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AA BSTRACTBSTRACT   
This thesis describes various synthetic approaches toward the synthesis of highly 

conjugated complexes incorporating multiple transition metal centres. Particular 

attention is given to the synthesis of mononuclear complexes that allow for the facile 

assembly of discrete oligo- and poly-nuclear complexes in a controlled, stepwise 

fashion. Conjugated multi-metallic materials are of interest on account of their unique 

photophysical and electronic properties, with a particular emphasis on elucidating the 

nature of intramolecular communication between multiple metal centres. Chapter 1 

provides a survey of these topics and current research efforts in the field. 

Chapter 2 describes the synthesis of Group-VIII allenylidene complexes 

incorporating a terminal bipyridyl moiety that provides a site for further coordination. 

The new compound 9-hydroxy-9-ethynyl-4,5-diazafluorene was synthesised, and 

reaction of this proligand with a coordinatively unsaturated metal fragment yields the 

allenylidene complexes [MCl(P∩P)2=C=C=(4,5-diazafluoren-9-yl)]PF6 (M = Ru, P∩P 

= dppm, dppe, dmpe; M = Os, P∩P = dppm) and [CpRu(dppe)=C=C=(4,5-diazafluoren-

9-yl)]PF6. The dmpe-ligated complex is particularly susceptible to decomposition, 

though it was possible to obtain partial spectroscopic characterisation in addition to a 

single-crystal X-ray structural determination. The remaining allenylidene complexes are 

stable compounds readily characterised by standard spectroscopic and electrochemical 

means, with the bis(diphosphine) complexes characterised by single crystal X-ray 

structural determinations. 

Through external collaborations the dppm and dppe ligated ruthenium 

complexes have additionally been subjected to UV-Vis/IR spectroelectrochemistry to 

probe the effects of varying the electronic structure of the complexes. In-depth DFT 

calculations were also performed on the dppm ligated complex, and a simplified 

bis(dimethylphosphino)methane derivative, in multiple charge states, to correlate the 

spectroscopic experiments with anticipated structural changes. 

Chapter 3 focuses on attempts to form multinuclear coordination complexes 

incorporating the diazafluorenyl derived allenylidene ligand. Reactions of 

[RuCl(dppm)2=C=C=(4,5-diazafluoren-9-yl)]PF6 with a variety of simple solvato 

complexes of first-row metals proved unsuccessful, leading generally to the recovery of 

starting materials under mild conditions or else affording significant decomposition 

under more forcing conditions. Reactions with [M(CO)6] (M = Cr, Mo) under a variety 



 

of conditions showed evidence of successful coordination, though reaction products 

were highly impure and not amenable to purification nor conclusive characterisation. 

Reaction with [PdCl2(MeCN)2] yielded a product consistent with the target 

heterobimetallic complex, though characterisation of the product was not conclusive. 

Consequent of the difficulties encountered in forming coordination complexes 

with the allenylidene complex, an alternate synthetic strategy was investigated wherein 

a diimmine-chelated complex of the diazafluorenyl alkynol was isolated prior to 

formation of the allenylidene moiety. In this vein complexes of the alkynol ligated to 

[RuCl(η6-p-cymene)]+ and [Ru(bpy)3-n]2+ (n = 1 – 3) fragments were synthesised and 

fully characterised by spectroscopic and electrochemical techniques in addition to 

single-crystal X-ray structural determinations. Coordination to a [RuCl2(CO)2] fragment 

was also successful, though the insolubility of the product impeded full characterisation. 

Reactions of [Ru(bpy)2(κ2-N,N'-{9-hydroxy-9-ethynyl-4,5-diazafluorene})](PF6)2 and 

[RuCl(η6-p-cymene)(κ2-N,N'-{9-hydroxy-9-ethynyl-4,5-diazafluorene})](PF6) with the 

[RuCl(dppm)2]+ fragment consequently afforded two homobimetallic allenylidene 

complexes fully characterised by spectroscopic and electrochemical techniques. 

Chapter 4 describes attempts at the synthesis of bis(diphosphine)ruthenium(II) 

σ-alkynyl complexes incorporating a terminal bipyridyl moiety, 

[Ru(P∩P)2(Cl)2-n(C≡C–bpy)n] (n = 1 or 2; P∩P = dppm, dppe). Syntheses were 

complicated by the basicity of the 5-ethynyl-2,2'-bipyridine proligand, with initial 

attempts affording inseparable product mixtures of the mono- and bis-alkynyl 

complexes under a variety of synthetic conditions and separatory procedures. The 

mono-alkynyl complexes were successfully synthesised by adopting a two-step 

methodology mediated by AgPF6, however a direct synthesis of the bis-alkynyl 

complexes remains elusive. 

Attempts to synthesise the asymmetric bis-alkynyl complex [Ru(dppm)2(C≡C–

Ph)(C≡C–bpy)] from the phenylacetylide precursor yielded a complex mixture of 

ligand-scrambling products. The mixture was not readily separated, though a single-

crystal X-ray structural determination of the target complex was undertaken. The 

distribution of products is indicative that lability of the bipyridylacetylide moiety may 

be the cause of synthetic issues encountered in attempts to synthesise the symmetric bis-

alkynyl derivatives. The utility of the σ-alkynyl complexes as precursors to 

multimetallic coordination complexes is evinced by the facile synthesis of the 

heterobimetallic complex [RuCl(dppe)2(C≡C–bpy-κ2-N,N'-PdCl2)]. Coordination of the 



 

palladium centre is readily evident by infrared or UV-Vis spectroscopy, and marked 

changes relative to the uncoordinated bipyridylacetylide precursor are also exhibited in 

cyclic voltammograms and the solid-state structure. 

Chapter 5 describes the synthesis of ruthenium(II) complexes with allenylidene 

ligands incorporating a thienyl moiety. The compound 1,1-di(2-thienyl)-prop-2-yn-1-ol 

was prepared by an improvement of the literature procedure, and readily yielded the 

allenylidene complex [CpRu(dppe)=C=C=C(2-thienyl)2]PF6 under standard conditions. 

Reactions of the proligand with [RuCl(P∩P)2]+ (P∩P = dppm, dppe) led to the isolation 

of a product spectroscopically consistent with the formation of the target cationic 

allenylidene complexes, though the complexes were not readily purified and the identity 

of the accompanying anion was not elucidated. The new compound 4-hydroxy-4-

ethynyl-cyclopentadithiophene was also prepared, though the compound was found to 

be highly unstable and susceptible to rapid decomposition. The derived allenylidene 

complexes [RuCl(P∩P)2=C=C=(4-cyclopentadithiophene)]PF6 (P∩P = dppm, dppe) 

were isolated in a pure form and the complexes stable toward spontaneous 

decomposition. 

The thienyl-derived allenylidene complexes were characterised by spectroscopic 

and electrochemical techniques, with a single-crystal X-ray structural determination 

undertaken for [RuCl(dppm)2=C=C=(4-cyclopentaditiophene)]PF6. Electrochemical 

properties are significantly different between the complexes, and also show significant 

variation between electrodes and solvents. The terminal thienyl substituents are 

electroactive and show one or two oxidation processes consistent with oligomerisation 

of the thienyl moiety in dichloromethane solvent, and in acetonitrile solvent cyclic 

voltammograms are consistent with the deposition of  an electroactive film on the 

electrode surface. The electro-polymerisation of the thienylallenylidene complexes 

offers a promising new route toward multi-metallic allenylidene complexes. 
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General 
 
bpy 2,2'-bipyridine 
Bun n-butyl 
COD 1,5-cyclooctadiene 
Cp η5-C5H5 
Cp* η5-C5Me5 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
dippe 1,2-bis(di-iso-propylphosphino)ethane 
dmpe 1,2-bis(dimethylphosphino)ethane 
dppe 1,2-bis(diphenylphosphino)ethane 
dppf 1,1'-bis(diphenylphosphino)ferrocene 
dppm bis(diphenylphosphino)methane 
dtbpy 4,4'-di(tert-butyl)-2,2'-bipyridine 
Fc ferrocenyl, 1-(C5H4)-η5-Fe-η5-(C5H5) 
Ind indenyl, η5-C9H7 
Me methyl 
Mes mesityl, 1-(2,4,6-trimethyl)-benzene 
OTf– triflate, CF3OSO2

– 
OTs– tosylate, Me-C6H4-OSO2

– 
p-cymene 2-(4-tolyl)-propane, C10H14 
Ph phenyl 
phen 1,10-phenanthroline 
Pri iso-propyl 
Prn n-propyl 
thf tetrahydrofuran 
TLC thin-layer chromatography 
  
NMR spectroscopy 
 
COSY Correlation Spectroscopy 
HMBC Heteronuclear Multiple Bond Spectroscopy 
HSQC Heteronuclear Single Quantum Coherence 
NOESY Nuclear Overhauser Effect Spectroscopy 
s singlet 
d doublet 
t triplet 
dd doublet-of-doublets 
m multiplet 
br broad 
  
Mass Spectrometry 
 
ESI Electro-Spray Ionisation 
FAB Fast-Atom-Bombardment 
HR High Resolution 
NOBA 3-nitrobenzyl alcohol 
 



 

Infrared Spectroscopy 
 
br broad 
m medium 
s strong 
vs very strong 
w weak 
 
Electrochemistry 
 
CV Cyclic Voltammogram 
DPV Differential Pulse Voltammetry 
Eox Electrode potential of an oxidation process 
Ered Electrode potential of a reduction process 
SCE Standard Calomel Electrode 
ΔE Peak separation (= Eox – Ered) 
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Electronics 
the control of electrons to produce useful properties 

Electronic Materials 
the media in which this manipulation takes place 
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1.11.1   The The AdventAdvent  of  Molecular Electronics. of  Molecular Electronics.   

The invention of the transistor in the late 1940’s revolutionised the electronic 

industry and spearheaded research that resulted in the development of innumerable de-

vices that now influence everyday life in the western world: personal computers, medi-

cal imaging equipment, satellite navigation, fibre-optic telecommunications, flat-screen 

display technologies, motion-sensing security alarms, point-of-sale barcode scanners, to 

name but a few examples. Though the physical dimensions of electronic devices span 

several orders of magnitude, the transistor and accompanying integrated circuit technol-

ogy used in the fabrication of such devices have shrunk exponentially with time and 

state-of-the-art components now operate near the nanometer scale. This very miniaturi-

sation, and the consequent increase in computational power, has acted as the driving 

force behind the diversity of applications in which electronic components play an intrin-

sic role. Based on semiconducting inorganic materials, predominantly doped silicon and 

gallium or derived alloys, the miniaturisation of electronic components derived from 

these materials is nevertheless reaching a recognised physical limit:1 at or around the 

nanometer scale the electronic band structure fundamental to the operation of the com-

ponent is disrupted and the material ceases to act as a semiconductor.2 The chemical 

structure that imparts unique electronic properties on these materials at larger dimen-

sions prevents those same properties at smaller dimensions, and consequently it be-

comes necessary to develop a fundamentally new approach to the fabrication of elec-

tronic materials: hence the advent of Molecular Electronics. 

 
Figure 1. Schematic representation of the interrelationship between the fields of electronics discussed in 

text (image adapted from reference [3]). 

The fundamental principle underpinning this field, from its origins4 in the 1970's 

to today, is research devoted to the synthesis of molecular materials capable of directly 

replacing conventional circuitry components: wires, resistors, diodes (rectifiers), 

switches (gates), logic circuits, memory cells, etc.5-11 Specifically, the term molecular 

scale electronics involves the application of individual molecules, or small groups of 

molecules, to these electronic applications. The emerging field of plastic electronics 

which utilises the unique electronic and optoelectronic properties of these molecules, 

incorporated into polymers, has emerged in parallel to molecular scale electronics. Here 
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the emphasis and focus is on the bulk scale materials and their fabrication into organic 

light emitting diodes, photovoltaic devices, chemical sensors and flexible circuitry 

amongst a host of other applications.7,10 The two approaches are complementary and 

both rely on an understanding of the fundamental structure-property relationships that 

are operating in their respective systems. 

1.21.2   Molecular Wires.Molecular Wires.   

The most fundamental operation in an electronic circuit is the transport of 

charge between components of the circuit, and as such a significant body of research 

has emerged in the quest to develop a molecular wire: an individual molecule exhibiting 

the ability to transport electrons (or holes) between two (or more) reservoirs by a path-

way that is more efficient than charge transport through space.12 In organic molecular 

systems this pathway is provided, at the simplest level, by π-conjugation. The overlap of 

two individual p-atomic orbitals results in the formation of two molecular orbitals: a π 

bonding and π* anti-bonding orbital. In molecules exhibiting extended conjugation the 

energy levels of these molecular orbitals are very close, although not identical, between 

neighbouring π-systems, leading to the formation of a delocalised system. In analogy to 

conventional electronics the combination of energetically similar π-orbitals may be con-

sidered the valence band, filled in the ground state, whilst the delocalised π* anti-

bonding orbitals form the (unfilled) conduction band (Figure 2). Charge transfer may 

then occur by movement of electrons through the conduction (π*) band or via hole 

transport through the valence (π) band, and such delocalised systems exhibit semicon-

ductor properties as a result of the (π*  π) band-gap.10 
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Figure 2. Schematic depiction representing the evolution of delocalised band structure in highly conju-

gated π-systems. 

This model of charge transport in conjugated systems was most elegantly il-

lustrated in 1977 when it was shown that the neutral form of poly(acetylene) is rendered 

conductive when doped with a halide, a result that lead to the award of the Chemistry 

Nobel Prize in 2000.13,14 The halide oxidises the polymer to a radical cation, which can 
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be viewed as the removal of an electron from the valence (π) band, providing a pathway 

for hole (positive charge) conduction (p-doping). Similarly poly(acetylene) may be re-

duced by an alkali metal through addition of an electron to the conducting (π*) band, 

whereby conduction proceeds by electron transport (n-doping) (Figure 3). This mode of 

soliton conduction has been studied in detail by theoretical methods.15,16 

I2

I3
–

Na

Na+

 
Figure 3. Examples of oxidative (upper) and reductive (lower) doping of poly(acetylene). 

However, in bulk solutions numerous additional factors influence the conduc-

tivity of the polymer, most notably “charge hopping” between polymer chains or across 

saturated “defects” in the polymer chain.10 Though the conductivity of doped 

poly(acetylene) has been reported to reach values rivalling that of copper wire,16 the 

conducting forms are extremely sensitive to air and moisture thus limiting any practical 

application.17 Nevertheless, significant effort has been invested in studying the conduc-

tive properties of poly(acetylene) (see for example Synth. Met., 1989, 28 (3)), and a host 

of other highly conjugated polymers derived from aromatic and heterocyclic precursors. 

These have been prepared, largely, in an attempt to overcome the limitations of 

poly(acetylene) (Figure 4).18 
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(thiophene)

poly
(pyrrole)

poly
(aniline)

poly
(styrene)  

Figure 4. Examples of conjugated polymers of interest as an alternative to poly(acetylene). 

The application of conjugated (conducting) polymers as molecular wires is, un-

fortunately, faced with the same synthetic hurdle inherent to all polymeric systems – a 

lack of precise control over size, structure and/or morphology of the resulting material 

(though a number of approaches have emerged in an attempt to address these prob-

lems).19 Electrical conduction in the bulk polymer solution (or thin film) involves both 

conduction through the chain and also via through-space charge transfer between indi-

vidual chains, both of which are affected by a morphology which frequently resembles a 

random distribution of entwined and overlapping polymer strands.10 The result of this 
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poor structural control is that conducting polymers generally exhibit very poor charge 

mobility, a measure of the additional velocity at which the charge carrier (hole or elec-

tron) moves through the material on account of the applied electric field, and are there-

fore impractical for the majority of high-speed electronic applications.10,20 Additionally 

these polymeric systems fail to address the nanoscale size requirements of a true mo-

lecular wire, with the polymeric solutions or films investigated for conductive proper-

ties typically operating at or above the physical dimensions already accessible by con-

ventional electronics. 

In strict terms then, a true molecular wire is defined as “a single molecule that 

forms an electrically conducting bridge between a pair of metallic contacts”.21 The de-

sign of an experiment capable of directly probing the conductivity of a single molecule 

is clearly not a trivial exercise, and techniques capable of performing such measure-

ments have only recently developed. Initial experiments focused on the self-assembly of 

monolayers22 or Langmuir-Blodgett films23 of thiolate species on a gold surface, fol-

lowed by the introduction of an additional metal surface above the absorbed molecules 

to effectively create a metal/molecule/metal sandwich (Figure 5). Conduction through 

these heterostructures is then readily determined from current-voltage measurements by 

application of a bias across the monolayer. In addition to the information on basic con-

ductivity, these first experiments afforded insights into the effect of temperature-

induced variances in molecular conformation on the conductivity of the monolayers, 

and also allowed a determination of the contact barrier between the molecule and metal-

lic surface.8 The influence of changing the metal surfaces in contact with the SAM has 

also been probed by Raman spectroscopy and correlated to the measured conductance 

values.24 
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Figure 5. Schematic depiction for the formation of a metal/monolayer/metal heterostructure, through 

which conduction is readily measured by application of a bias between the upper and lower electrodes. 
The SAM consists of ca. 1000 molecules across a 30 nm diameter region on the gold surface (see refer-

ence [22]). 
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On account of the monolayer structure these experiments afford only an aver-

aged indication of the conductance through a single molecule, and the technique was 

soon refined by incorporating the conjugated molecule (molecular wire) to be probed 

within an insulating alkanthiolate SAM. Under these conditions the molecular wire was 

found to self-assemble only at step edges and structural domain boundaries of the 

SAM/Au surface, thereby providing isolated molecules of the ‘wire’ embedded within 

an insulating matrix (Figure 6). Scanning Tunnelling Microscopy (STM) was intro-

duced to replace the upper electrode of the sandwich experiments, and, with the im-

proved spatial resolution afforded by the STM tip, it was possible to qualitatively pick 

out single molecules and bundles (less than ten molecules) of the conducting mol-

ecule.25 This experiment was further refined by the application of microscopy tech-

niques which allowed the programmed placement of conducting molecules within the 

alkanethiol SAM.26 The introduction of STM to the measurement of single-molecule 

conduction has subsequently been applied to graphenes,27 carbon nanotubes28 and a 

variety of thiolate molecules.29-34 The related technique of Atomic Force Microscopy 

(AFM) has more recently been applied to investigate SAMs of single- and double-

stranded DNA35 and organometallic complexes.36 

SS SSSS SS S S S

Grain Boundary

Au

 
Figure 6. Depiction of a molecular wire selectively assembled at the grain boundary of an existing alkan-

ethiolate SAM on a gold surface. 

The qualitative picture of conductivity developed by the scanning probe micros-

copy techniques has been improved to provide quantitative information about the con-

ductance through a single molecule by the break junction technique.37 The experimental 

apparatus is depicted schematically in Figure 7(I), with a representation of the break-
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junction process in Figure 7(II). Two gold wires (A) are immersed in a solution of the 

molecular wire that is mounted on a silicon “bending beam”, and the molecules allowed 

to self-assemble on the gold surface (B). The wires are subsequently stretched in solu-

tion until they break, resulting in the formation of atomically-sharp gold contacts facing 

directly toward one another (C). The silicon bending beam initially in an extended posi-

tion is then relaxed back toward a linear orientation, via fine manipulation of the sup-

porting piezoelement, thereby gradually bringing the two gold contacts into proximity 

(D). The probable chemical environment of the molecular wire, in this case 1,4-

benzenedithiolate, is depicted in Figure 7(III), the formation of disulfides excluded on 

account of the strictly anaerobic environment in which the experiments were conducted. 

