cm-1. 
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-o- PMe3 -o-
Me C=C-~t-C=C ~-/; Me 

PMe3 

6.4.2.8. Preparation of trans-Pt(C=CC6H4Me)2(PMe3)2 (51) 

To a stirred aliquot of MeOH (15 ml), trans-PtCh(PMe3)2 ( 100 mg, 0.24 mmol) and 

Ph3Au(C=CC6H4Me)(PPh3) (275 mg, 0.48 mmol) were added under nitrogen to 

afford a pale green suspension, which was stirred at R T for ea. 15 h, filtered and 

washed with cold MeOH (3 ml) and hexane (3 ml), and recrystallised 

(CHCb/MeOH) to afford pale green crystals of the title product (93 mg, 67 %). IR 

(nujol): v(C=C) 2108 cm-1. 1H NMR (CDCh, 500 MHz): 8 1.77 (dd, 2
JpH, 

4
JPH- 4 

Hz, PMe3), 1.80 (dd, 3 
JPt-H- 30 Hz), 2.29 (s, 6H, Me), 7.03 (pseudo-d, JHH = 8 Hz, 

C6H4); 7.23 (pseudo-d, JHH = 8 Hz, C6~). 31PeH} NMR (CDCh, 80.98 MHz): 8-

19.4 (s + d, 1
Jp1p =2309Hz, PMe3). 13CeH} NMR (CDCh, 125.7 MHz): 8 15.7 (dd, 

Jcp- 20Hz, PMe3), 16.0 (d, JPt-e- 83 Hz), 21.6 (s, Me, 106.3 (t, Jcp = 15Hz, Ca); 

108.7 (Cp); 125.5 (Cl); 128.9 (C2), 131.2 (C3); 135.3 (C4). Found: C, 49.26; H, 5.56 

%. C24H32P2Pt requires: C, 49.91; H, 5.58 %. ES+-MS(rnlz): 1177, [2M + Nat; 632, 

[M + Na + MeOHt; 578, [M + Ht; [High resolution: calculated for PtP2C24H33 

[M+Ht 578.16997; found 578.17067. 

Groupll 

6.4.2.9. 

Ph3P-Cu-C=C-o-Me 

Preparation of Cu(C=CC6H4Me)(PPh3) (52) 90 

An aliquot of THF (60 ml) was rapidly stirred and treated with Cui (200 mg, 1.05 

mmol) and Au(C=CC6~Me)(PPh3) (600 mg, 1.05 mmol) under nitrogen to form a 

white suspension which gradually changed to yellow after ea. 2 h. The reaction was 

left stirring for ea. 24 hours at room temperature. The yellow suspension was filtered 

and the solid collected washed with hexane (5 ml) to give an orange solid (175 mg, 

94 %) assumed to be Cu(C=CC6~Me) [IR (nujol); 2064 cm~ 1 ]. Removal of th.e 
solvent from the filtrate afforded Aui(PPh3). A sample of Cu(C=CC6~Me) so 
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prepared (100 mg, 0.56 mmol) in EtOH (30 ml) and CH2Clz (5 ml) was treated with 

triphenylphosphine (147 mg, 0.56 mmol) to give a yellow suspension. The mixture 

was allowed to stir for ea. 12 hr before being filtered and the solid collected washed 

with a small volume of cold EtOH to give the title product, 52 as a yellow solid (lOO 

mg, 22 %). IR (nujol) v(C=C) 2016 cm-1; 1H NMR (400 MHz, CDCh) & 2.07 (s, 3H, 

Me), 5.83 (pseudo-doublet, 2H, C6H4, J ~ 8 Hz), 6.39 (pseudo-doublet, 2H, C6~. 

JHH ~8Hz), 6.78-7.56 (m, 15H, C6H5); 
13C{1H} NMR (125.7 MHz, C6D6) 2.12 (s, 

Me), 77.2, 97.6 (s, C=C), 125-136 (Ar). Lit. 90
: 1R (KBr) v(C=C) 2014 cm-1; 1H 

NMR (CDzClz): & 2.1 (s, 3H, Me), 5.9 (d, 2H, C6H4, J =8Hz), 6.4 (d, 2H, C6~, J = 

8 Hz), 6.9-7.8 (m, 15H, C6H5); 
13C{1H} NMR (C6D6): 2.12 (s, Me), 77.1, 97.5 (s, 

C=C), 124-136 (Ar). 