Using this technique it was possible to determine conductivity, resistance and capaci-

tance parameters for a single molecule of the molecular wire.38 The single-molecule 

conductance of several conjugated organic molecules has since been determined by this 

technique,39-41 and a variation thereof.42,43  

 
Figure 7. (I) Schematic of the experimental apparatus; (II) Formation of the SAM/Au break-junction; 

(III) The proposed chemical environment of the single-molecule molecular wire (images from references 
[8] and [38]). 

These single-molecule-conductance techniques are undeniably elegant in design, 

and have proven successful in the aim of determining the electrical conduction proper-

ties of a single, isolated molecule.5 A number of important questions still remain un-
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answered though, as highlighted recently (Faraday Discussions, 2006, 131), the most 

important of these being the structural and electronic properties of the active, conduct-

ing species. Although these direct-measurement techniques allow the limited incorpora-

tion of additional probing techniques to obtain such information, such as Raman spec-

troscopy of the monolayers24 or STM-electrochemistry,42 the conductance-measurement 

techniques on the whole are only applicable to linear, planar molecules capable of self-

assembly on a metallic substrate. In order to elucidate the exact mechanism of charge 

transport and conductance in a discrete molecular system, conductance measurements 

must be undertaken on a broad variety of molecules in parallel to spectroscopic studies 

of the “active” conducting state. To this end a number of molecular systems have been 

proposed as suitable model compounds for molecular wire systems,12 and molecular 

electronics in general. Some examples of these include carbon nanotubes,44,45 nanopar-

ticle assemblies,46 graphenes,47 DNA fragments,48 conjugated oligomers49,50 and a host 

of metal-organic complexes.51-57 

1.31.3   Multinuclear Organometallic and Coordination CoMultinuclear Organometallic and Coordination Co m-m-
plexes As Model  Complexes.plexes As Model  Complexes.   

The development of model systems for molecular electronics by the incorpora-

tion of redox-active metal centres into conjugated organic molecules is a logical ap-

proach, as it immediately obviates the need for attachment of the organic fragment to 

external electrodes in order to probe conduction properties.12,53 A typical multinuclear 

coordination complex applicable to the study of molecular electronic systems consists 

of three distinct moieties: a donor (D), bridge (B) and acceptor (A), whereby charge is 

injected at D and transported through B to A (Figure 8). In the most relevant context, 

the donor and acceptor sites are metal complexes spanned by some form of unsaturated 

organic bridge. Careful selection of the D-B-A molecule to allow facile modification of 

the independent subunits would allow for the comparison of electronic properties be-

tween a series of related complexes, thereby making it possible to elucidate the influ-

ence of particular structural features on the electronic properties of the complex as a 

whole. Utilising the well-developed synthetic principles of organometallic and coordi-

nation chemistry, it becomes evident that a number of structural motifs may be concep-

tualised for such an application, as depicted below in Figure 8. 
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Figure 8. Depiction of the Donor-Bridge-Acceptor moiety and some representative structural motifs 

(note that the donor and acceptor moieties may be identical or differentiated). 

In order to rationally design a multinuclear transition metal complex that exhib-

its electronic communication between the metal sites, an understanding of the factors 

influencing such interactions is necessary. The exact mechanism of charge transfer be-

tween the donor and acceptor sites is system dependant, predominantly affected by the 

extent of energy-matching between the donor and acceptor orbitals and those of the 

bridge, with three main conceptual pathways most relevant: solitonic conduction (as 

described above for doped poly(acetylene)); charge hopping; and, superexchange 

(Figure 9).53 Solitonic conduction is prevalent in systems for which the HOMO and 

LUMO are strongly delocalised across the D-B-A molecule, i.e. in systems where the 

energy of the bridge is very well matched to the terminal sites. Alternately a superex-

change pathway is prevalent in complexes which have a relatively large D/B and B/A 

energy gap, and proceeds by rapid stepwise transfer of charge between individual mo-

lecular orbitals of the bridge moiety toward the acceptor.58 This may also be concep-

tualised as a mixing of the individual electronic states of D, B and A to create a virtual 

orbital that allows coherent tunnelling through the bridge.53,59 The charge hopping 

mechanism is a special case of superexchange occurring in cases where the individual 

molecular orbitals of the bridge moiety are of similar energy but only weakly coupled. 

In these circumstances the transfer of charge from D to B leads to a series of random 

charge transfer events between individual orbitals on the bridge, prior to the (random) 

eventual transfer to A. The distinction between the pathways is clearly not absolute, and 

an example has been reported in which there is spectroscopic evidence to imply that 

both a superexchange and charge-hopping pathway are operating simultaneously.60 
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Figure 9. Schematic depiction of the charge-transfer pathways common to metal-organic D-B-A com-

plexes. 

Clearly of most importance to molecular electronic applications are those mol-

ecules for which the injection of charge results in significant coupling between the 

donor and acceptor termini. This notion is synonymous with the field of mixed valent 

transition metal complexes, a concept that has been recognised since the early twentieth 

century61 but was most notably popularised by studies of the Creutz-Taube ion 

[(NH3)5Ru(µ-pyrazine)Ru(NH3)5]5+ during the late 1970’s.62-64 The fundamental prem-

ise of this field is that for certain multinuclear complexes it is not possible to formally 

assign an integral value to the oxidation state of at least one element; that is, an element 

formally exists in multiple oxidation states. The degree to which this non-integral 

charge is distributed amongst the metal centres is then determined by the extent of elec-

tronic interaction, the magnitude of the latter allowing a categorisation of the complexes 

according to the Robin and Day classification scheme.61 The simplest interpretation of 

this scheme, as it relates to a symmetrical binuclear complex, is depicted below in 

Figure 10. Class-I complexes exhibit negligible electronic coupling between the remote 

metal centres, corresponding to the existence of independent, valence-localised elec-

tronic isomers (Figure 10a). Alternatively, Class-III complexes exhibit strong com-

munication between the metal centres and exist in a charge-delocalised state, with rapid 

electron transfer between the remote sites making the individual electronic isomers in-

distinguishable (Figure 10c). Class-II complexes are intermediate between these two 

extremes, whereby the degeneracy of the valence-localised states is removed by some 

degree of interaction (Figure 10b). The electronic states may interchange via thermal 
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(Eth) or optical (hv) activation of charge transfer through the bridge, in the ground or 

vibronically excited state ([M1
IIIM2

II]*) respectively.65 A variety of theoretical ap-

proaches have also emerged to analyse the properties of mixed-valence complexes, 

most notably the Hush,66 PKS67 and CNS68 approaches, their applicability determined 

by the extent of coupling present in the system. Not all compounds are clearly categor-

ised by the Robin and Day schemes, and there is significant interest in the study of 

complexes that exhibit behaviour intermediate between the Class-II and Class-III classi-

fication.69 It must also be noted that the application of the Robin and Day scheme to 

complexes with three or more metal centres is often problematic, complexities arising 

due to competing and/or overlapping interactions between the individual centres.70 

 
Figure 10. Schematic (upper) and potential-energy surface (lower) depictions of the Robin and Day 

classification scheme, applied in this example to the oxidised form of a symmetrical binuclear complex 
such as the Creutz-Taube ion. Dotted curves of the potential energy surface correspond to the valence-

localised isomers depicted in the upper schematic (image adapted from reference [65]). 

The observation of mixed-valency in transition metal complexes requires initial 

charge-injection into the D-B-A molecule, with the precursor ‘activated’ by photo-

chemical excitation or by a direct chemical redox process. In either case this activation 

process involves the promotion of an electron from the molecule HOMO or HOMO-1 

to the LUMO, and electronic communication proceeds via electron (or hole) transport. 

In the case of photophysical excitation, the mixed-valent state (generally a triplet) is 

readily probed by photoelectron or luminescence spectroscopy, and various kinetic data 

regarding energy and electron transfer mechanisms are calculable.54,71-73 Activation by 

oxidation (hole injection) or reduction (electron injection) is nevertheless preferable, as 
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the ‘active’ species has a longer lifetime that is more amenable to characterisation. For 

particularly stable species it becomes possible to synthetically isolate the complex, 

which may then be characterised by standard spectroscopic techniques. Bonding param-

eters from X-ray crystallographic structural determinations are particularly relevant in 

this context. Generally speaking though, the active species are unstable toward isolation 

and are instead characterised in-situ. 

In the first instance the degree of metal-metal interaction may be inferred from 

electrochemical experiments, by comparison of the potential values for a specific redox 

process between an otherwise identical mono- and multinuclear complex. In a system 

with negligible metal-metal interaction the potential at which a given redox process 

takes place remains essentially unchanged between the mono- and multinuclear deriva-

tives. However, for a system that does exhibit metal-metal interaction, a particular redox 

process will exhibit significantly different potential values between the mono- and 

multinuclear complexes. The difference in potential is observed as the change in elec-

tron density at one metal site is transmitted through the bridge and alters the electronic 

environment of the additional redox site, and is exemplified by the series of complexes 

depicted in Figure 11.74  

 
Figure 11. Cyclic voltammograms of the three species (A) – (C), depicting the respective redox couples. 
The difference in potential between the mono- and bi-metallic complexes is interpreted to imply an inter-

action between the metal centres, in this case investigation by spectroscopic techniques suggesting a 
Class-II mixed-valence character for the bimetallic complex (A) (image adapted from reference [74]). 

The magnitude of the interaction between metal centres can be related to the ex-

perimentally-determined comproportionation equilibrium constant, KC, the tendency for 

a mixed-valent state to revert to the corresponding oxidised and reduced states (eg. 

2[RuII½RuII½] ↔ [RuIIRuII] + [RuIIIRuIII]), where larger values of KC imply a stronger 

interaction. This is often an unreliable quantification though, as the parameter is sensi-

tive to magnetic, solvation and ion-pairing effects, particularly for complexes that 

undergo substantial redox-promoted structural rearrangements.53,74,75 At best, the obser-
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vation of differences in the potential value for a specific redox process provides a quali-

tative indication of some metal-metal interaction in a multinuclear complex.76 

The most useful tool in determining the extent of electronic interaction within a 

multinuclear complex is the coupled technique of spectroelectrochemistry. A solution of 

the complex under investigation is treated with an applied potential known to instigate a 

redox process, during which time the sample is simultaneously probed by spectroscopic 

means to observe the spectral evolution between oxidation states. UV-Vis/NIR/IR 

and/or EPR spectroscopy are most frequently employed for this purpose: the former 

providing insight to structural changes within the bridging ligand and about the metal-

ligand coordination sphere, whilst the latter technique indicates the degree of 

(de)localisation across the metal-bridge-metal moiety for any stable radical species.77 

The most important information obtained by these means is that derived from the near-

infrared spectral region, wherein Class-II and Class-III mixed-valent complexes exhibit 

an inter-valence charge transfer absorption (IVCT, or metal-metal charge transfer, 

MMCT). The energy of the absorption corresponds to the parameter hv in Figure 10(b) 

and (c) for Class II and Class III complexes respectively, and is the most facile method 

by which to experimentally determine the presence of a transient mixed-valent complex.  

1.41.4   Electronic Communication In Mult inuclear Complexes.Electronic Communication In Mult inuclear Complexes.   

The most fundamental model complex for an organometallic molecular wire 

system is a linear poly(yne) compound capped at both organic termini by a transition 

metal complex, analogous to a wire spanning two metal contacts, and a vast number of 

such complexes with as many as twenty carbon atoms in the bridging chain78 have been 

synthesised, characterised and comprehensively reviewed (Figure 12).79 These 

poly(yne)diyl systems have further evolved to incorporate additional saturated or un-

saturated moieties within the bridging ligand, and to complexes incorporating more than 

two metal centres.52,73,80-82 A large number of additional systems have investigated the 

effect of the metal-bridge bonding interaction on intramolecular communication, includ-

ing complexes of porphyrins,57,83 substituted ferrocenes,56,84 pyridyls70,85-91 and other 

ligand systems.71,76,92-95 
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Figure 12. Examples of complexes of specific interest in the study of intramolecular charge-transfer (Por 

= free base porphyrin; Mes = 2,4,6-trimethylphenyl). 

Of particular note is the research of Paul and Lapinte on a series of 

[Cp*Fe(dppe)]2(µ-bridge) complexes, wherein keeping the metal head-group identical 

at both termini of the bridging ligand serves to illustrate the relationship between elec-

tronic communication and inline substitution of the bridge.51 The complexes utilised in 

the investigation are depicted below in Figure 13, for which the degree of electronic 

coupling between the metal centres was interpreted to decrease in the order (HC=CH)n 

> (C≡C)n > p-C6H4 ~ m-C6H4 > (CH2)4. Incorporation of the butylene linker in complex 

(D) almost completely inhibits electronic communication between the iron centres, with 

properties typical of a Class-I (valence-localised) complex exhibited in electrochemical 

experiments. The butadiendiyl and oligoalkyndiyl complexes (G) and (H) exhibited 
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very strong electronic coupling through the unsaturated bridge, with both complexes 

exhibiting Class-III properties upon oxidation. The degree of metal interaction in the 

series of complexes (H) diminishes with increasing n, analogous to the ‘resistance’ of a 

wire spanning metal terminals, and the distance-dependence of electronic interactions 

has been studied in detail.96 The alkenyl linked complex (G) exhibits the greatest degree 

of electronic communication between the remote centres, an observation also consistent 

with related poly(ene)diyl complexes.81,97-99 Theoretical treatments comparing 

poly(ene)diyl and poly(yne)diyl complexes have concluded that this is a consequence of 

better energy matching between the metal and ligand orbitals in poly(ene)diyl derived 

complexes.100 The phenylene-derived complexes (E) and (F) exhibit borderline 

Class-II/III properties upon oxidation, wherein complete delocalisation of charge 

through the bridging ligand would necessitate the (unfavourable) disruption of aroma-

ticity and adoption of a quinoidal structure. This is further exemplified by related stud-

ies of complexes incorporating heterocyclic or polyaromatic spacers in place of the 

phenylene moiety, where the extent of electronic communication is found to decrease 

with increasing aromaticity of the spacer.73 Taken as a whole this survey serves to il-

lustrate the importance of a rigid, conjugated bridging ligand in facilitating intramolecu-

lar electronic communication between metal centres.101 

[Fe] (CH2)4 [Fe]

[Fe] [Fe] [Fe] [Fe]

[Fe]

[Fe]

n

[Fe]

[Fe]

(D)

(E)

(F)

(G)
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n = 2 – 4

CLASS I CLASS II - III CLASS III

 
Figure 13. The complexes utilised in the investigation of bridging-ligand effects on electronic 

communication by Paul and Lapinte ([Fe] = [Cp*Fe(dppe)]). 

Of particular note are the properties of asymmetric complexes, for which the 

multivalent state exhibits significantly different electronic properties in comparison to 

the symmetric analogues. The neutral complexes [Cp*Fe(dppe)-(C≡C)2-Fe(CO)2(CpB)] 

(CpB = Cp* or C5Ph5) are shown to be strongly polarised by NMR-spectroscopy, in 

comparison to the symmetric complex (H) (Figure 13). The oxidised mixed valent com-

plexes exhibit borderline Class-II/III behaviour, the decreased inter-metallic coupling 

relative to the symmetrical complexes ascribed to poorer energy-matching between the 
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metal and bridge orbitals. Characterisation by Mössbauer and ESR spectroscopy show 

that the mixed-valence derivatives are also polarised, with the unpaired electron some-

what localised on the electron-rich metal centre. However, the point of interest is that 

infrared spectroscopic information shows the polarisation of the molecule to invert be-

tween the neutral and activated (oxidised) forms. This latter property is highly desirable 

for a number of molecular electronic applications, particularly for applications in non-

linear optics,102,103 molecular rectification (diodes and transistors),104 molecular QCA 

cells105-107 and artificial photosynthesis.108,109 

A final important consideration on the interrelationship between structure and 

intramolecular electronic communication is the bonding mode between the metal centre 

and bridging ligand. The related complexes (I) and (J) in Figure 14 share an identical 

bridging ligand, though electrochemical experiments show that only the σ-bound 

[Cp*Fe(dppe)] derivatives exhibit intramolecular electronic communication (Class-II).51 

The tris-ferrocenyl complex (J) exhibits only a single redox process in cyclic voltam-

mograms, at a potential almost unchanged from that of the mono- and di-ferrocenyl pre-

cursors, indicating the lack of electronic communication between the iron centres.110 

One may be tempted to postulate that this poor electronic communication is consequent 

of the iron centres and bridging ligand lying in different planes, yet contrary examples 

such as [Ru(dppm)2(C2Fc)2] do exhibit Class-II behaviour.111 As the bridging ligand is 

identical in the case of (I) and (J), the difference in electronic communication can be 

attributed to a poor match in energy between the bridge and metal orbitals in the 

η5-bound ferrocenyl complexes relative to the σ-alkynyl derivative. The importance of 

the bridge-metal orbital energy matching is further highlighted by the example (K) 

which exhibits negligible interaction between the metal centres, rationally ascribed to 

the markedly different dπ-pπ interactions relative to (I).112 Related studies of multinu-

clear transition metal complexes, particularly focussing on cyano-acetylide101,113,114 and 

poly-pyridyl70,76 derived bridging ligands, have also highlighted the requirement for a 

strong metal-ligand bonding interaction to facilitate electronic communication. 

[M]

[M][M]

[M]

(I)  [Cp*Fe(dppe)]

(J)  Fc

(K)  [PtCl(PEt3)2]

 
Figure 14. Three complexes linked by the same bridging ligand, yet exhibiting varying degrees of elec-

tronic communication. 
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1.51.5   Thesis.Thesis.   

The ability to readily tune the electronic communication between metal centres, 

through facile modification of the bridging ligand, the metal centres or the metal-bridge 

bonding interaction, provides a strong basis for the synthesis of complexes with specific 

electronic interactions between metal centres. In order to promote efficient communica-

tion between multiple centres it is apparent that two main structural criteria are desir-

able: a highly conjugated bridging ligand and a strong metal-bridge bonding mode. In 

addition the introduction of asymmetry into the molecule, either within the bridging lig-

and or by differentiation of the donor and acceptor sites, should lead to polarised com-

plexes with interesting photophysical properties. It is also of benefit to design a model 

system in which one or more of the donor, bridge or acceptor sites is readily modified or 

interchanged, in order to develop an insight into the influence of that component on the 

properties of the complex as a whole. 

This thesis seeks to address these principles through the synthesis and charac-

terisation of the model complexes depicted below in Figure 15. The organometallic 

allenylidene (propadienylidene), (L), and σ-alkynyl, (M), complexes feature a direct 

metal-carbon bond to a conjugated organic diimine moiety, which in turn should allow 

the chelation of additional metal centres that may be readily interchanged. Notably the 

difference in formal oxidation state of the neutral allenylidene and anionic σ-alkynyl 

ligands provides a distinct contrast, whereby the complexes are expected to favour elec-

tron and hole transfer mechanisms respectively. The complexes (N) and (O) feature 

thienyl moieties potentially susceptible to oligomerisation, affording a contrasting syn-

thetic approach to the formation of highly conjugated multimetallic complexes. 
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2.12.1   Introduction.Introduction.   

2.1.1 Transition Metal Allenylidene Complexes. 

The first transition metal allenylidene complexes, [CpMn(CO)2=C=C=C(tBu)2] 

and [M(CO)5=C=C=C(Ph)NMe2] (M = Cr, W), were independently isolated by Berke1 

and Fischer2 respectively, reported in 1976 a decade after the first carbene3 and vinyli-

dene4 homologues. Research to date on higher-order cumulenylidene complexes has 

been hampered on account of synthetic challenges and the instability of products, al-

though a number of butatrienylidene and pentatetraenylidene complexes have been re-

ported,5-9 and only very recently have the very first examples of heptahexaenylidene 

complexes, [(CO)5M=C(=C)5=CNMe2] (M = Cr, W), been characterised.10 The litera-

ture of allenylidene complexes has been comprehensively assessed by Bruce through to 

1998,8,11 and Cadierno et al to 2001,12 with additional reviews appearing in the form of 

annual surveys13-17 and metal-specific reviews encompassing chromium and tungsten,18 

iridium,7 rhodium,19 manganese,20 and ruthenium.9,21-23 A number of comparative den-

sity functional theory treatments of cumulenylidene complexes have also been de-

scribed.24-27 

It must be noted that the vast majority of allenylidene complexes are those stabi-

lised by cationic ruthenium(II) centres, an observation predominantly ascribed to the 

general applicability of the synthetic methodology developed in 1982 by Selegue for the 

first ruthenium allenylidene complex, [CpRu(PMe3)2=C=C=CPh2]PF6.28 The complex 

was isolated in high yield by the direct reaction of [CpRuCl(PMe3)2] with 

Ph2C(OH)C≡CH in the presence of NH4PF6 under ambient conditions. The postulated 

mechanism involves dissociation of chloride from the ruthenium complex and subse-

quent activation of the terminal alkyne at the coordinatively unsaturated metal, followed 

by rearrangement to a hydroxy-vinylidene intermediate from which dehydration affords 

the allenylidene complex (Scheme 1). The exact mechanism of the η2-alkyne  

η1-vinylidene tautomerisation is not clear and is likely system-dependant, occurring 

either through C–H activation or a 1,2-H–shift process, although there is evidence to 

suggest that both mechanisms compete in certain cases.29,30 The stability of the hy-

droxy-vinylidene complex is proportional to the electron-releasing properties of the ru-

thenium moiety, with dehydration to an allenylidene complex requiring acid-catalysis 

for very electron-rich metal centres.29-31 
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Scheme 1. General mechanism for the formation of an allenylidene complex by activation of a pro-

pargylic alcohol precursor at a coordinatively unsaturated metal centre [M]. 

The major exception to the general applicability of this synthetic route exists in 

those cases where a hydrogen is present at the atom α to the hydroxyl carbon of the 

propargylic alcohol proligand, in which case competitive Cγ–Cδ dehydration of the hy-

droxy-vinylidene intermediate affords a mixture of the allenylidene and alkenyl-

vinylidene complexes.12 Further complications may arise as a consequence, for example 

in the reaction of Me2C(OH)C≡CH with [CpRuCl(PPh3)2] where the postulated cou-

pling of an allenylidene and vinyl-vinylidene complex results in the formation of a di-

meric complex (Scheme 2).32 In light of these issues a number of alternate syntheses of 

allenylidene complexes have been reported, the most pertinent including: addition of a 

nucleophile to the Cγ atom of a butatrienylidene complex;22,33 oxidation of a σ-alkynyl 

complex, such as [CpRu(PPh3)2(C≡C-(C5Me4)-η5-RuCp)];34,35 and, protonation of a 

vinyl-σ-alkynyl complex such as [CpRu(PPh3)2-C≡C-C(Me)=CH2].36 
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Scheme 2. An example of complications arising from competitive β–γ and γ–δ dehydration of the hy-

droxy-vinylidene intermediate in allenylidene synthesis ([Ru] = [CpRu(PPh3)2]). 
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The allenylidene ligands are most commonly stabilised by electron-rich ru-

thenium(II) centres, predominantly of the type illustrated in Figure 1,8 with current re-

search focussing on the catalytic properties as an alternative to Grubb’s metathesis cata-

lyst,37-42 photophysical properties43,44 redox chemistry,45-47 and, predominantly, the ex-

ploitation of stoichiometric reactivity in organic synthesis.48-53 
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Ru

L

L

RuCl

Ph2P PPh2
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Figure 1. The ruthenium centres most prevalent in the stabilisation of allenylidene ligands. P∩P = dppm, 

dppe; η5-C5R5 = Cp, Cp*, Ind; L = CO, PR3, ½ P∩P; η6-arene = p-cymene, hexamethylbenzene; NP3 = 
N(CH2CH2PPh2)3. 

The reactivity of ruthenium allenylidene complexes is largely defined by the al-

ternating nucleophilic and electrophilic character of the allenic carbon atoms. Reactions 

with nucleophiles are directed toward the electron-deficient Cα and Cγ atoms, the latter 

position frequently preferred on account of steric hindrance at Cα consequent of the ru-

thenium ligand sphere, whilst electrophiles react at the electron-rich Cβ atom.12,25 Some 

representative examples are presented below in Figure 2. 
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Figure 2. Examples of reactions exploiting the alternating the alternating nucleophilic-electrophilic char-

acter of the allenic carbon atoms. 
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2.1.2 Multi-Metallic Allenylidene Complexes. 

Analogous to transition metal polyyne complexes, the cumulenic “M=C=C=C” 

moiety of allenylidene complexes exhibits a rigid, conjugated structure that allows ac-

cess to the construction of well-defined molecular systems. The extended conjugation in 

these systems provide a ready means of examining the degree of intramolecular elec-

tronic interaction between multiple metal centres, and although innumerable examples 

of multi-metallic discrete and polymeric polyyne systems have been characterised,54,55 

there are very few examples of allenylidene complexes incorporating multiple transition 

metal centres.8,12,23 Some notable examples of cumulene bridged multinuclear com-

plexes are depicted in Figure 3.56,57 In the case of even-numbered cumulenes electronic 

communication was evident between the remote metal centres, whereas the odd-

numbered cumulenes acted essentially as insulators. This can be rationalised by con-

sidering that the π-systems of cumulated double bonds lie in orthogonal planes, and 

consequently conjugation through the organic moiety is only present for the even-

numbered cumulenes.58 The allenylidene ligand, bound to a metal centre, is concep-

tually a metallated four-membered cumulene and therefore the metal centre is theoreti-

cally in direct conjugation with the terminal allenic substituents.  

C (C)n C

Ph2
P

P
Ph2

P
Ph2

Ph2
P

[M](OC)3ClRe C (C)m C

Fc

FcFc

Fc

 
Figure 3. Examples of cumulene-bridged multinuclear transition metal complexes ([M] = [ReCl(CO)3], 

[Ru(bpy)2]2+, [Os(bpy)2]2+; n = 1 or 2; m = 0 – 8). 

A number of possible coordination motifs are envisaged for allenylidene com-

plexes incorporating two (or more) metal centres, as outlined in Figure 4 and Figure 5. 

Complexes of type (A) and (B) provided the first examples of multinuclear allenylidene 

complexes, formed predominantly by the reaction of a monometallic allenylidene with 

an additional [M] fragment, or else through the reaction of cluster-bound propargylic 

groups.8,11,59,60 Complexes of type (C) are largely based on the dimeric 

[Cp*RuCl(µ-SR)]2 and [RuCl(PR3)2(µ-Cl)3RuCl(PR3)2] complexes, with one or two 

allenylidene moieties respectively.48,61-63 The structural motif (D) has been reported for 

heterobimetallic molybdenum-tungsten64 and manganese-rhenium65 complexes, though 

the closest analogous ruthenium complexes are those bearing a 1,3-cyclobutenylidene 

bridge between metal centres.66 
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[M2]CCC[M1][M2]

X

[M1] C C C

R

R

(A) (B) (D)(C)  
Figure 4. Selected coordination modes of the allenylidene ligand in multinuclear complexes (X = eg. 

sulfido, oxido, chloride, bidentate phosphine, etc). 

The structural motifs exhibited in (E) – (G) are the most relevant to this investi-

gation, wherein the complexes form defined structures readily modified at the bridging 

group, (“”), and metal centres [M1] and [M2]. Complexes representative of type (F) 

have not yet been characterised in ruthenium chemistry, with only some rare examples 

of allenylidenerhodium(I) complexes bridged by an azide67 or butadiyndiyl68 ligand re-

ported. The lack of examples for this structural motif is remarkable in light of the nu-

merous examples of ruthenium complexes bridged by (oligo) σ-alkynyl moieties54 and 

the demonstrated formation of mixed σ-alkynyl-allenylidene ruthenium complexes.69,70 

[M1] C C C

R

C C C [M2]

R

C C C [M1]

R

R

[M2] C C C

R

R

(G)(F)

[M1] C C C

[M2]

R

(E)  
Figure 5. Selected coordination modes of the allenylidene ligand in multinuclear complexes ( = organic 

linking group). 

Allenylidene complexes bearing a ferrocenyl substituent are typical of the struc-

tural motif (E), with spectroelectrochemical analysis confirming electronic communica-

tion through the cumulenylidene moiety between the allenylidene metal and terminal 

ferrocenyl substituent. The same investigations have found, as expected, that the degree 

of communication is strongest when the ferrocenyl moiety is bound directly to Cγ, with 

weaker interactions in those cases where the ferrocene is bonded through a linking 

seleno-ether or ethylene group.46,49,71,72 In addition to the ferrocenyl derivatives, a num-

ber of complexes functionalised at Cγ with a vinylidene, σ-alkynyl or σ-alkenynyl link-

age to an additional metal centre have also been characterised (Figure 6).47,73,74 The ex-

tended conjugation present in these systems results in a tautomeric equilibrium with 

spectroscopic and electrochemical data implying a structure intermediate between the 

allenylidene and alkynyl extremes. A structural determination of the complex 

[CpRu(PPh3)2]2(µ-C5H) exhibited some asymmetry in the alkynyl-allenylidene ligand,74 
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yet in the case of [RuCl(dppe)2]2(µ-C7Me2H) (Figure 6(c), R1 = Me, R2 = H, n = 1) the 

bridging ligand is completely symmetrical.73 
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Figure 6. Representative examples of multinuclear allenylidene complexes featuring the type (E) struc-

tural motif (Cp = C5H5, (PR3)2 = (PPh3)2; Cp = C5Me5, (PR3)2 = dppe). 

A unique example analogous to the type (E) complexes is presented by the 

RuIII/RuIII complex depicted in Scheme 3, isolated via the two-electron oxidation of the 

corresponding RuII/RuII σ-alkynyl complex. As evident from infrared and 
13C{1H}-NMR spectroscopic data the complex exhibits a highly perturbed allenylidene 

character, with an X-ray structural determination yielding parameters that better de-

scribe the complex as an η6-fulvalenyl-ruthenium moiety bound to a ruthenium vinyli-

dene.34,35 

C
Ru

CRu

PPh2

Ph2P

pBQ, BF3•OEt2

CH2Cl2, -90 °CC CRu

PPh2

Ph2P

Ru

 
Scheme 3. Synthesis of a unique η6-fulvalenyl/allenylidene complex via two-electron oxidation of a 

σ-alkynyl precursor (pBQ = para-benzoquinone). 

Several multinuclear homo- and hetero-metallic complexes representative of the 

structural motif (G) have been readily prepared from organic precursors incorporating 

multiple alkynol functional groups, the structures of which are depicted in Figure 

7.45,75,76 Detailed analysis comparing the electrochemical properties between the mono- 

and di-allenylidene complexes of (a) and (b) indicate significant electronic communica-

tion between the remote metal centres, with both the reduced and oxidised forms of the 

complexes exhibiting a Robin-Day Class-III (delocalised) mixed-valence state. Elec-

tronic communication between the allenylidene moieties was inversely proportional to 
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the aromatic character of the linking group, with values of KC for the reduction process 

ranging from 106 – 103 with C≡C > oligo-thienyl > thienyl > bianthracenyl ≈ phenylene, 

whilst oxidation of the homobimetallic ruthenium derivative (b) had an estimated KC of 

1016 (complicated by the proximity of the second oxidation to the solvent/electrolyte 

discharge limit).75,76 
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Figure 7. Representative examples of multinuclear allenylidene complexes featuring the type (G) struc-

tural motif. R = H or Ph (not all combinations); M1 = trans-[RuCl(dppe)2]+; M2 = M1 or 
[{CH3C(CH2PPh2)3}Re(CO)2]+; M3 = M1 or [RuCl(η6-p-cymene)(PCy3)]+. For (a) and (b) the mono-

allenylidene complexes bearing a pendant alkynol functional group have also been characterised. 
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2.1.3 An Alternative Approach to Multi-Metallic Allenylidene Complexes. 

The structural motifs explored in the preceding section have displayed a number 

of interesting examples of allenylidene complexes incorporating multiple metal centres, 

all essentially reliant on the organometallic connectivity of each additional metal centre. 

An alternative approach is to functionalise the allenylidene with a moiety that facilitates 

the coordination of additional metal centres; that is, to form an allenylidene complex 

which behaves as a metallo-ligand toward other metal complexes. To this end, the focus 

of this chapter entails the synthesis and characterisation of allenylidene complexes func-

tionalised by the incorporation of a terminal bipyridyl moiety. The coordination chemis-

try of 2,2'-bipyridine, and a host of derivatives, provides ample precedent for the con-

struction of stable, redox-active multi-metallic complexes. Specifically, functionalisa-

tion with a terminal 4,5-diazafluoren-9-yl moiety results in the formation of a rigid, 

planar allenylidene ligand in which the two remote metal centres are in direct conjuga-

tion, thereby promoting the potential for intramolecular electronic communication 

(Scheme 4). Formation of an alkynol compound incorporating the diazafluorenyl moi-

ety, and subsequent activation of the alkyne at a coordinatively unsaturated metal com-

plex, allows the synthesis of various allenylidene complexes as per the Selegue meth-

odology.28 

[M1] C C C

N

N

[M2][M1] C C C

N

N

[M2]

 
Scheme 4. 

During the course of these studies two significant papers appeared in the litera-

ture that also explore the synthesis of multi-metallic allenylidene complexes via a co-

ordination chemistry approach. The first was a communication describing the synthesis 

of the related allenylidene [RuCl(TMC)=C=C=C(2-py)2]PF6 (TMC = 1,5,9,13-

tetramethyl-1,5,9,13-tetraazacyclohexadecane), including the facile coordination of the 

pendant di(2-pyridyl)methylene moiety to [ZnCl2] and [Ru(acac)2].77 A second paper 

describes a synthesis of the dppe-ligated diazafluorenyl allenylidene complex 5 de-

scribed herein, and subsequent coordination to [Ru(bpy)2]2+, [Ru(4,4'-tBu2-bpy)2]2+ and 

[ReCl(CO)3] fragments,78 appearing coincident with our own publication on the subject. 
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2.22.2   Synthesis and Characterisation of the Alkynol PrecuSynthesis and Characterisation of the Alkynol Precurr sor.sor.   

N N

HO

N N

O

(1)

(a) or (b)

thf

(2)  
Scheme 5. Synthesis of 9-hydroxy-9-ethynyl-4,5-diazafluorene 1 from 4,5-diazafluoren-9-one 2. (a) 

LiC≡CH, -78 °C; K2CO3 (aq) (b) ClMgC≡CH, r.t.; NH4Cl (aq). 

From the ketone precursor 4,5-diazafluoren-9-one, the alkynol 1 is readily ac-

cessed in high yield via nucleophilic attack with either lithium acetylide79 or ethynyl-

magnesiumchloride and subsequent hydrolysis (Scheme 5). All 1H and 13C-NMR spec-

troscopic resonances were unambiguously assigned utilising the 1H-13C HSQC and 

HMBC NMR spectroscopic techniques, and all data found to be consistent with the pro-

posed structure. The υC≡C resonance is clearly identified in the infrared spectrum at 

2102 cm-1, whilst assignment of the frequencies attributable to υC≡C-H and υOH is con-

fused by differences in H-bonding motifs within the molecule. In the crystal structure of 

1, two independent molecules devoid of crystallographic symmetry, accompanied by a 

single water molecule, make up the asymmetric unit of the structure. The hydroxyl 

group of molecule-1 hydrogen-bonds to the water-molecule oxygen atom 

(O,H(13)…O(01) 2.693(2), 1.88 Å(est.)), the water molecule, in turn, hydrogen-bonding 

to a nitrogen atom of molecule-2 (O(01),H(01B)…N(21) 2.870(2), 2.02 Å (est.)) and the 

hydroxyl oxygen atom of a different molecule-2 (O(01),H(01A)…O(23) (2-x, 2-y, 1-z) 

3.011(2), 2.20 Å (est.)) (Figure 8a), resulting, at the supramolecular level, in a structure 

layered normal to c (Figure 8b). Bond lengths and angles are much as expected, the 

triple bonds C(n1)-C(n2) being strongly localised (1.168(3), 1.179(2) Å, cf. C(n2)-

C(n3) 1.479(2), 1.483(2) Å; C(n1)-C(n2)-C(n3) 175.9(2), 176.5(2)°) the closest contact 

to an alkynyl hydrogen atom is C,H(21)…O(23) (1½-x, y-½, z) 0.000(0), 2.68 Å (est.), 

in preference to the possibility of CH-π interactions often evident in analogous alkynol 

compounds.80 
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Figure 8. (a) The two independent molecules of the asymmetric unit of 1 showing hydrogen-bonding 

interactions with the accompanying water molecule; (b) unit cell contents projected down b, showing the 
supramolecular layers normal to c linked by hydrogen bonds. 
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2.32.3   Synthesis of  the  Allenylidene Complexes.Synthesis of  the  Allenylidene Complexes.   

2.3.1 Cyclopentadienideruthenium(II) Phosphine Complexes. 

The reaction of [CpRu(PPh3)2Cl] with 1 in methanol and in the presence of 

NH4PF6 was investigated, a methodology previously employed with success in the syn-

thesis of a series of benzannulated cycloheptatrienyl derived allenylidene complexes44 

as well as diphenylallenylidene.81 The intense maroon colour of the isolated product is 

consistent with that expected of an allenylidene complex.8 Analysis of the solid by in-

frared spectroscopy indicated two broad, equally intense absorptions within the ex-

pected range of the characteristic allenylidene υC=C=C stretching mode at 1962 cm-1 and 

1936 cm-1 (c.f. [CpRu(PPh3)2=C=C=CPh2 1934 cm-1),81 although the related complexes 

[CpRu(PPh3)2X] (X = H, 1950 cm-1; X = CO, 1981 cm-1)82,83 also exhibit absorptions in 

this frequency region. Notably no additional absorptions attributable to hydroxyl, al-

kyne, alkynyl or vinylidene moieties were observed in the spectrum. 