6.4.2.10. Preparation of Au(PMe3)2[PF6] (53) 

The suspension of Pt(Clz)(PMe3)2 (200 mg, 0.48 mmol) and Ph3P AuC=CPh (130 mg, 

0.23 mmol) and N~PF6 (78 mg, 0.48 mmol) in MeOH (15 mL) was allowed to stir 

at RT for ea. 8 hrs to give a white precipitate which then filtered, washed with a 

small qunatity of cold MeOH (3 ml) followed by hexane (3 ml) and the white solid 

was then dried in-vacuo. Crystallisation from MeCN/MeOH gave white crystals of 

the title product. (41 mg, 49 %). ES+-MS(m/z) : 721, [M+ Nat; 349, [Mt; [High 

resolution: calculated for C6H1sAuP2 [Mt 349.05439; found 349.05424. 
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Chapter 7 Conclusion and Future Work 

7.1. Conclusion 

The preparation, physical and chemical characterisation of long rigid-rod organic 

molecules with extended n-conjugated systems is of interest within the field of 

molecular electronics as such systems are thought to have potential to act as 

"molecular wires". In this thesis, oligo-phenylene ethynylene compounds, 

specifically tolan and 1,4-bis(phenyl ethynyl)benzene derivatives, have been 

prepared, characterised and used in the preparation of metal complexes. The tolans 

contain either donor and acceptor groups, and the transmission of this electronic 

information from one end of the tolan to the metal centre located at the other has 

been investigated. 

Auration of these ligands afforded the gold(!) oligo-phenyelene ethynylene 

complexes in good yields. The solid-state structures of these gold(!) complexes were 

determined, revealing that the bulkiness of the phosphine supporting ligands bound 

to the gold centre prevents aurophilic interactions between molecules; however, in 

some molecules there are various 7t-7t and C-H .. 1t interactions between the organic 

ligands. 

The electrochemical properties of ruthenium acetylide complexes featuring simple 

phenyl, tolan, oligo-phenylene ethynylene moieties have been described. It may be 

concluded that in the case of simple phenyl derivatives the frontier orbitals contain 

appreciable metal character, which in the case of the HOMO is also admixed with the 

ethynyl and aromatic 1t system. However, in the case of the ethynyl anthracene, the 

frontier orbitals are largely localised on the anthracene moiety. The characteristics of 

the simple phenyl derivatives are quite similar to those of the tolan and and the 

extended "three-ring" derivatives. There is little to suggest that the extended 

phenylene ethynylene system is a suitable bridging moiety for promoting electronic 

interactions between metal centres located at the ligand termini. In addition, it can be 
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noted that there is little if any, influences of the donor or acceptor groups on the 

electronic properties of these system. 

The rich coordination chemistry of C=CH groups to clusters offer an attractive entry 

point for further development of the clusters as surface model in molecular 

electronics and both the terminal alkynes tolans and the analogous gold tolan 

complexes have been used in the preparation of tolans bearing heterometallic cluster 

end-caps. Several clusters of the triruthenium carbonyl systems have been prepared 

and the photophysical characterisation of these clusters revealed that there is a 

mixing of the electronic states between the cluster and phenylene ethynylene 

moieties in the excited state. In the electrochemical studies, the phenylene ethylene 

moieties does not act as a particularly efficient conduit to p~rmit the passage of the 

electronic effect of either the electron donating or withdrawing groups to cluster 

core. 

The readily available gold acetylide complexes Au(C=CR)(PL3) (L = Ph, Cy) have 

been used in a novel route to the preparation of several inorganic and organometallic 

acetylide compounds M(C=CR)Ln [M = metal, Ln = supporting ligands]. Simple 

reactions to investigate the mechanism involved in the reaction also have been 

carried out. The absence of any detectable protio-vinylidene in the reaction suggests 

that the transmetallation proceeds perhaps via a transient gold vinylidene 

[Ru(C=C(AuPR3)R(dppe)Cp*t with the position of the equilibrium being solvent I 

proton dependent. The role of free AuCl(PPh3) in the reaction is interesting, but 

clearly more work remains to be done to elucidate the mechanism of this process. 

7.2. Future Work 

The work carried out in this thesis has been concerned with aspects of the synthesis, 

physical structures and electronic structures of oligophenylene ethynylene 

complexes. The combination of phenylene based spacers within the n-conjugated 

"wire'' and ruthenium centres does not appear suitable developing "molecular wi~es" 

with extended, delocalised d-7t electronic structures. In order to tune the properties 
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and promote "wire-like" behaviour within ruthenium-based wtres, it may be 

beneficial to explore the greater use of anthrylene moieties within the ligand 

structure with a view to promoting longer-range, electron transfer via hopping 

mechanisms. Interestingly, whilst numerous organic polymers containing anthracene 

moieties are known, there are, to the best of the author's knowledge, only a very 

limited number of M-C=C-Anth-C=C-M systems, and to date no examples of M­

C=C-Anth-C=C-Anth-C=C-Anth-C=C-M based complexes are known. Comparisons 

of the electronic structures of such systems with those of the analogous phenylene 

complexes would likely repay investigation. A considerable amount of interest in the 

organic 1 ,4-bis(phenylene )ethylene system arises from the fluoresecent behaviour of 

these compounds, which may serve both as a probe of molecular structure in the 

ground and excited states and as a molecular property which might be exploited in 

devices, such as OLEDs. Given the highly fluorescent nature of the anthracene 

moiety, and the redox chemistry that can be expected from metal complexes of 

ethynyl anthrancenes, investigations of the redox-switchable fluorescent properties of 

ruthenium acetylide complexes featuring anthracene moieties could also be 

profitable. 