Ru

Ph3P

PPh3

Cl Ru

Ph3P

PPh3

C C C

N

N

+

+

N N

HO

 
Scheme 6. Attempted synthesis of the [CpRu(PPh3)2] derived allenylidene complex. 

Analysis of the mixture by NMR-spectroscopy is inconsistent with the formation 

of an allenylidene product though, most notably evinced by the absence of downfield 

resonances characteristic of the allenic carbon atoms in the 13C{1H}-NMR spectrum. 

The aromatic chemical shift region of both the 1H-NMR and 13C{1H}-NMR spectra 

show a multitude of overlapping resonances, and the 100 – 80 ppm (13C) and 5 – 4 ppm 

(1H) chemical shift regions typical of the η5-cyclopentadienide moiety also exhibit a 

large number of singlet resonances. Similarly the 31P{1H}-NMR spectrum exhibits nu-

merous sharp and broad resonances from 55 – 40 ppm in the approximate region of a 

cationic [CpRu(PPh3)2]+ moiety. Positive ion FAB mass spectrometry analysis of the 

product provided an interesting result with the major molecular ion observed at 869 m/z 

consistent with the formulation [RuCl(PPh3)2(1)]+, in addition to minor fragments at 

971 m/z and 1006 m/z that were not readily assigned; additional signals were also pres-

ent at lower m/z attributable to [CpRu(PPh3)2(CO)]+, [CpRu(PPh3)2]+ and 

[CpRu(PPh3)]+. 
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The reaction of [CpRuCl(PPh3)2] with bpy or phen in refluxing ethanol results in 

phosphine displacement and the formation of [CpRu(PPh3)(N∩N)]Cl,84 but there is no 

spectroscopic evidence for the formation of an analogous κ2-N,N'-(1) product in this 

case. The major peak in the positive-ion FAB mass spectrum was consistent with dis-

placement of cyclopentadienide, and association of 1 may plausibly be formulated as a 

κ2-N,N'-(1) derivative, yet the displacement of cyclopentadienide is inconsistent with 

the NMR spectral data. Multinuclear complexes incorporating the alkynol as a bridging 

ligand between multiple ruthenium centres were discounted on the basis of mass spec-

tral data, the isotopic distribution of the observed molecular ions inconsistent with the 

presence of more than a single ruthenium centre. In summary the reaction of 

[CpRuCl(PPh3)2] with 1 does not proceed cleanly under standard conditions, and the 

fate of the reaction is unclear. 

Ru C

PPh2

Ph2P
C C

N

N

PF6

Ru Cl

PPh2

Ph2P

N N

HO

+

AgPF6

CH2Cl2 / thf
- AgCl, - H2O

(3)  
Scheme 7. Synthesis of the allenylidene complex 3. 

The reaction of 1 with the analogue [CpRuCl(dppe)] was also investigated, on 

the premise that the dppe ligand is less prone to dissociation from the ruthenium centre 

than triphenylphosphine on account of the stable five-membered ring chelate. Under a 

variety of synthetic conditions utilising NH4PF6 or NaPF6 as a halide abstraction agent 

in halocarbon or alcohol solvents, reaction products were invariably mixtures showing 

decomposition of the [CpRu(dppe)]+ moiety in addition to significant amounts of the 

starting materials. As NH4PF6 is able to affect chloride abstraction from 

[CpRuCl(dppe)] under these conditions,85 the recovery of the halide starting material 

was unexpected. It was noted though that analogous cyclopentadienide-derived 

allenylidene complexes incorporating a chelating phosphine, [(η5-C5R5)Ru(P∩P)C3R'2]+ 

(P∩P = dppe, C5R5 = Cp, Cp*, Ind; P∩P = dppm, C5R5 = Cp*; P∩P = 1,2-

bis(diphenylphosphino)propane, C5R5 = C60Me5),35,47,49,86 have required thermodynami-

cally “stronger” Ag+ salts to abstract the chloride anion from the metal precursor. Thus, 

the reaction of [CpRuCl(dppe)] with 1 and AgPF6 in a CH2Cl2/thf mixed solvent system 

was consequently pursued, and the target allenylidene complex (3) readily isolated in 

71% yield (Scheme 7). 
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2.3.2 Bis(diphosphine)ruthenium(II) Complexes. 

The allenylidene complexes 4 – 7 were readily prepared by the reaction of 1 

with the appropriate metal precursor [MCl2(P∩P)2] (Scheme 8). Abstraction of a chlor-

ide from [MCl2(P∩P)2] utilising NaPF6 leads to a coordinatively unsaturated 16-

electron intermediate [MCl(P∩P)2]PF6, which reacts with the alkyne functionality of 1 

and affords the allenylidene complex through dehydration. 
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Ru CCl

Ph2P PPh2

PPh2Ph2P
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N

N
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Ph2P

Ph2P

PPh2

PPh2

Cl

Cl
(4): M = Ru, P!P = dppm
(5): M = Ru, P!P = dppe
(6): M = Ru, P!P = dmpe
(7): M = Os, P!P = dppm

NaPF6

- NaCl, - H2O
+

 
Scheme 8. 

Reaction of cis-[RuCl2(dppm)2] and cis-[OsCl2(dppm)2] with NaPF6 is rapid at 

room temperature in dichloromethane, the intense and characteristic colour change re-

sulting from formation of the [MCl(dppm)2]+ intermediate immediately obvious upon 

addition of solvent to the combined dry reactants. Chloride abstraction from 

[RuCl2(dppe)2] and [RuCl2(dmpe)2] does not proceed under analogous conditions 

though, instead requiring elevated temperatures in refluxing 1,2-dichloroethane before 

any reaction is evident. In particular it must be noted that NaPF6 is unable to affect hal-

ide abstraction from trans-[RuCl2(dppe)2],87 and thus it is imperative to ensure that the 

starting material is pure cis-isomer. The high reactivity of the [RuCl(dmpe)2]+ derived 

allenylidene complex 6 prevented purification for full analytical and spectroscopic 

characterisation, and it remains a challenge to determine an efficient synthesis of this 

complex. 

2.3.3 Reactivity and Stability. 

Spectroscopic analysis of the reaction products for all of the allenylidene com-

plexes prepared were invariably contaminated with impurities tentatively attributable to 

decomposition of the coordinatively unsaturated intermediate and/or the allenylidene 

complex. Purification of the allenylidene complexes was achieved by recrystallisation 

only when minor amounts of impurities were present in crude reaction mixtures, co-

crystallisation of all components evident in more contaminated samples. Attempts to 

chromatograph the complexes by standard means on acidic, basic or neutral alumina, 

silica or florosil led to complete decomposition of the allenylidene complex. However, 

after some manipulation it was found that chromatography on silica utilising a 
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MeCN/aqueous-KPF6 mobile phase provided a means of isolating analytically pure ma-

terial. 

 The bis(diphenylphosphino)-ligated complexes 3 – 5 and 7 were found to be 

stable indefinitely in the solid state, and showed no evidence of decomposition in 

aprotic solvents. Dissolution in protic solvents led to the gradual evolution of a golden-

yellow colour in solution, followed by the precipitation of an intractable dark solid after 

more extended periods of time. Spectroscopic analysis of the former solution indicated 

the presence of a large number of different organic and metal-containing species, the 

only species readily identified being trans-[MCl(P∩P)2(CO)]PF6 as evident from in-

frared and 13C- and 31P-NMR spectroscopy. Solutions of the complexes showed poor 

thermal stability, with several hours of anaerobic reflux in any solvent but CH2Cl2 being 

sufficient to completely decompose the allenylidene complex (complex 5 was addition-

ally stable in refluxing 1,2-dichloroethane, and showed only gradual decomposition in 

refluxing chlorobenzene). 
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Scheme 9. Proposed reaction between an allenylidene and molecular oxygen to yield the metal carbonyl 

and a ketene. In turn the ketene is unstable toward oxygen, decomposing further to the ketone. 

Although the reactivity of the allenyl moiety in allenylidene complexes is well 

established, characterised by nucleophilic attack at the Cα and Cγ carbons as well as 

electrophilic attack at the Cβ carbon,8,12,22,23 decomposition products of allenylidene 

complexes do not appear to be described or characterised. Water has been reported to 

cleave the Cα=Cβ bond of allenylidene complexes to form a carbonyl complex and the 

respective organic alkene,53,88-91 whilst a similar reaction may be postulated with mo-

lecular oxygen to afford the carbonyl complex and a ketene (Scheme 9). Additionally it 

is conceivable that a competitive κ-N versus η-C≡C process is a source of disruption to 

the mechanism of allenylidene formation. 

Simple reactions of the allenic moiety were also investigated to determine the 

stability of the complexes, utilising TMNO, NaBH4, NaH, HPF6, NEt3, Me2NC(H)O or 

HNiPr2, though in all cases the allenylidene complex exhibited significant decomposi-

tion with no readily identifiable products. 
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2.42.4   Characterisation of the Allenylidene CoCharacterisation of the Allenylidene Co mm plexes.plexes.   

2.4.1 Spectroscopy. 

The expected trans-octahedral configurations of the chloride and allenylidene 

ligands at the bis(diphosphine) metal centres are confirmed by the observation of sharp 

singlet resonances in the 31P{1H}-NMR spectra of all compounds, the chemical shifts of 

which are consistent with those of related allenylidene complexes. Similarly a sharp 

singlet resonance in the 31P{1H}-NMR spectrum of 3 implies the symmetrical chelation 

of the dppe ligand with respect to the cyclopentadienide and allenylidene ligands. Men-

tion must be made of the fact that 31P NMR spectroscopic resonances of the 

bis(diphosphine) allenylidene complexes lie within only a few ppm of the correspond-

ing trans-[MCl(P∩P)2(CO)]+ species,92,93 consistent with previous observations about 

the similar π-acidity of allenylidene and carbonyl ligands.8 Analysis of 13C NMR spec-

troscopic data for compounds 3 – 5 and 7 is consistent with results obtained for analo-

gous allenylidene complexes exhibiting characteristic low-field Cα resonances around 

320 ppm for Ru8,12,22,23 and 280 ppm for Os,43,94 with the Cβ and Cγ resonances, distin-

guished by nJP,C and 1H-13C HMBC experiments, at progressively lower field. The 

allenic resonances of 3 are upfield relative to those of the bis(diphosphine) complexes, 

though deshielded relative to related complexes8,95 on account of the electron-

withdrawing diazafluorenyl moiety. The remainder of the carbon resonances attribu-

table to the diazafluorenyl moiety were identified with the aid of 1H-13C HSQC and 

HMBC NMR spectroscopy experiments. There are two sets of resonances of equal in-

tensity for each of the four chemically non-equivalent carbon atoms of the phosphine 

phenyl rings, logically attributable to the different environment of those phenyl rings 

facing toward or away from the allenylidene apex of the phosphine-chelate plane (see 

for example Figure 11, pg.43), although it was not possible to completely differentiate 

one set from the other. 

A characteristic spectroscopic feature of the compounds prepared is the 1H-

NMR resonances of both the diazafluorenyl and phosphine-ligand protons. Interactions 

between protons at the 1-position (Figure 9) of the diazafluorenyl moiety and ring-

currents of the “overhanging” phosphine phenyl rings lead to a significant shielding ef-

fect of between 1.56 ppm and 2.60 ppm relative to the free ligand. Protons at the 2-

position are also shielded by 0.46 – 0.68 ppm, whilst those at the 3-position are margin-

ally deshielded. The non-equivalent phenyl rings to either side of the phosphine ligand 
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plane also show separate proton (and carbon) resonances, although confident as-

signment is again not possible due to the partial overlap of certain resonances. In the 

case of the dppm-ligated complexes 4 and 7, the two bridging methylene protons also 

show distinct resonances with significantly different 2JH,P values, whilst the bridging 

ethylene group in compounds 3 and 5 exhibits resonances that do not resolve beyond a 

complex multiplet. 

M C C C

N

N

1

2

3

4'1'

!"#

 
Figure 9. Atom labelling scheme for the diazafluorenyl-allenylidene ligand. 

The characteristic υC=C=C infrared spectroscopic absorption of Group-VIII 

allenylidene complexes lies between 2000 – 1900 cm-1, analogous to that of free allenes 

H2C=C=CR2 (~1950 cm-1)96 and intermediate between those of σ-alkynyl (2140 – 2040 

cm-1)97 and vinylidene (1650 – 1600 cm-1)98 complexes. Complexes 3 – 7 absorb at rela-

tively low energy between 1909 – 1927 cm-1, consistent with analogous aryl-substituted 

allenylidene complexes (e.g. [RuCl(dppe)2C=C=CPh2]+, 1923 cm-1; 

[RuCl(dppm)2C=C=CR2]+, R2 = Ph2 1927 cm-1, fluoren-9-yl 1939 cm-1; 

[(Ind)Ru(dppe)=C=C=C(fluoren-9-yl)]+, 1936 cm-1).62,95,99 The energy of this vibration 

provides some insight to the bonding mode of the allenyl moiety (see Figure 10 below), 

the lower energy of the υC=C=C absorption for these compounds indicating a strong con-

tribution from the cumulenic resonance form A, as opposed to higher-energy vibrations 

which are interpreted as corresponding to a greater degree of alkenynyl character D.8,22
 

M C C C

R2

R1

M C C C

R2

R1

M C C C

R2

R1

M C C C

R2

R1

(A) (B) (C) (D)  
Figure 10. Mesomer forms of an allenylidene complex. 

2.4.2 Structural Determinations of the Bis(diphosphine) Allenylidene Com-
plexes. 

Very few examples of crystallographically characterised bis(diphosphine) 

allenylidene complexes exist in the literature, as indicated by the structural survey pre-

sented in Table 1 below. A useful consideration in analysing cumulenylidene complexes 

is the degree of bond length alternation along the cumulenic chain, allowing further in-
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sight into the degree of contribution from the different possible mesomer forms. Those 

complexes bearing heteroatom substituents at Cγ show significantly greater alternation 

in Ru=C and C=C bond-lengths, reflecting the greater ability of the heteroatom to stabi-

lise charge and hence the alkenynyl resonance form D (Figure 10), and consequently it 

becomes difficult to draw accurate structural correlations to those complexes with a 

lesser ability to stabilise such a resonance structure. The structural parameters within 

the allenylidene moiety of complex 4, particularly the Ru=Cα bond distance, are never-

theless comparable to those of the [RuCl(dppm)2=C=C=CR2]+ (R2 = H, Ph; Me, Ph; 3-

phenylinden-1-yl) complexes (Table 1). Comment on the Ru=Cα bond length in the 

dppe derived complex 5 is hampered by the lack of analogous complexes (those charac-

terised bearing either a non-halide ligand trans to the allenylidene or else an additional 

unsaturated organometallic fragment as a Cγ substituent), although the (mean) Ru=C 

distance of 1.868(6) Å is well within the accepted parameters for a formal double-bond 

designation and assignment of allenylidene character. Further comment on the struc-

tures of the dmpe derived ruthenium complex 6 and the osmium dppm complex 7 is 

also prevented by the lack of direct analogues for which crystallographic information is 

available, though both metal-carbon bond-lengths fall within accepted double-bond 

values,8,11,98 and the Cα=Cβ=Cγ angle and bond-lengths are consistent with those found 

in other allenylidene complexes. 

Perhaps the most notable structural feature of such bis(diphenylphosphino)-

substituted allenylidene complexes is the degree of steric protection afforded to the cu-

mulenic chain by the overhanging phenyl rings. As can be seen in the structure of 4 

(Figure 11), the four phenyl rings quasi-parallel to the plane of the allenylidene ligand 

shroud the C3 allenyl moiety. 4 and 7 are isomorphous, one half of the molecule com-

prising the asymmetric unit of each structure, a crystallographic mirror plane containing 

the allenylidene, Ru and Cl bisecting each dppm ligand at the methylene group. The ge-

ometries of the two molecules and the two metal atom environments are very similar, 

osmium ligand-atom distances perhaps uniformly shorter than their ruthenium counter-

parts by somewhat less than 0.01 Å (no libration corrections have been applied). The 

chelate rings of the two dppm ligands are folded similarly so that a pair of methylene C-

H bonds lie quasi-parallel to, and either side of, the M–Cl bond. 

The structures of 6 and 5 differ in having a large number of formula units in the 

asymmetric unit of each structure: four in 6 and eight in 5. Both are solvated, the sol-



Chapter 2: Diazafluorenyl Allenylidene Complexes 

 41 

vent component of 6 being ill-defined and contributing to the imprecision of the deter-

mination. Geometries for the molecules of the two compounds are presented in detail in 

the publication arising from this work (see appendix), presenting mean values of the 

parameters of the metal atom environments and ligand conformation. It was not pos-

sible to identify any pseudo-symmetry, although there are interesting aspects in the 

crystal packing such as the apparent arrangement of the molecules of 5 in discrete clus-

ters, e.g. in projection down a (Figure 13b). More pertinently there are quite significant 

differences between the molecules within each of 6 and 5, suggesting that variations in 

parameters are real rather than just “noise”. Thus, although the precision of the determi-

nation of 6 is poor, it suffices to establish that the phosphine ligand conformations 

within three of the molecules of the asymmetric unit are λλ in the chirality of the 

specimen studied, while the fourth is λδ. Despite the large number of molecules in the 

asymmetric unit of 5 and the (rather minimal) solvation, the use of a synchrotron in-

strument permits definition of the structure with much better precision, and very con-

siderable differences between the eight molecules of the asymmetric unit can be defined 

with much greater confidence. Here two of the molecules have λδ ligand conforma-

tions, five are λλ (one of these having one disordered ligand), and the sixth λ−. Ru–Cl 

distances range over 0.04 Å, Ru=C over ca. 0.03 Å, and Ru–P over nearly 0.1 Å. 

Among the angular geometries C=Ru–P range between 82.07-100.51(6)°, while (e.g.) 

P–Ru–P(trans) range between 172.20-177.07(5)°. Ligand ‘bite’ angles range between 

78.66(6)-82.40(6)°, those of the λδ pairs lying toward the upper end of the range. 
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Table 1. Selected data for all structurally characterised bis(diphosphine) ruthenium allenylidene com-
plexes [M=C=C=CR1R2]X (values in italics have been taken from the Cambridge Structural Database100 
as the information was not available in articles or supporting information, and consequently e.s.d. values 

are not available). a Two distinct conformers related to the relative orientation of the indenyl ring with 
respect to the phosphorus atoms. b Mean of eight values. c Mean of four values. 
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Figure 11. Projection of the cation of [RuCl(dppm)2(=C=C=diazafluorenyl)]PF6 (4), (7) is isomorphous 

(hydrogen atoms omitted for clarity, thermal ellipsoids at 50% probability level). 

 
Figure 12. Projection of a single cation (molecule 1) of 

[RuCl(dmpe)2(=C=C=diazafluorenyl)]PF6•
1/4Et2O•1/2CH2Cl2, (6), normal to the ligand plane (solvent and 

hydrogen atoms omitted for clarity). 



Chapter 2: Diazafluorenyl Allenylidene Complexes 

 44 

 
Figure 13. (a) Projection of a single cation (molecule 1) of 

[RuCl(dppe)2(=C=C=diazafluorenyl)]PF6•
1/16H2O, (5), normal to the ligand plane. (b) Unit cell contents 

projected down a, showing the pair-wise clustering of the molecules (solvent and hydrogen atoms omitted 
for clarity, thermal ellipsoids at 50% probability level). 



Chapter 2: Diazafluorenyl Allenylidene Complexes 

 45 

2.4.3 Electrochemistry and Electronic Spectroscopy. 

 
Figure 14. UV-Vis spectra of the allenylidene complexes (MeCN solution). 

The UV-Vis spectra of the allenylidene complexes are comparable across the se-

ries (Figure 14), dominated by intense, high-energy absorptions attributed to intraligand 

transitions of the diphosphine ligands and terminal diazafluorenyl moiety in addition to 

some degree of P–Ru charge transfer.110 The lower energy absorptions at ca. 500 nm are 

interpreted as overlapping LMCT and metal-perturbed π*←π ILCT transitions of the 

allenic moiety, consistent with previous interpretations43 and the spectroelectrochemical 

studies described below. By inspection of band-shape it is evident that the lower-energy 

portion of the allenylidene absorption exhibits a greater sensitivity to changes in the 

metal head-group, which may indicate that the LMCT transition is lower in energy than 

the overlapping ILCT transition, although in the absence of further analogues such an 

assignation remains speculative. 
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Figure 15. Representative cyclic voltammograms of complexes 4 and 5 (Pt electrode, 100 mV s-1, 0.1 M 

nBu4NPF6/CH2Cl2, referenced to internal [FcH]/[FcH]+ = +560 mV). 

Table 2. Electrochemical data (Pt electrode, 100 mV s-1, 0.1 M nBu4NPF6/CH2Cl2, referenced to internal 
[FcH]/[FcH]+ = +560 mV) and lowest-energy UV-Vis absorbances (MeCN) of the allenylidene com-

plexes. 

E1/2 (V) λ [abs]  
1st 2nd nm [ε × 104 M-1 cm-1] 

3 -0.05 -0.80 496 [1.96] 
4 -0.08 -0.95 454 [1.59] 510 [1.65] 
5 -0.03 -0.86 452 [1.572] 532 [1.386] 
7 -0.25 -1.00 438 [1.853] 472 [2.214] 

The solution electrochemistry of the complexes is defined by two single-electron 

reductions as summarised in Table 2, with representative cyclic voltammograms of 4 

and 5 depicted in Figure 15. The first reduction is quasi-reversible at room temperature 

whilst the second reduction is poorly reversible, although spectroelectrochemical ex-

periments on 4 and 5 at -35°C indicate that the process becomes more reversible at 

lower temperatures. At room temperature the second reduction process of the cyclopen-

tadienide derivative 3 is very poorly reversible. The redox potential is proportional to 

the electron-withdrawing character of the terminal allenylidene substituents,22,43 and the 

highly anodic reduction potentials evident in the current complexes are consistent with 

the strongly electron-withdrawing diazafluorenyl moiety. Similarly the MII/MIII oxida-

tion couple is anodically shifted as a result, the process presumably lying outside the 

spectral window utilised in these electrochemical experiments. 
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Table 3. Predicted vacuum-phase structural parameters of the electrochemically generated species on 
reduction of allenylidene complex 4. 

Ru–Cα Cα–Cβ Cβ–Cγ  
Å 

Expt. 1.87(1) 1.24(1) 1.35(1) 
Cation 1.926 1.277 1.349 
Neutral 1.977 1.251 1.383 
Anion 2.034 1.241 1.416 

Density functional theory treatments indicate that the first electron addition to 4 

is a ligand-centred process with high spin densities localised on the Cα and Cγ atoms, 

accompanied by a marked lengthening of the Ru–Cα and Cβ–Cγ bond lengths and con-

traction of the Cα–Cβ bond distance (Table 3), indicative of a change in ligand charac-

ter from cumulenic to acetylenic. Spectroelectrochemical experiments on 4 and 5 show 

that the υC=C=C infrared absorbance is replaced by a new absorbance ca. 60 cm-1 higher 

in energy for the mono-reduced species (Figure 16A, C), the higher energy consistent 

with the υC≡C stretching mode of the analogous bis(diphosphine)ruthenium(II) σ-

alkynyl complexes.97 Similarly the broad band above 23 000 cm-1 in the UV-Vis spec-

trum of the reduced species (Figure 16B, D) is consistent with the RC≡C←Ru MLCT 

transition of the related σ-alkynyl complexes.111 Related experiments on 

[RuCl(dppe)2=C=C=CR2]+ (R = Me, Ph) have shown that the reduced species can in 

fact be isolated as a σ-alkynyl complex through the addition of a hydride source such as 

NaBH4.112 

 
Figure 16. Infrared (A, C) and UV-Vis (B, D) spectra of 4 (upper) and 5 (lower) in blue, and the electro-

chemically generated species of the first (red) and second (green) reductions (CH2Cl2 solution). 
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Computational results suggest that the second reduction process is again entirely 

ligand-centred, with a further increase in acetylenic character (Table 3). However, for-

mulating a structure consistent with such a doubly-reduced species is not chemically 

intuitive, and is potentially an artefact of the idealised vacuum-phase environment im-

posed on the calculations. Attempts to obtain accurate energies and geometries of the 

reduced species by applying solvent-corrections were unsuccessful, wherein modelling 

the solvent with even a small dielectric constant (ε = 4) resulted in chloride dissociation 

from ruthenium (contrary to experimental evidence). The doubly-reduced species of 4 

was not stable under the spectroelectrochemical conditions employed, though it was 

possible to obtain spectra for 5. A return toward cumulenic character is clearly evident 

in the band-shape of the low-energy optical absorption and decrease in energy of the 

infrared absorption, providing some insight into the nature of the doubly reduced spe-

cies. The increase in cumulenic character may be rationalised by an allenylidanide 

structure such as (E) in Scheme 10, consistent with the structure predicted by theoretical 

treatments of the analogue [RuCl(PH3)4=C=C=CH2]–.25 

[M] C C C

N

N

[M] C C C

N

N

C

N

N

CC[M]

(E) (F)

e- e-
C C C

N

N
[M]

 
Scheme 10. Proposed products of the electrochemical reduction of the allenylidene complexes. 

It must be noted that changes are also clearly evident between the allenylidene 

complex and electrochemically reduced species in the infrared spectrum at ca. 1600 – 

1500 cm-1. This region is typical of aromatic υC=C and υC=N stretching modes and may 

indicate involvement of the terminal diazafluorenyl moiety in the reduction processes, 

possibly by reduction to an anion as observed for diazafluorenone113 and bipyridine ana-

logues in general.114 Formation of a localised diazafluorenide-acetylide anion such as 

(F) in Scheme 10 is supported by the presence of a weak σ-alkynyl absorption at ca. 

2060 cm-1 in the infrared spectrum, yet is contrary to the strong cumulenic absorption at 

ca. 1895 cm-1. The identity of the di-reduced species remains unclear from these ex-

periments, though both (E) and (F) are plausible contributing forms to the overall struc-

ture. 
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2.52.5   Summary and Conclusion.Summary and Conclusion.   

The alkynol compound 1 has been synthesised and successfully utilised in the 

formation of several transition metal allenylidene complexes. Initial reactions of the al-

kynol with [CpRuCl(PPh3)2] were unsuccessful, yielding unresolved mixtures of which 

the targeted allenylidene complex was only a minor component, though in contrast the 

AgPF6 mediated reaction of 1 with [CpRuCl(dppe)] allows isolation of the allenylidene 

complex 3 in good yield. The factors influencing the difference in reactivity of the two 

cyclopentadienide-ligated complexes were not determined, yet are plausibly ascribed to 

the relative lability of the mono-dentate and chelating phosphine ligands. 

Reactions of 1 with three bis(diphosphine)ruthenium(II) complexes and an os-

mium(II) derivative also provided the target allenylidene complexes in reasonable yield. 

Formation of the dppm-ligated ruthenium 4 and osmium 7 derivatives proceeds readily 

under ambient conditions, whereas higher temperatures are required for the dppe 5 and 

dmpe 6 ligated ruthenium derivatives. Complex 6 was particularly unstable and was not 

readily purified from reaction by-products, although partial spectroscopic characterisa-

tion in addition to an X-ray structural determination confirm the proposed allenylidene 

structure. The remaining allenylidene complexes appear indefinitely stable in the solid 

state, and only exhibit decomposition in solution for protic solvents or raised tempera-

tures. 

The diphenylphosphine ligated complexes are of particular interest on account 

of the evident stability afforded to the allenic moiety by the shrouding phenyl groups, 

and X-ray structural determinations clearly illustrate that the pendant diimine moiety is 

not hindered toward further reactions as a consequence. A combination of electro-

chemical and spectroelectrochemical techniques have been utilised to comprehensively 

describe the electrochemical characteristics of the allenylidene complexes, with all of 

the complexes exhibiting two successive ligand-centred reductions. Attempts to further 

describe the electronic structure were unfortunately unsuccessful utilising DFT ap-

proaches. 

Having comprehensively established the spectroscopic, structural and electro-

chemical characteristics of the complexes, a basis has been established to investigate the 

utility of the diazafluorenyl-allenylidene moiety for the synthesis of multi-metallic 

allenylidene coordination complexes. 
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2.62.6   Experimental.Experimental.   

2.6.1 General Spectroscopy. 

Samples for infrared spectroscopy were prepared as a pellet (KBr) or nujol mull 

(NaCl plates), with spectra acquired on Bio-Rad FTS-45 or DigiLab Excalibur FTS-

3000 spectrometers. UV-Vis spectra were obtained using a Hewlett-Packard 8452A di-

ode-array spectrophotometer from solutions in quartz cuvettes. 1H, 13C{1H} and 
31P{1H} nuclear magnetic resonance spectra were acquired on Bruker ARX-300, 

AV-500 or AV-600 spectrometers and referenced with respect to residual solvent sig-

nals or an external capillary of 85% H3PO4 for 31P-NMR spectra. Mass spectra were ac-

quired on a VG Autospec spectrometer employing the Fast-Atom-Bombardment (FAB) 

or Electron-Impact (EI) techniques. Unless otherwise noted all FAB mass spectra uti-

lised NOBA as a matrix. Elemental Analyses were performed by Microanalytical Ser-

vices, Research School of Chemistry, Australian National University, Canberra, Austra-

lia. 

2.6.2 Electrochemical/Spectroelectrochemical Experiments. 

Cyclic voltammetry measurements were performed on an ADInstruments 

Maclab/4e interface and Maclab potentiostat (1 mm diameter Pt disc working, Pt aux-

iliary and Ag/AgCl reference mini-electrode). Solutions contained 0.1 M [nBu4N]PF6 

and 5-10 mM complex in CH2Cl2, purged and maintained under an atmosphere of argon 

(0.25 M [nBu4N]PF6 and ca. 1 mM complex, under nitrogen, for spectroelectrochemical 

experiments). Scan rates were 100 mV s-1 and referenced to the internal [FcH]/[FcH]+ 

couple (E0 = 0.56 V, ΔEp = 0.07 V). Spectroelectrochemical data were recorded on a 

Cary 5 spectrophotometer (45 000 - 4 000 cm-1) in CH2Cl2. Solution UV-Vis spectra of 

the reduced species at -35 °C were obtained by electrogeneration (Thompson 401E po-

tentiostat) at a Pt gauze working electrode within a cryostatted, optically transparent, 

thin-layer electrochemical (OTTLE) cell, path-length 0.5 mm, under an atmosphere of 

nitrogen.115 The efficiency and reversibility of each step was tested by applying a suffi-

ciently positive potential to oxidise the product; stable isosbestic points were observed 

in the spectral progressions for all the transformations reported herein. 
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2.6.3 Theoretical Methods. 

Density functional theory calculations were executed in this study using the 

Amsterdam Density Functional (ADF) program, version ADF 2004.01,116 developed by 

Baerends et al.117,118 Calculations were variously performed on Linux-based Pentium IV 

2.8 GHz computers, or in parallel mode on the AlphaServer supercomputer housed at 

the ANU Supercomputer Facility and operated under the Australian Partnership for Ad-

vanced Computing. Calculations were variously performed in C1 and in C2v symmetry. 

Electrons in orbitals up to and including 1s {C, N}, 2p {P, Cl} and 4d {Ru} were 

treated in accordance with the frozen-core approximation. Geometry optimisations em-

ployed the gradient algorithm of Versluis and Ziegler.119 Functionals used in the calcu-

lations were the local density approximation (LDA) to the exchange potential,120 the 

correlation potential of Vosko, Wilk and Nusair (VWN),121 and the nonlocal corrections 

of Perdew, Burke, and Enzerhof (PBE).122 In all calculations, the (Slater type orbital) 

basis sets used were of triple-ζ-plus-polarisation quality (TZP) for ‘central’ atoms (i.e. 

Ru, P, Cl, N, and the three allenylidene C atoms) and of double-ζ quality (DZ) for ‘pe-

ripheral’ atoms (i.e. other C atoms, and H). Calculations were pursued both in the 

vacuum phase (ε = 1) and with solvent corrections, which were applied using the 

COSMO (COnductor-like Screening MOdel) protocol,123-125 for dielectric constant 

values of ε = 4 and 10. 

2.6.4 Reagents and Reactants. 

 4,5-Diazafluoren-9-one (2) was prepared from 1,10-phenanthroline (Aldrich) by 

the literature procedure.126 The complexes cis-[RuCl2(dppm)2], cis-[RuCl2(dppe)2], 

[RuCl2(dmpe)2] and [OsCl2(dppm)2] were prepared from [RuCl2(dmso)4] or 

[OsCl2(PPh3)3] in hot toluene.127 [CpRuCl(dppe)] was prepared from [CpRuCl(PPh3)2] 

in refluxing toluene by adaptation of the literature procedure.85 nBuLi (2.0 M in cyclo-

hexane, Sigma-Aldrich), ClMgC≡CH (0.5 M in thf, Sigma-Aldrich), NaPF6 (Sigma-

Aldrich) and KPF6 (BDH) were used as received. Acetylene gas (C.I.G. industries) was 

freed of acetone by successive passage through dry-ice/acetone, concentrated sulphuric 

acid and soda lime traps, then bubbled directly into the reaction vessel. Column chro-

matography was performed using silica gel (230-400 mesh ASTM, Merck) as the sta-

tionary phase. Solvents for chromatography and general work-up procedures were dis-

tilled prior to use, whilst solvents for Schlenk reactions were dried and purified by ap-

propriate means128 prior to distillation and storage under an atmosphere of high purity 
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argon. Unless otherwise stated, all reactions were performed under an atmosphere of 

high purity argon utilising standard Schlenk techniques. 

2.6.5 9-Hydroxy-9-ethynyl-4,5-diazafluorene (1). 

N N

HO

1

2

3

4'

!

"

#

1'

 
Method A: LiC≡CH was prepared in-situ by the method of Midland79 and used 

immediately. In a 500 mL round-bottom flask thf (130 mL) was saturated with C2H2 gas 

over approximately an hour at -78°C (CO2/Me2CO bath). To this solution was added 
nBuLi (1.10 M in cyclohexane, 8.2 mL, 9.0 mmol) and the resulting solution left to stir 

for thirty minutes. A solution of 2 (1.48 g, 8.12 mmol) in thf (200 mL) was then added 

dropwise via a cannula over an hour, resulting in a pale red solution that was then al-

lowed to warm to room temperature overnight. The resulting off-white suspension was 

hydrolysed with H2O (150 mL) to yield a pale yellow solution, followed by the addition 

of solid K2CO3 with vigorous stirring until the solution took on a turbid appearance. 

The thf layer was decanted and the remaining solution extracted with CH2Cl2. The 

combined organic fractions were then dried over MgSO4, filtered, and reduced to dry-

ness by rotary evaporation. Recrystallisation from boiling Me2CO afforded the tan-

coloured product (1.36 g, 6.53 mmol, 80.4%).  

Method B: Solid 2 (1.993 g, 10.94 mmol) was dissolved in thf (250 mL) to af-

ford a pale yellow solution. A solution of ClMgC≡CH (ca. 0.5 M in thf, 70 mL, 

35 mmol) was added dropwise and with vigorous stirring over a 30 min period, during 

which time the solution developed an opaque brown appearance. After stirring for four 

hours the reaction was opened to the atmosphere, diluted with 300 mL Et2O and the re-

action quenched by slow addition of 400 mL saturated aqueous NH4Cl solution. The 

product was extracted with CHCl3, dried over MgSO4, filtered, and reduced to dryness 

by rotary evaporation. The crude reaction product was adsorbed onto SiO2 (ca. 40 g) 

and eluted with acetone to yield the pure product after removal of solvent under reduced 

pressure (2.045 g, 9.821 mmol, 89.78%). 

mp > 236 °C (decomp.). Anal. Calcd for C13H8N2O1•
1/3H2O: C, 72.89; H, 4.08; 

N, 13.08. Found: C, 72.47; H, 4.23; N, 12.97. 1H NMR (500 MHz, (CD3)2CO): δ (ppm) 

8.69 (dd, 2H, H3), 8.14 (dd, 2H, H1), 7.46 (dd, 2H, H2), 5.98 (s, 1H, OH), 3.08 (s, 1H, 
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Hα). 13C{1H}-NMR (125 MHz, (CD3)2CO): δ (ppm) 159.5 (C4'), 152.4 (C3), 145.5 

(C1'), 133.7 (C1), 125.6 (C2), 85.8 (Cβ), 74.5 (Cα), 72.8 (Cγ). IR (cm-1): υH2O 3542m, 

υOH and υC≡C-H 3259s, 3235s, 3104(br)m, υC≡C 2102w. EI-MS (Me2CO): m/z 208 

[100%, M+]. UV-Vis (MeCN) λ(nm) [ε × 104 M-1 cm-1]: 226 [1.00], 266 [0.787], 304 

[1.52], 314 [1.93]. 

M C C C
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N

1

2

3

4'1'
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Figure 17. Atom labelling scheme utilised in assignment of NMR spectroscopic data for the allenylidene 

complexes. 

2.6.6  [CpRu(dppe)=C=C=(4,5-diazafluoren-9-yl)]PF6 (3). 

A flask charged with AgPF6 (42 mg, 0.17 mmol), [CpRuCl(dppe)] (77 mg, 

0.13 mmol) and (1) (30 mg, 0.14 mmol) was covered in foil to exclude light, to which 

was added CH2Cl2 (10 mL) and thf (5 mL). After stirring for 2 hours at ambient tem-

perature solvents were removed in vacuo and the deep maroon residue redissolved in 

CH2Cl2 and filtered through a short column of celite (ca. 5 g). Removal of solvent from 

the filtrate yielded the product as a deep maroon powder (82 mg, 0.091 mmol, 71%). 