One of the major challenges in molecular electronics is the self-organisation of 

molecular materials onto, or in close proximity to, solid state electrode surfaces. 

With a view to exploiting both the 7t-7t interactions that can occur between 

oligo(phenylene ethynylene) moieties in the solid state and the aurophilic 

interactions well-known for gold, the preparation of new series of gold(l) complexes 

featuring AuPMe3, AuNCR and AuCN-Ar end-caps with reduced steric bulk at the 

Au centres should be undertaken. The reduced bulk at the gold centres could allow 

Au ... Au interactions and by exploiting the aurophiclic interactions together with the 

organic 7t-7t type interactions, supramolecular assembly of phenylene ethynylenes on 

what would amount to a mono-layer of gold can be explored. In addition, the linear­

(AuC=C)- moiety makes this fragment an attractive candidate to prepare multilayer 

Langmuir-Blodgett films of phe~~l:ne ethynylene de~vatives molecules that co~~ct 

not only to the LB substrate but also to each other by various intermolecular 

interactions. Thus these 'aggregation' suitably functionalised to allow the assembly 
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of multi-nanometre long molecules onto metallic or semi conducting on metal 

surfaces. 

In general terms, transmetallation reactions are well-known and increasingly 

important in the area of transition metals in organic synthesis. The demonstration of 

successful and simple transmetallation reactions in Chapter 6, has provided an 

opportunity to explore a wide range of novel chemistry. For example, gold catalysis 

is becoming a topic of a considerable body of interest. The development of 

transmetallation pathways from gold(!) acetylides hints at opportunities for further 

investigation. Taking advantage of readily prepared gold complexes, further studies 

could include development of simple cross-coupling protocol based upon the formal 

elimination of AuX(PR3) during the Pd!Cu catalysed cross-coupling an 

organometallic complexes. Bruce has indicated some of these reactions proceed 

using readily isolable [(Ph3P)Au-{C=C}n-Au(PPh3)], which are not stable as either 

the terminal or Cu(l) derivatives. Such a useful cross-coupling approach promises 

much in the preparation of not only metal complexes featuring "all-carbon" ligands 

but also in the preparation of highly conjugated organic compounds. 

Finally, it should be noted that the nature of the metal-molecule junction is not fully 

understood and the role of the metal-molecule contact on the properties of molecular 

electronic devices not yet completely described. Longer term goals could centre on 

an extension of the cluster-surface analogy with a view to better understanding this 

vital contact. 
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----------------------------------.......... 
Appendix. Compounds Numbering Scheme 

Me3Si~c~c-oc=c~R 

R = Me (1 ), OMe (2), C02Me (3), N02 (4), CN (5) 

R = Me (6), OMe (7), C02Me {8), N02 (9), CN (1 0) 

Me3Si-c=c-oc=c-oc=c-oc=c-siMe3 

{11) 

(12) 

OMe 

Me,s;-c~c-oc~c--.p-c~c-oc=c-s;Me, 
M eO 

(13) 

OMe 

Hc~c-<::f-c~c--.p-c~c-<::f-c=cH 
MeO (14) 

R =Me {15), OMe {16), C02Me (17), N02 (18), CN {19) 

R = Me (20), OMe (21 ), N02 {22) 

Ph3PAu-c=c-<::f-c=c-<::f-c=c-<::f-c=c-AuPPh3 
(23) 
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Appendix. Compounds Numbering Scheme (cont.) 

OMe 

Ph,PAu-c=c-0-c=c--P--c=c-o-c=c-AuPPh3 

MeO (24) 

p-0--0-Ph p ... ~u·C=C ~ !/ C=C ~ !/ R 
3 PPh3 

R = Me (25), OMe (26), C02Me (27), N02 (28) 

~=cQ-c=C-SiMe3 2
(,PPh2 

(29) 

~o-_/\_ 
Ph p-~u-C=C ~ !/ C=C~R 2(,PPh2 -

R = Me (30), OMe (31 ), C02 Me (32), N02 (33) 

~=c-Q 2
(,PPh2 

(Ru1b) 

-------------.------------ ----~----- _....:...:...... _____ . _.:_. __ _ 
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Appendix. Compounds Numbering Scheme (cont.) 

P-o Ph p" ~u·C=C ~ ;) Me 
3 PPh3 

(Ru2a) 

p-g _.Ru·C=C ~ ;) 
Ph3P PPh3 

(Ru3a) ~ 0 

?-
Ph p·~u-C=C 

2~PPh2 
(Ru4a) (Ru4b) 

R = Me (36) , C02Me (37) 

R =Me (38), OMe (39), C02Me (40), N02 (41), CN (42) 
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Appendix. Compounds Numbering Scheme (cont.) 

~Ec-Q 
2
(.,PPh2 

(46) 

-~~ --=-----------_····~--=-----;_____::_.:.._______ ·--·---- ------ -------

(49) 

Me-o-c=c-~:-~=c-0-Me 
PPh3 

(50) 

Me-o-C=C-~t~~~C-o-Me 
PMe3 

(51) 

Ph3P-Cu-C=C-o-Me 

(52) 

(53) 
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