Anal Calcd for C44H35F6N2P3Ru1•2.CH2Cl2: C, 51.65; H, 3.68; N, 2.62. Found: C, 

51.52; H, 3.70; N, 2.66. 1H NMR (600 MHz, CD2Cl2): δ (ppm) 8.78-8.62 (m, 2H, H3), 

7.58-7.45 (m, 12H, HPh & H1), 7.37-7.31 (m, 2H, H2), 7.27-7.18 (m, 10H, HPh), 5.59 (s, 

5H, HCp), 3.26-3.09 (m, 4H, P(CH2)2P). 13C{1H}-NMR (151 MHz, CD2Cl2): δ (ppm) 

300.27 (m, Cα), 232.88 (m, Cβ), 160.71 (C4’), 151.53 (C3), 139.42 (m, Cγ), 136.42 

(pentet, Cipso), 135.82 (C1’), 133.85(pentet, Cipso), 133.00 (t, CPh), 131.76 (s, Cpara), 

131.71 (s, Cpara), 131.06 (t, CPh), 130.78 (C1), 129.72 (t, CPh), 129.08 (t, CPh), 126.28 

(C2), 94.24 (CCp), 29.38 (pentet, P(CH2)2P). 31P{1H}-NMR (243 MHz, CD2Cl2) δ (ppm) 

80.52 (s, dppe), -143.68 (sept, PF6
¯). IR (cm-1): υC=C=C 1915 (mw), 1580 (w), 1560 (br, 

w), 1097 (m), υPF6
 838 (s), 746 (m), 691 (m). FAB+-MS (Me2CO): m/z 753.5 (13%, 

[M-H]+), 564.1 (5%, [CpRu(dppe)]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 196 

[7.95], 250 [2.71], 268sh [2.11], 307 [0.750], 496 [1.96]. 
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2.6.7 Syntheses of Allenylidene Complexes 4-7. 

The syntheses, isolation and purification of complexes 5 to 7 are analogous to 

the procedure described in detail for 4 below. 

2.6.7.1  [RuCl(dppm)2=C=C=(4,5-diazafluoren-9-yl)]PF6 (4). 

cis-[RuCl2(dppm)2] (944 mg, 1.00 mmol), (1) (225 mg, 1.08 mmol) and NaPF6 

(280 mg, 1.67 mmol) were combined in a Schlenk flask and stirred in-vacuo for ap-

proximately an hour before the addition of CH2Cl2 (140 mL). The solution was stirred 

at room temperature for ca. 50 hours, then opened to the atmosphere, filtered through 

celite and taken to dryness under reduced pressure. The crude product was crystallised 

from CH2Cl2/EtOH, washed successively with cold EtOH and Et2O and air dried to 

yield the product as a red-brown powder (1.042 g, 0.841 mmol, 83.7%). Analytically 

pure samples were obtained by silica chromatography, pre-adsorbing the compound 

onto silica gel and eluting with MeCN containing 2% v/v saturated aqueous KPF6, col-

lecting the maroon fraction. This column fraction was reduced to dryness by rotary ev-

aporation, redissolved in CH2Cl2 and washed copiously with water, dried over CaSO4 

then recrystallised from CH2Cl2/EtOH to yield maroon-red crystals. Anal. Calcd for 

C63H50ClF6N2P5Ru1: C, 60.99; H, 4.06; N, 2.26. Found: C, 61.28; H, 3.84; N, 2.45. 1H 

NMR (600 MHz, (CD3)2CO): δ (ppm) 8.74 (dd, 2H, H3), 7.69-7.63 (m, 8H, phenyl), 

7.43-7.39 (m, 4H, phenyl), 7.39-7.35 (m, 8H, phenyl), 7.33-7.26 (m, 12H, phenyl), 

7.22-7.17 (m, 8H, phenyl) 6.84 (dd, 2H, H2), 5.89 (m, 2H, PCH2P), 5.72 (m, 2H, 

PCH2P), 5.54 (dd, 2H, H1). 13C{1H}-NMR (125 MHz, (CD3)2CO): δ (ppm) 324.6 

(quintuplet, Cα), 241.1 (m, Cβ), 164.1 (s, C4'), 152.6 (s, C3), 146.8 (s, Cγ), 135.9 (s, 

C1'), 131.0 (s, C1), 125.0 (s, C2), 42.5 (quintuplet, PCH2P), 133.8 and 133.6 (quintu-

plet, Cortho), 132.4 and 131.8 (s, Cpara), 131.7 and 130.4 (quintuplet, Cipso), 130.2 and 

129.4 (t, Cmeta). 31P{1H}-NMR (202 MHz, (CD3)2CO): δ (ppm) -15.16 (s, trans-dppm), 

-142.66 (septet, PF6¯). IR (cm-1): υC=C=C 1927(s), υPF6
 838(vs). FAB+-MS (CH2Cl2): m/z 

1095 [100%, M+]. UV-Vis (MeCN) λ(nm) [ε × 104 M-1 cm-1]: 232 [5.98], 274 [5.46], 

454sh [1.59], 510 [1.65].  

2.6.7.2 [RuCl(dppe)2=C=C=(4,5-diazafluoren-9-yl)]PF6 (5). 

cis-[RuCl2(dppe)2] (483 mg, 0.498 mmol), (1) (118 mg, 0.521 mmol) and NaPF6 

(143 mg) were refluxed for three days in 1,2-dichloroethane (125 mL). Workup and re-

crystallisation as for 4 yielded the deep maroon product as micro-crystals (324 mg, 
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0.255 mmol, 51.5%). Anal. Calcd for C65H54Cl1F6N2P5Ru1•½.CH2Cl2: C, 60.00; H, 

4.23; N, 2.14. Found: C, 60.47; H, 4.20; N, 2.34. 1H NMR (500 MHz, (CD3)2CO): δ 

(ppm) 8.83 (d, 2H, H3), 7.40 (t, 4H, phenyl), 7.29-7.23 (m, 8H, phenyl), 7.22-7.13 (m, 

12H, phenyl), 7.03-6.96 (m, 18H, H2 and phenyl), 6.58 (d, 2H, H1), 3.47-3.27 (m, 8H, 

P(CH2)2P). 13C{1H}-NMR (125 MHz, (CD3)2CO): δ (ppm) 321.83 (quintuplet, Cα), 

248.46 (m, Cβ), 164.53 (s, C4'), 152.80 (s, C3), 149.14 (s, Cγ), 136.79 (s, C1'), 130.11 

(s, C1), 125.66 (s, C2), 29.23 (quintuplet, P(CH2)2P), 134.77, 133.71, 132.10, 131.79, 

129.76, 129.04 (s, Cortho, Cmeta, Cpara), 133.04 and 132.57 (m, Cipso). 31P{1H}-NMR (202 

MHz, (CD3)2CO): δ (ppm) 36.71 (s, trans-dppe), -142.65 (septet, PF6¯). IR (cm-1): 

υC=C=C 1909(s), υPF6
 840(vs). FAB+-MS (CH2Cl2): m/z 1123 [100%, M+]. UV-Vis 

(MeCN) λ(nm) [ε × 104 M-1 cm-1]: 230 [5.907], 274 [5.897], 452 [1.572] 532 [1.386].  

2.6.7.3 [RuCl(dmpe)2=C=C=(4,5-diazafluoren-9-yl)]PF6 (6). 

[RuCl2(dmpe)2] (262 mg, 0.554 mmol), (1) (102 mg, 0.490 mmol) and NaPF6 

(102 mg) were refluxed for four days in 1,2-dichloroethane (100 mL). Solvent was re-

moved in-vacuo and the residue recrystallised from 2:1 CH2Cl2:Et2O (25 mL) to yield 6 

as a deep maroon powder (240 mg, 0.311 mmol, 63.4%). Rapid decomposition in solu-

tion prevented satisfactory purification and full characterisation. Anal. Calcd for 

C25H38Cl1F6N2P5Ru1: C, 38.90; H, 4.96; N, 3.63. Found: C, 37.84; H, 5.38; N, 2.51. 
31P{1H}-NMR (202 MHz, CD2Cl2): δ (ppm) 31.1 (s, trans-dmpe), -143.85 (septet, 

PF6¯). IR (cm-1): υC=C=C 1910(m), υPF6
 843(s). FAB+-MS (CH2Cl2): m/z 627 [16.8%, 

M+].  

2.6.7.4 [OsCl(dppm)2=C=C=(4,5-diazafluoren-9-yl)]PF6 (7). 

[OsCl2(dppm)2] (65 mg, 0.063 mmol), (1) (14 mg, 0.062 mmol) and NaPF6 (13 

mg, 0.076 mmol) were refluxed overnight in 1,2-dichloroethane (25 mL). Workup and 

recrystallisation yielded the product as a deep orange-red powder (51 mg, 0.038 mmol, 

62%). Anal. Calcd for C63H50Cl1F6N2Os1P5: C, 56.91; H, 3.79; N, 2.11. Found: C, 

56.30; H, 3.93; N, 2.46. 1H NMR (500 MHz, CD2Cl2): δ (ppm) 8.99 (dd, 2H, H3), 7.42 

(t, 4H, phenyl), 7.33-7.31 (br.m, 8H, phenyl), 7.27-7.16 (m, 28H, phenyl), 6.78 (dd, 2H, 

H2), 6.28 (dt, 2H, PCH2P), 5.82 (dt, 2H, PCH2P), 5.79 (dd, 2H, H1). 13C{1H}-NMR 

(125 MHz, CD2Cl2): δ (ppm) 280.8 (quintuplet, Cα), 255.6 (m, Cβ), 163.32 (s, C4'), 

151.7 (s, C3), 141.75 (s, C1'), 140.98 (s, Cγ), 129.88 (s, C1), 124.83 (s, C2), 49.1 (quin-

tuplet, PCH2P), 133.05, 132.56, 132.10, 131.66, 129.48, 128.91 (s, Cortho, Cmeta, Cpara), 
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129.67 (m, Cipso). 31P{1H}-NMR (202 MHz, CD2Cl2): δ (ppm) -60.92 (s, trans-dppm), 

-143.85 (septet, PF6¯). IR (cm-1): υC=C=C 1927(s), υPF6
 850(vs). FAB+-MS (CH2Cl2): m/z 

1184 [100%, M+]. UV-Vis (MeCN) λ(nm) [ε × 104 M-1 cm-1]: 232 [7.226], 252 [6.517], 

438sh [1.853], 472 [2.214]. 

2.6.8 Structure Determinations. 

Full spheres of CCD area-detector diffractometer data were measured (ω-scans; 

monochromatic Mo Kα radiation, λ = 0.71073 Å (exception: 5 for which a synchrotron 

source was used, λ = 0.48595
 Å), yielding Nt(otal) reflections, these merging to N unique 

(Rint cited) after ‘empirical’/multiscan absorption correction (proprietary software), No 

with I > 2σ(I) considered ‘observed’. All reflections were used in the full matrix least 

squares refinement on F2, refining anisotropic displacement parameter forms for the 

non-hydrogen atoms (exceptions: 5, 6 Os, Ru, Cl, P only anisotropic), hydrogen atom 

treatment following a riding model (reflection weights: (σ2(Fo
2) + (aP)2

 (+ bP)-1 (P = 

(Fo
2 + 2Fc

2)/3)). Neutral atom complex scattering factors were employed within the 

SHELXL 97 program.129 Pertinent results are given in the text, tables and figures, the 

latter showing non-hydrogen atoms with 20% (room temperature) or 50% (‘low’ tem-

perature) probability amplitude displacement envelopes, hydrogen atoms having an ar-

bitrary radii of 0.1 Å. Individual diversions in procedure are noted in footnotes to Table 

4. 
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Table 4. Crystal Data and Refinement Details for 1, 4 – 7. a Water molecule hydrogen atoms were refined 
in (x, y, z, Uiso). b 4 and 7 are isomorphous. c α, β, γ were 83.66(3)°, 89.79(3)°, 85.56(3)°; in complex 6, 

the central PCCP string and a pendant phenyl at either end were modelled as disordered over pairs of 
sites, occupancies refining to 0.65(1) and complement (component / ‘molecule 9’). d β was 105.780(3)°. 

 1•½H2O a 4[PF6] b 5[PF6]•1/16H2O c 6[PF6]•1/4Et2O 
•1/2CH2Cl2 

d 7[PF6] b 

Formula C13H9 
N2O1.5 

C63H50ClF6 
N2P5Ru 

C65H54.125ClF6 
N2O0.0625P5Ru 

C26.5H41.5Cl2F6 
N2O0.25P5Ru 

C63H50ClF6 
N2P5Os 

Mr  
(Dalton) 217.2 1240.5 1270.5 832.9 1329.6 

Crystal 
System Orthorhombic Orthorhombic Triclinic Monoclinic Orthorhombic 

Space 
Group Pbca (# 61) Pnma (# 62) P  

! 

1 (# 2) P21 (# 4) Pnma (# 62) 

a (Å) 12.113(1) 17.950(2) 22.985(1) 16.916(3) 17.9908(7) 
b (Å) 11.944(1) 17.876(2) 24.367(2) 25.381(4) 17.8767(8) 
c (Å) 29.432(3) 17.543(2) 41.672(1) 17.050(3) 17.6251(7) 

V (Å3) 4258 5629 23127 7044 5669 
Dc 

(g cm-3) 1.355 1.464 1.460 1.571 1.558 

Z (f.u.) 16 4 16 8 4 
µMo  

(mm-1) 0.091 0.53 0.28 0.88 2.5 

Specimen 
(mm) 

0.72 x 
0.48 x 
0.11 

0.41 x 
0.17 x 
0.15 

0.08 x 
0.06 x 
0.02 

0.14 x 
0.07 x 
0.06 

0.30 x 
0.20 x 
0.06 

`Tmin/max 0.81 0.66 0.81 0.82 0.74 
2θmax (°) 58 55 34 45 75 

Nt 17718 63326 338361 54714 117225 
N (Rint) 4852 (0.052) 6723 (0.12) 79947 (0.091) 18063 (0.099) 15015 (0.041) 

No 2747 3789 53384 13640 11566 
R1 0.043 0.069 0.072 0.097 0.027 

wR2 0.100 0.20 0.19 0.24 0.067 
a(,b) 0.0449 0.1072 0.0905, 62.3 0.0837, 94.5 0.0353 

S 0.98 1.06 1.04 1.05 1.05 
T (K) ca. 298 ca. 153 ca. 103 ca. 153 ca. 153 
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3.13.1   IntroductionIntroduction ..   

The successful incorporation of the diazafluorenyl moiety into a series of 

allenylidene complexes now allows an exploration of the coordination chemistry of this 

highly unsaturated metallo-ligand. 

3.1.1 Coordination Chemistry of the Diazafluorenyl Moiety. 

As evident from structural studies within the previous discussion, the formation 

of the allenylidene system does not affect any significant geometric changes upon the 

diazafluorenyl group, and the diimine moiety is not hindered toward coordination. As 

such the allenylidene complexes are expected to react in a fashion similar to analogous 

metal-free diazafluorenyl derivatives and thereby reflect the coordination chemistry of 

the 2,2'-bipyridine and 1,10-phenanthroline family of compounds. Nevertheless there 

are several key differences between the diazafluorenyl-derived allenylidene complexes, 

and the ‘classic’ coordination chemistry of purely organic diimine compounds. 

N N NNN N

77° 82° 2.65 Å3.05 Å

NN

OH

! ! r r

2,2'-bipyridine
bpy

4,5-diazafluorene (1) 1,10-phenanthroline
phen  

Figure 1. Comparison of selected structural parameters of diazafluorenyl compounds relative to bpy and 
phen. 

Most notably the central five-membered ring of diazafluorenyl derivatives chan-

ges the coordination geometry of the diimine moiety relative to bpy, phen, etc by in-

creasing the interatomic distance between the nitrogen atoms, and consequently increas-

ing the ‘ligand bite angle’ (Figure 1).1,2 As a consequence of this increased bite angle 

the formation of metal chelate complexes is affected by a decreased metal-nitrogen or-

bital overlap, with the diazafluorenyl derivatives expected to act as weaker σ-donors 

than bpy or phen. This has been demonstrated in the synthesis of several palladium(0) 

and platinum(0) π-alkene complexes in which the diazafluorenyl moiety acts as an η1-

donor with either one or two metal centres.1 
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Figure 2. Examples of η1-coordination of the diazafluorenyl moiety (M = Pd or Pt; X = CH2 or CO). 

A further example of this decreased donor ability is highlighted in the reaction 

of [Cp*Co(η2-H2C=CH2)2] with 4,5-diazafluoren-9-one (2) to form the stable η2:η2 

complex (Figure 3),3 whereas under analogous conditions the reaction of [Cp*Co(η2-

H2C=CHSiMe3)2] with bpy leads to the formation of the N,N'-chelate.4 

NN

O

CoCo
R R

Co

NN

bpy

R = SiMe3

(2)

R = H

 
Figure 3. Example of η2:η2 coordination by 2 in contrast to κ2-N,N' as per bpy. 

Nevertheless there are numerous literature examples of complexes incorporating 

diazafluorenyl derived ligands, chelated predominantly to first-row, group-VIII and 

group-X metal ions (Figure 4).2,5-8 

X

NN

Pd

ClCl

N

N

Ru(bpy)2(bpy)2Ru

N

N

E

E

4+

E = -CO2Me

M

N

N
N

N

O

3

2+

M = Mn, Fe, Co, Ni, Zn

N

N

O

OMe

[M]

[M] = [Ru(bpy)2]2+, [Os(bpy)2]2+, [ReCl(CO)3]

X = CH2, CO

 
Figure 4. Examples of metal complexes chelated by diazafluorenyl derived ligands. 

In addition to these steric differences the allenylidene complexes are cationic 

and therefore a degree of coulombic repulsion may be introduced, between the metallo-

ligand and additional metal centres, that is otherwise absent in complexes of purely or-

ganic diimine ligands. Again, the lack of significant spectroscopic or structural changes 
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affected by transformation of the diazafluorenyl alkynol into the allenylidene moiety 

implies that the cationic charge of the allenylidene complex is largely localised at the 

metal ‘head-group’, rather than the diimine proximate to the coordinating metal centre. 

This notion is evinced by the copious literature precedent for the formation of 

metal complexes with cationic metallo-ligands.9,10 Particularly relevant, in the context 

of this investigation, are the numerous homo- and hetero-multinuclear complexes in-

corporating bridging diimine ligands.11,12 Some selected examples are outlined in Figure 

5, wherein a variety of synthetic strategies are used to introduce multiple cationic frag-

ments into a single molecule, including but not limited to: (i) Suzuki-coupling;13 (ii) 

Schiff-base amination;14 (iii) polymerisation;15,16 (iv) single-pot reactions with excess 

metal complex;17 and, (v) stepwise addition of individual metal complexes.18 

The synthetic methodology adopted for such highly charged complexes does not 

differ markedly from that of the mono-metallic complexes, though generally longer re-

action times and/or elevated temperatures are required for the oligonuclear com-

plexes.19,20 The main problems associated with these syntheses generally revolve around 

solubility14 or the removal of intermediate complexes as impurities,21 nevertheless com-

plexes incorporating ten,22 thirteen23 and even twenty-two24,25 homo- and hetero-nuclear 

dicationic metal centres have been successfully obtained in a pure form. 
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Figure 5. Selected synthetic methodologies for the construction of multimetallic coordination complexes. 
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3.1.2 Synthetic Strategies. 

In this case, with the diazafluorenyl moiety, two different synthetic strategies are 

clearly possible (Scheme 1). Firstly, the reaction of the allenylidene complex with addi-

tional metal centres, route A, or the initial sequestration of the nitrogen donors followed 

by formation of the allenylidene moiety, route B. 

Ru CCl

Ph2P PPh2

PPh2Ph2P

C C

N

N

[M]

N

N

HO

N

N

HO
[M]

PF6

[RuCl2(dppm)2] / NaPF6

- NaCl, -H2O
Ru CCl

Ph2P PPh2

PPh2Ph2P

C C

N

N

PF6

[RuCl2(dppm)2] / NaPF6

- NaCl, -H2O

[M]

[M]

Route A

Route B  
Scheme 1. Alternate strategies toward the synthesis of multinuclear allenylidene complexes incorporating 

the diazafluorenyl moiety. 

In the first instance the coordination chemistry of 4 will be investigated, as it is 

the most readily accessible member of the diazafluorenyl allenylidene complexes syn-

thesised. The driving force to form coordination complexes between 4 and additional 

metal centres is predominantly the stabilisation afforded by chelation and, as mentioned 

above, this ‘chelation energy’ is weaker for diazafluorenyl derivatives than the ana-

logues discussed above. In addition, traditional syntheses of bipyridyl-like coordination 

complexes generally rely on in-situ reductants (oxidants), protic solvents and/or aggres-

sive thermal conditions in order to drive this chelation reaction,26 all of which are prob-

lematic with the allenylidene complex. As such, these investigations will necessarily 

focus on coordination reactions with metal complexes bearing particularly labile lig-

ands. Alternately the κ2-N,N'-coordination of 1 with a metal complex to form a metallo-

alkynol should allow access to a greater variety of synthetic conditions on account of 

the greater stability of this compound. The subsequent reaction of the metallo-alkynol to 

form the allenylidene moiety then proceeds under relatively mild conditions which are 

not expected to affect the coordinated-coordinated metal centre. 
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3.23.2   Ligand Substitution RLigand Substitution R eactions.eactions.   

3.2.1 Reactions with Group-X Nitrile Complexes. 

The complexes [PdCl2(NCR)2] (R = Me, Ph) readily substitute the nitrile ligands 

for bipyridyl derivatives to form [PdCl2(N∩N)] complexes,5 which may react further in 

the presence of AgX (X = OTf–, OTs–, PF6
–, etc) halide abstracting agents to yield 

[Pd(N∩N)2]X2 bis complexes.27 The relatively mild reaction conditions required to dis-

place the labile nitrile ligands make these palladium complexes an attractive precursor 

for the formation of heterobimetallic allenylidene coordination complexes. 

3.2.1.1 Reactions of the Alkynol (1). 

In the initial case the reaction of [PdCl2(NCPh)2] with 1 was pursued in acetoni-

trile solvent, rapidly yielding an orange solution (Scheme 2). Removal of solvent from 

the reaction mixture gave a brown-orange solid that would not redissolve in acetonitrile, 

nor other common solvents. Limited solubility in d6-dmso allowed the obtainment of an 
1H-NMR spectrum with many overlapping multiplet resonances in the aromatic chemi-

cal shift region from ca. 6.6 – 9.4 ppm, though the sample under analysis rapidly turned 

from orange to green with significant deposition of a dark intractable precipitate. The 

solubility of PdCl2(N∩N) complexes is generally characterised by solvolysis of the Pd-

Cl bond by polar solvents such as dmso or dmf28 with the resulting solvated (aquated) 

species susceptible to the formation of polymeric byproducts,29 which is likely the case 

in this instance. Positive ion FAB mass spectrometry failed to show a significant mo-

lecular ion, with only a trace of [1+H]+ and [PdCl2(NCPh)2]+ observed. 

N N

HO

N N

HO

Pd

ClCl

[PdCl2(NCPh)2]+

 
Scheme 2. Reaction of 1 with [PdCl2(NCPh)2]. 

Infrared spectroscopy developed the most useful information regarding the reac-

tion product, with no absorptions in the 2300 – 2200 cm-1 region characteristic of 

[PdCl2(NCR)2] υC≡N stretching modes clearly indicating the consumption of starting 

material, although there were also no absorptions corresponding to the hydroxyl or al-

kynyl functional groups of 1. The major characteristic absorptions were two of equal 

intensity at 1738 and 1716 cm-1 plus a medium-strong absorption at 1602 cm-1. Though 
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these absorptions are not readily assigned within the context of the reactants or targeted 

coordination complex, it must be noted that the energy of these absorptions is within the 

appropriate range for Pd(0) π-alkyne complexes (eg. [(dippe)Pd(η2-HC≡CR)] R = H, 

1619 cm-1; R = Me, 1756 cm-1; R = Ph, 1720 cm-1)30 and that of C=C bonds in general. 

The absence of NMR spectroscopy resonances or infrared absorptions corresponding to 

the alkynol functionality of 1 does imply that a reaction has occurred, though potentially 

not by means of N,N'-coordination as intended. A number of competing reaction path-

ways must be considered given the rich alkyne chemistry of palladium, and particularly 

that of “PdCl2” toward oligomerisation and cyclisation reactions.31-33 Under identical 

conditions the reaction of 1 with [PtCl2(NCPh)2] was also investigated, though in this 

case no reaction occurred and the starting materials were quantitatively recovered on 

workup of the reaction. 

3.2.1.2 Reactions of (4) to Form Bimetallic Complexes. 

In light of the competing side reactions postulated above, the stoichiometric re-

action of [PdCl2(NCPh)2] with the allenylidene complex 4 was investigated in acetoni-

trile solvent (Scheme 3). Monitoring of the reaction by UV-Vis spectroscopy showed 

the expected rapid consumption of starting materials, and a solid crystalline product was 

readily obtained in good yield. NMR spectroscopic analysis of the reaction product 

showed very unusual results: 1H-NMR spectra showed only resonances attributable to 

the dppm ligand, the distribution of chemical shifts indicative of a symmetric trans envi-

ronment about the metal centre; 31P{1H}-spectra showed only a single broad resonance 

marginally downfield of that observed for 4 (in addition to the PF6
– septet); and, 

13C{1H} spectra again showed only dppm resonances consistent with an asymmetric 

trans environment about the metal centre, though with no resonance corresponding to 

the bridging methylene group of the dppm ligand observed. These inconsistent results 

are further confounded by positive ion FAB mass spectrometry which shows only two 

significant molecular ions: m/z 530.6 a.m.u most readily attributable to [(4)-Cl]2+ (a mo-

lecular ion not previously observed from fragmentation of the parent allenylidene com-

plex 4); and, a monocation at m/z 663.4 a.m.u which shows an isotopic distribution con-

sistent with a “RuCl” fragment and no inclusion of palladium. In contrast the infrared 

spectrum of the reaction product exhibits a major absorbance at 1914 cm-1 (c.f. υC=C=C 

1927 cm-1 for 4), broadly consistent with a withdrawal of electron density from the 

allenic bonds by a coordinated palladium moiety. 
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Scheme 3. Reaction of 4 with [PdCl2(NCPh)2]. 

The electrochemistry of [PdCl2(N∩N)] complexes, such as [PdCl2(bpy)], is 

characterised by a quasi-reversible metal-centred one-electron oxidation and two poorly 

reversible ligand-centred one-electron reductions,34 whereas complex 4 exhibits two 

quasi-reversible reductions of the allenylidene moiety. Electrochemical studies of the 

product reveal two major redox processes centred at 240 mV and -400 mV (Figure 6), 

plausibly corresponding to these two latter reductions of the allenylidene moiety. Inter-

preted in terms of the target bimetallic complex, coordination of the palladium moiety 

results in a withdrawal of electron density from the allenylidene moiety, and conse-

quently affects the anodic shift in potential relative to 4 (-80 mV, -950 mV). 

 
Figure 6. First-scan CV of the product obtained from the reaction of 4 with [PdCl2(NCPh)2] (Pt electrode, 

100 mV s-1, 0.1 M nBu4NPF6/MeCN, referenced to internal [FcH]/[FcH]+ = +560 mV). 

Similarly, the additional redox process at 1550 mV may be assigned to a palla-

dium-centred oxidation, anodically shifted relative to the oxidation process observed for 

[PdCl2(bpy)] at 900 mV34 on account of coordination to the cationic allenylidene com-

plex. In this interpretation, the significant anodic shift of the reduction potentials sug-
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gest the bimetallic complex to be a very strongly coupled system. It must be noted that 

the additional redox process evident at ca. 120 mV is not readily interpreted in terms of 

the bimetallic complex, though the process may be associated with an unidentified im-

purity. 

Further insights into the possibility of a bonding interaction between the 

allenylidene complex and palladium are not readily ascertained from UV-Vis spectra of 

the product, which, relative to 4, is dominated by a convergence of the low-energy 

allenic absorptions centred at 490 nm and increase in relative intensity of the high-

energy ILCT transitions of the diazafluorenyl moiety and dppm ligands. Notably no ab-

sorptions were observed in the spectral region generally associated with MLCT transi-

tions of analogous [PdCl2(N∩N)] complexes, which show two absorptions centred at 

ca. 365 nm and 300 nm.34 If, as suggested by the interpretation of electrochemical data, 

the bimetallic complex is a strongly coupled system, then the MLCT transition from 

palladium does not involve a localised diimine π* orbital but rather the extended 

LUMO of the allenylidene complex as a whole. Although some of the spectroscopic 

data is in apparent contradiction to the UV-Vis and electrochemical data, these latter 

techniques allow the assertion that the allenylidene complex has been coordinated by 

palladium. 

In seeking confirmation, the reaction of 4 with [PdCl2(NCPh)2] was also investi-

gated in acetone solvent. In this case a significantly more complex mixture of com-

pounds was obtained, as evinced by a distribution of sharp and broad singlet peaks 

ranging from +35 to -52 ppm in the 31P{1H}-NMR spectrum. In particular a sharp 

singlet peak at δCD3CN -51.5 ppm is exceptionally downfield of any resonances typically 

associated with the “RuII(dppm)2” moiety, though in reasonable agreement with the re-

ported value of δCDCl3 -53.7 ppm for [PdCl2(dppm)].35 The presence of a pseudo-triplet 

in the 1H-NMR spectrum at 4.51 ppm, J = 11.1 Hz (c.f. [PdCl2(dppm)], 4.28 ppm, J = 

10.7 Hz), further supports the case for the presence of this complex or a closely related 

“Pd(dppm)” analogue. Despite the significant number of individual products suggested 

by 31P{1H}-NMR spectroscopy, there are again no resonances in the 1H-NMR spectrum 

attributable to the heterocyclic protons of the diazafluorenyl moiety. The infrared spec-

trum closely resembles that of the reaction in acetonitrile solvent, although with a broad 

strong absorbance at 1977 cm-1 attributable to a [RuCl(dppm)2CO]+ υRuC≡O stretching 

mode.36 UV-Vis spectra and cyclic voltammograms of the product mixture exhibited 

complex features, both differing significantly from product of the acetonitrile-route de-
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scribed above, and neither assisting in further elucidation of the product species. The 

presence of the ruthenium-carbonyl complex in combination with a plausible 

“Pd(dppm)” moiety is clearly indicative of significant decomposition of 4 under these 

synthetic conditions. 

Attempts to form the analogous platinum(II) complexes of 4 were unsuccessful. 

Reaction of 4 with [PtCl2(NCPh)2] under mild conditions in acetonitrile solvent resulted 

in recovery of starting material, whilst reaction in refluxing acetonitrile yielded a black 

tar not amenable to analysis. Utilising [PtCl2(SMe2)2] as an alternative platinum(II) 

source led similarly to quantitative recovery of 4 and near-quantitative recovery of 

cis/trans-[PtCl2(SMe2)2] after reaction in dichloromethane solvent, despite the suscepti-

bility of the SMe2 ligands to substitution.37,38 

3.2.1.3 Reactions of (4) to Form Trimetallic Complexes. 

Given the inability to conclusively isolate the bimetallic palladium-coordinated 

allenylidene-ruthenium complex, the reaction of [PdCl2(NCPh)2] with two equivalents 

of 4 was investigated to determine if problems were arising as a result of the coordi-

nated “PdCl2” moiety. Though the complexes [Pd(N∩N)2]X2 are best prepared in a two-

step synthesis via isolation and purification of the [PdX2(N∩N)] complex, in this case a 

one-pot reaction was deemed preferable on account of the above difficulties in isolating 

the intermediate (Scheme 4). 

[PdCl2(PhCN)2]

N!N

MPF6

[PdCl2(S)2] [PdCl2(N!N)] [Pd(N!N)2](PF6)2

+

+

S N!N
N!N

- 2.MCl

 
Scheme 4. Proposed reaction scheme for one-pot formation of [Pd(N∩N)]X2 complexes (S = solvent; M 

= Na+, Ag+, etc). 

The reaction of [PdCl2(NCPh)2] with two equivalents of 4 was initially pursued 

with NaPF6 as a halide-abstracting agent. Shorter reaction times (ca. 24 h) yielded a 

product largely indistinguishable from that obtained by reaction of the palladium source 

with a single equivalent of the allenylidene complex, whilst prolonged reaction (ca. 72 

h) does afford a product exhibiting markedly different spectroscopic features. Most not-

ably the infrared spectrum shows two major absorptions of equal intensity at 1917 cm-1 

and 1880 cm-1 in addition to a weak absorption at 1976 cm-1 (again attributable to 

υRuC≡O of [RuCl(dppm)2(CO)]+).36 1H- and 13C{1H}-NMR spectroscopy failed to pro-

vide significant information, though 31P{1H}-NMR spectroscopy showed numerous 

resonances, both sharp and broad, indicating once again a mixture of components. The 

positive ion FAB mass spectrum shows only molecular ions attributable to fragmenta-
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tion of the parent allenylidene complex 4. Both UV-Vis spectroscopic and cyclic vol-

tammetric studies of the reaction product clearly indicate that reaction has occurred. 

In light of the complex mixture of compounds obtained by the above route, the 

reaction of [PdCl2(NCPh)2] with two equivalents of 4 utilising AgPF6 as the halide ab-

stracting agent was also undertaken. It was postulated that the precipitation of AgCl 

would afford a greater driving force for formation of the desired trinuclear complex 

relative to the sodium-mediated experiments described above, despite the recognised 

possibility of reducing the palladium(II) complex to palladium black under these condi-

tions.39 Overnight reaction in acetonitrile solvent, in the absence of light, afforded a 

clear red-orange solution. The lack of any solid indicative of AgCl precipitation is im-

mediately intriguing, and suggestive of some form of silver aggregate with the reaction 

product(s). Drying of the reaction product in vacuo yields a red-orange solid which 

readily redissolves in acetonitrile, suggesting the aggregate remains intact, though all 

attempts to precipitate a solid product by addition of apolar solvents were unsuccessful. 

Further characterisation of this species was not pursued. Treating the dried solid with 

acetone immediately affords a red-brown solution with precipitation of a pale solid 

(presumably AgCl) which was readily removed by filtration. The solution was then 

crystallised with toluene to afford a dark brown solid that proved essentially insoluble 

in all common solvents. NMR spectroscopy on a d6-dmso sample of the product was 

hampered by minimal solubility, though the 31P{1H}-NMR spectrum reveals numerous 

resonances in the 0 – -20 ppm chemical shift region expected of the [Ru(dppm)2]+ moi-

ety; whether the number of resonances is attributable to the product itself or a result of 

reaction with the dmso solvent was unclear. Infrared spectroscopy of the solid sample 

shows a major broad absorption at 1878 cm-1 consistent with a red-shift of the υC=C=C 

stretching mode on account of palladium coordination. In addition no absorptions at-

tributable to 4 or the carbonyl cation [RuCl(CO)(dppm)2]+ are present in the spectrum, 

which contrasts to the route described above utilising NaPF6 and suggests a much 

‘cleaner’ reaction pathway in this instance. 

The UV-Vis spectrum of the product is significantly different from that of the 

allenylidene complex 4, and is consistent with that of [Pd(N∩N)2]2+ complexes as re-

ported in the literature.40,41 The low-energy absorptions at 454 nm and 510 nm assigned 

as ruthenium/allene charge transfer transitions of 4 are absent in the product, wherein 

the lowest-energy transition centred at 330 nm is consistent with overlapping π*←dPd 

MLCT and metal-perturbed π*←π ILCT absorptions as seen for [Pd(bpy)2]2+ at 312 
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nm.41 Unfortunately it was not possible to gain further spectroscopic information re-

garding the reaction product: mass-spectral analysis failed to show any significant mo-

lecular ion; and, cyclic voltammetry studies were unsuccessful on account of poor solu-

bility. Lacking a complete spectroscopic picture it is not possible to conclusively char-

acterise the identity of the reaction product. 

 
Figure 7. UV-Vis overlay of the reaction product and 4 (MeCN). 

3.2.2 Reactions of (4) With [ReCl(CO)5] and Group-VI [M(CO)6] Derivatives. 

Allenylidene complexes of the neutral Group-VI metal(0) carbonyls, eg. [4-κ2-

N,N'-M(CO)4]PF6, are a particularly attractive synthetic target in the context of this 

work. The carbonyl ligands provide a ready ‘spectroscopic handle’ and yield informa-

tive data regarding the bonding interactions between the allenylidene-ruthenium moiety 

and terminal metal. As the lability of the carbonyl ligands in [M(CO)4(N∩N)] com-

plexes is proportional to the basicity of the diimine ligand,42 it was envisaged that intro-

duction of the cationic 4 moiety should yield an inert “M(CO)4” fragment and conse-

quently a stable bimetallic complex amenable to spectroscopic analysis. 

The reaction of Group-VI metal(0) carbonyls to form bipyridine complexes, 

[M(CO)4(N∩N)], is well established in the literature. The substitution of carbonyl lig-

ands from [M(CO)6] with non-electron-withdrawing diimine ligands is readily achieved 

by thermal means in refluxing toluene for chromium and molybdenum, though higher 
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temperatures such as those afforded by xylenes are generally necessary in the case of 

tungsten.42-44 Meanwhile the formation of complexes with more electron-withdrawing 

diimine ligands is generally expedited by means of photolysis in acetone42 or isooc-

tane45 solutions. Alternate syntheses by solvothermal means,46 microwave irradiation47 

or selective chemical oxidation of the carbonyl ligands48 have also proven successful in 

certain cases. 

The complex [(5)-κ2-N,N'-ReCl(CO)3]OTf was described while this work was 

being pursued, obtained from reaction of (5)OTf and [ReCl(CO)5] in refluxing tolu-

ene.49 Under identical conditions the reaction of 4 and [ReCl(CO)5] was investigated, 

whereby the reaction mixture rapidly decomposed to a complex mixture of components. 

Though it was evident from infrared spectroscopy that the target complex had formed, 

numerous additional infrared absorbances and a multitude of 31P{1H}-NMR spectros-

copy resonances indicated that the product was present as only a very minor component 

of the mixture. It is evident in this case that 4 and/or the bimetallic target are not stable 

toward the extreme thermal conditions utilised in this synthetic methodology. 

Nevertheless the traditional ‘thermal’ route was initially investigated in the reac-

tion of 4 with [Cr(CO)6]. Over the course of several hours reflux in toluene, a muddy 

green solid deposits to leave an essentially colourless solution. Attempting to dissolve 

this solid residue in dichloromethane or acetonitrile solvent yields a murky brown sus-

pension from which a viscous green oil rapidly deposited, which in turn decomposed 

rapidly to an intractable black tar. Again decomposition of the reaction mixture is likely 

attributable to a lack of thermal stability of the allenylidene complex, though a redox 

process involving oxidation of the chromium(0) precursor should not be excluded. 
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M(CO)6 "M(CO)4"
+ (4)2. TMNO

- 2.Me3N, - 2.CO2

 
Scheme 5. Reaction of 4 with [M(CO)6] mediated by TMNO. 

The reaction of [Cr(CO)6] with 4 was subsequently pursued under milder condi-

tions at ambient temperature, utilising trimethylamine-N-oxide (TMNO) to selectively 

remove two carbonyl ligands from the chromium centre (Scheme 5).48 A benzene solu-

tion of [Cr(CO)6] was stoichiometrically treated with two equivalents of TMNO, and 

subsequently with a thf solution of 4. This immediately yielded a brown precipitate 

(identified predominantly as unreacted 4 by spectroscopic means), whilst on allowing 
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the reaction to stir overnight the solution became an intense green colour. Workup of 

the solution yielded a crystalline green solid with poor mass recovery. The infrared 

spectrum of this product contained bands ascribed to a number of “M(CO)4” and 

“M(CO)3” fragments, with numerous intense absorptions from 2006 – 1731 cm-1. Two 

major singlet resonances at -4.72 ppm and -5.74 ppm in the 31P{1H}-NMR spectrum are 

consistent with a neutral “Ru(dppm)2” fragment, and complementary to a lack of any 

resonances attributable to the PF6
– anion. Attempts to purify and further analyse the 

minimal quantity of reaction product were unsuccessful. 

In contrast the TMNO oxidation of [Mo(CO)6] in thf and subsequent addition of 

a very dilute thf solution of 4 led to only a minor amount of brown precipitate (as noted 

above for the chromium analogue), and on stirring overnight a clear, deep green solu-

tion resulted. The 31P{1H}-NMR spectrum of the crude product showed a multitude of 

resonances with differing multiplicity from 45 to -30 ppm (in addition to the upfield 

septet of PF6
–), although the dominant resonances are the two singlets present at -4.98 

and -6.01 ppm in a ca. 10:1 ratio. The infrared spectrum also shows four major carbonyl 

absorbances at 1984(m), 1894(vs), 1868(sh, vs) and 1823(vs) cm-1, the intensities and 

energies of which are consistent with analogous [Mo(CO)4(N∩N)] complexes.44,50 Ad-

ditional absorptions at 2073(w), 2013(s) and 1952(w, sh) cm-1 are also of interest, 

though not readily assigned. One may nevertheless postulate that the strong absorption 

at 2013 cm-1 is the υC=C=C stretching mode (shifted from 1927 cm-1 in the parent 

allenylidene 4), on the rationale that the increase in mass from coordination of a 

[Mo(CO)4] fragment which would normally result in a shift to lower wavenumber is 

counteracted by stabilisation of the “propargylic cation” resonance form of the allenyli-

dene moiety, thus favouring a shift to higher wavenumber as a result of the increased 

acetylide character of the bond (Figure 8). This notion of increased propargylic charac-

ter is complementary to the downfield shift of ca. 10 ppm of the 31P{1H}-NMR spec-

troscopy resonance relative to that of 4. Solutions of the complex decompose almost 

instantly on exposure to air, yielding a pale orange solution with deposition of an insol-

uble brown film, whilst attempts to purify the complex by recrystallisation were repeat-

edly met by similar decomposition on standing anaerobically in CH2Cl2, thf or MeCN, 

even at -35 °C. 
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Figure 8. Proposed tautomeric forms of the target complex [(4)-κ2-N,N'-Mo(CO)4]PF6. 

As the allenylidene complex 4 shows gradual decomposition in thf solvent, the 

TMNO mediated reaction between 4 and Mo(CO)6 was also pursued in CH2Cl2. The 
31P{1H}-NMR spectrum of the reaction product indicates a cleaner reaction to afford 

less individual products than the thf-route described above, yet even after extended re-

action times there was minimal conversion and the major component recovered was the 

free allenylidene 4. 

3.2.3 Miscellaneous Reactions. 

During the course of investigations into the coordination chemistry of the 

diazafluorenyl moiety and derived allenylidene complexes, a large number of additional 

coordination reactions were attempted from which it was not possible to draw detailed 

conclusions. Attempts to crystallise complexes of 1 with a variety of simple metal salts 

(MxXy.nH2O, M = Cr – Zn, X = Cl–, SO4
2–, ClO4

–) in aqueous solution, or appropriate 

precursors in non-aqueous media (eg. [Co(dmso)4](ClO4)2, [Cu(MeCN)4]PF6, etc), were 

generally unsuccessful. Similarly, reactions of 4 with metal precursors such as FeCl2, 

FeCl2.4H2O, [Cu(MeCN)4]PF6, [RuCl2(dmso)4], [Rh(µ-Cl)(COD)]2 and [Rh(µ-

Cl)(CO)2]2 led to essentially quantitative recovery of starting material, under mild con-

ditions, or else to intractable mixtures under a variety of more forcing conditions. 
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3.33.3   Reactions to Form Polynuclear Ruthenium(II)  CoReactions to Form Polynuclear Ruthenium(II)  Co m-m-

plexes.plexes.   

A focus on the incorporation of multiple ruthenium centres into the 

diazafluorenyl allenylidene moiety naturally arises due to the incredibly well estab-

lished chemistry of ruthenium complexes bearing N-donor ligands. The [Ru(bpy)3]2+ 

derivatives in particular have attracted a significant amount of research over multiple 

decades, not in the least due to the ease of synthesis of analogues and general stability 

of products.12,51 After demonstrations that [Ru(bpy)3]2+ acted as a key sensitiser for the 

visible-light splitting of water into molecular hydrogen and oxygen,52 significant re-

search has been undertaken to investigate and exploit the unique photophysical and re-

dox properties of the class of compounds. This research spans a large variety of fields 

including, but certainly not limited to, biological interactions,53,54 applications in photo-

voltaic cells,55 construction of molecular devices and machines,56 incorporation into 

metallo-polymers,57 polynuclear luminescence58 and the unique stereochemistry of 

multinuclear arrays.59 

3.3.1 Reactions to Form [Ru(bpy)3-n{κ2-N,N'-(1)}n]X2 (n = 1 – 3) Derivatives. 

3.3.1.1 Synthesis. 

The synthesis and chemistry of homo- and heteroleptic 

tris(diimine)ruthenium(II) complexes has been extensively reviewed in the literature 

over several decades,12,26,60 with a variety of synthetic methodologies developed to suit 

specific ligand systems. Of most interest in the context of this project was the construc-

tion of [RuCl2(N∩N)2], [Ru(N∩N)3]X2 and [Ru(N∩NA)2(N∩NB)]X2 complexes in-

corporating 1, as precursor metallo-ligands for the formation of multi-allenylidene 

complexes. The homoleptic bis and tris diimine ruthenium complexes are readily pre-

pared directly from RuCl3.xH2O, whereas the heteroleptic [Ru(N∩NA)2(N∩NB)]X2 

complex is most readily prepared by reaction of [RuCl2(N∩NA)2] with N∩NB.12 

The [RuCl2(N∩N)2] complexes are generally prepared from RuCl3.xH2O in the 

presence of two equivalents of N∩N, with a solvent such as N,N-dimethylformamide61 

or ethane-1,2-diol62 acting as an in-situ reductant. Under these conditions 

[Ru(N∩N)3]X2 will also form, although increasing the chloride concentration by addi-

tion of LiCl inhibits dissociation of chloride from [RuCl2(N∩N)2] and so minimises this 

tris homoleptic byproduct. The synthesis by this methodology also produces varying 
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amounts of the [RuCl(CO)(N∩N)2]+ complex which may be isolated from the reaction 

mixture by precipitation with ClO4
– or PF6

– (or similar).63,64 Though this latter complex 

is readily isolated in the reaction with 2,2'-bipyridyl (up to 40% of total yield), 4,4'-

dimethyl-2,2'-bipyridyl64 and 6,6'-dimethyl-2,2'-bipyridyl,62 reaction with 1,10-

phenanthroline does not produce [RuCl(phen)2(CO)]+ under analogous conditions.65 

The carbonyl ligand is presumed to arise from thermal decarbonylation of the dmf sol-

vent, the postulated mechanism65 requiring partial dissociation of the diimine ligand to a 

monodentate binding mode (Scheme 6) which is less favoured for a rigid chelate such 

as phenanthroline whilst enhanced by a sterically demanding ligand such as 6,6'-

dimethyl-2,2'-bipyridyl. This [RuCl(CO)(N∩N)2]+ complex is clearly also a useful pre-

cursor for homo and heteroleptic tris-substituted complexes. Alternate syntheses involv-

ing the addition of carbohydrates as specific reducing agents,66 utilising Ru(II) precur-

sors such as [RuCl2(η6-p-cymene)]2,67 [RuCl2(η6-C6H6)]2,68 [RuCl2(CO)2]n
60 or 

[RuCl2(dmso)4]69 and microwave-activation of [RuCl2(COD)]2
70 have also been investi-

gated with some success. 
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Scheme 6. Proposed mechanism for the formation of [RuCl(N∩N)2(CO)]+ complexes by decarbonylation 

of dmf solvent. 

The mixed-ligand complexes [Ru(N∩NA)2(N∩NB)]X2 are best prepared from 

[RuCl2(N∩NA)2] simply by refluxing with N∩NB in ethanol, though a variety of alter-

native syntheses involving either [Ru(N∩NA)2(S)2]2+ (where S is a solvent molecule), or 

else [Ru(N∩NB)Cl3(S)] or [RuCl2(N∩NB)(S)2], have also been applied for specific lig-

and systems.60 The former reaction of [RuCl2(N∩NA)2] with N∩NB in ethanol is gener-

ally rapid, although the isolation of pure [Ru(N∩NA)2(N∩NB)]X2 often requires re-

peated crystallisations or, more commonly, application of cation-exchange chromato-

graphy. 

Finally, the tris homoleptic complex [Ru(N∩N)3]X2 is most readily prepared by 

the prolonged reaction of RuCl3.xH2O with an excess of N∩N in refluxing methanol71 

or ethanol.72 This reaction generally proceeds to a high yield of pure compound, never-

theless a variety of chemical and photochemical routes have developed over time in at-

tempts to circumvent the prolonged reaction times associated with this route.12 
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It is relevant to note the particular examples of related diazafluorenyl com-

plexes, namely [Ru(4,5-diazafluoren-9-one)n(bpy)3-n](PF6)2 (n = 1 – 3)73,74 and [Ru(4,5-

diazafluorene)n(bpy)3-n](PF6)2 (n = 1 or 3),75 synthesised under the standard conditions 

detailed above. The tritopic alkynol 1 does introduce additional complicating factors on 

account of the alkynyl and hydroxyl functionalities, whereby a number of reaction 

pathways may compete with κ2-N,N' coordination, though chelation of the ruthenium 

centre is expected to be favourable. 

3.3.1.2 Stereochemistry of the Tris(diimine)ruthenium(II) Complexes. 

Complexes of 1 may exhibit numerous isomers on coordination due to the 

asymmetry of the alkynol moiety. These isomers are defined by the relationship be-

tween the alkynyl and hydroxyl functional groups of adjacent diimine ligands. As such, 

octahedral tris(diimine) complexes incorporating two or three 1 ligands may exist in 

two and three isomeric forms respectively as depicted below (Figure 9) (in addition to 

the Δ and Λ optical isomers). 

SYM ASYM

TRIS

SYM C,C-ASYM O,O-ASYM

BIS

N

N

N

N

Ru

N

N

OH

MONO

 
Figure 9. Schematic representation of the various isomers of the bis and tris complexes. No ready system 
of nomenclature is applicable to these isomers, which will henceforth be distinguished by the labels de-

picted herein. 

The resolution of such isomeric forms is by no means trivial, take for example 

the series of complexes [Ru(5-R-bpy)3]2+ (R = Me, Et, Pr, CH2
iPr, CH2

tBu, CO2Me) for 
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which isomeric separation was achieved after extensive cation-exchange chromatogra-

phy utilising aqueous sodium hexanoate as eluent.76 In these complexes the different 

symmetry of the mer and fac isomers is expressed by differing hydrophobic interactions 

with the hexanoate anions, allowing the isomers to be resolved. The geometric relation-

ship between isomers in this case is expressed in a pseudo-linear fashion, whereas for 

complexes of 1 the only geometrical differences at the alkynol moiety are essentially 

expressed in a spherical fashion (Figure 10). Though it may be conceptually possible to 

exploit some other feature of the alkynol moieties, eg. chelation of cations between two 

neighbouring hydroxyl or alkynyl groups, the development of such a technique for the 

resolution of diastereomers was not considered vital to this investigation. These com-

plexes were synthesised as metallo-alkynol precursors for allenylidene complexes and 

the stereoisomerism at the sp3 ‘alkynol carbon’ is lost on transformation to the sp2 

allenylidene. Whether a significant difference in reactivity toward allenylidene forma-

tion is exhibited between the diastereomers remains to be investigated. 

 
Figure 10. Schematic representation in the geometric differences between isomers in tris(diimine) com-

plexes of 1 (left) and 5-R-2,2'-bipyridine (right). 

3.3.1.3 Synthesis of [Ru(bpy)2{κ2-N,N'-(1)}](PF6)2 (8). 

Reaction of [RuCl2(bpy)2] with 1 in refluxing ethanol affords a bright red-

orange solution over several hours, characteristic of the tris(diimine)ruthenium(II) moi-

ety. Analysis of the crude reaction product by 1H-NMR spectroscopy shows a complex 

mixture of well-defined resonances in the aromatic region of the spectrum, consistent 

with a variety of bipyridyl coordination environments from multiple complexes. Cation-

exchange chromatography on CM-SephadexTM utilising aqueous NaCl as the eluent af-

forded eight unique fractions, the main fraction affording the desired product 
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[Ru(bpy)2(1)](PF6)2, (8), in 78% yield after workup. The remaining fractions proved 

intractable and were not identified. 

N

N

N

N

Ru

N

N

OH

N

N

N

N

Ru

Cl

Cl

2+

(1)

!, EtOH

(8)  
Scheme 7. Synthesis of complex 8. 

3.3.1.4 Synthesis of [Ru(bpy){κ2-N,N'-(1)}2](PF6)2 (9). 

The reaction of RuCl3.xH2O with two equivalents of 1 in refluxing dmf with 

LiCl initially led to a dark, highly insoluble material with two strong, broad, overlap-

ping infrared absorptions at 1974 and 1945 cm-1 and a weaker absorption at 2066 cm-1. 

Though the absorption at 2066 cm-1 is consistent with possible assignment to the υC≡C 

mode of an N,N'-coordinated 1 group (c.f. υC≡C 2102 cm-1 for the free ligand), the two 

overlapping absorptions are not consistent with the hydrides [RuCl(H)(bpy)(CO)2] 

(1966 cm-1) or [Ru(H)(bpy)2(PPhn(OEt)3-n)]BPh4 (n = 0 – 2; 1881-1917 cm-1),77,78 the 

carbonyl [RuCl(bpy)2(CO)]ClO4 (1963 cm-1)63 or σ-alkynyl [RuCl(bpy)2-C≡CSiMe3] 

(1972 cm-1)79 absorptions. Attempts were made to dissolve the solid by treating a sus-

pension of the material with NaClO4, which rapidly yielded an orange-brown solution 

that further decomposed to an intractable brown solid on standing. Alternately, suspend-

ing the material in ethanol and refluxing with an additional equivalent of 1 led to the 

formation of a bright orange solution, as expected for the tris substituted complex 

[Ru(1)3]2+, though this mixture proved intractable. 

An alternative route involving the reaction of 1 with the ruthenium(II) precursor 

[RuCl2(dmso)4] was investigated. The reactivity of this sulfoxide complex with bpy de-

rivatives is well established readily yielding [RuCl2(bpy)(dmso)2] by displacement of 

two dmso ligands,80 whilst bis and tris substituted complexes are accessible by longer 

reaction in various solvents.81,82 In particular, it was envisaged that reaction of 

[RuCl2(dmso)4] with two equivalents of 1 in an inert solvent such as toluene should be 

facile. Under these conditions a dark and highly insoluble material once again precipi-

tated from solution, identified as a complex mixture by both infrared spectroscopy and 

mass spectrometry. In particular, mass spectrometry by ionisation in both FAB+ and 

ESI+ modes show a distribution of equally-intense signals assigned to 
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[RuCl(N∩N)2(A)]+ (A = CO or dmso) molecular ions, where N∩N is 1 and/or another 

species that corresponds well to the mass of the ketone 4,5-diazafluorenone, 2 (this be-

haviour is discussed further in section 3.3.1.5 below). 

Given the significant issues encountered in attempts to isolate and purify the 

[RuX2(1)2] complex, an ‘inverse’ synthetic route83 was pursued to access the target 

complex, [Ru(bpy)(1)2]X2, by treating an ethanolic solution of [RuCl2(η6-p-cymene)]2 

with two equivalents of bpy to form the intermediate complex [RuCl(η6-p-

cymene)(bpy)]Cl. This solution was then treated with an aqueous suspension of four 

equivalents of 1 and refluxed to yield the target complex [Ru(bpy)(1)2]Cl2 (Scheme 8). 

Chromatography on silica gel with MeCN/H2O/KNO3 and subsequent precipitation 

with aqueous KPF6 yielded a diastereomeric mixture of [Ru(bpy)(1)2](PF6)2 (9) in 75% 

yield. 
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N Cl
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Cl
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N
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(9)  
Scheme 8. Synthesis of complex 9. i) bpy, EtOH, r.t., 2½ h; ii) xs 1, H2O, Δ, 16 h. 

3.3.1.5 Synthesis of [Ru{κ2-N,N'-(1)}3]X2 (10). 

Reaction between RuCl3.xH2O and an excess of 1 in refluxing ethanol leads 

over a period of days to a bright orange solution, as expected for the desired homoleptic 

tris complex. Precipitation as the hexafluorophosphate salt yielded a brown powder that 

was further recrystallised to yield a red-orange crystalline solid. Both infrared and 1H-

NMR spectroscopy indicated a mixture of products, with no discernable major compo-

nent. ESI+ mass spectrometry provided the most significant insight into the nature of the 

reaction products, with a prodigious number of fragment ions. The complexity of the 

mass-spectrum can be attributed in part to fragmentation during analysis, though in con-

trast the well-studied [Ru(bpy)3]Cl2 and [Ru(phen)3]Cl2 complexes shows very minimal 

fragmentation under analogous conditions until very high cone voltages are applied.84 

These analogues show a major signal for [Ru(L)3]2+ plus solvated peaks at low voltages 

or dissociation to [Ru(L)2]2+, [Ru(L)]2+ and (L + H)+ at higher voltage. In combination 

with the complexity of results from infrared and 1H-NMR spectroscopy, this suggests 

that the reaction product is indeed a complex mixture of components. Though positive 
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ion FAB mass spectra of [Ru(L)3]X2 complexes generally show a large number of re-

duced species, as well as aggregates of various charge states,85 analysis of the reaction 

product by positive ion FAB mass spectrometry showed no significant molecular ions 

with an isotopic distribution consistent for the inclusion of ruthenium. 

The evident mixture of bis and tris substituted complexes in the presence of both 

chloride and hexafluorophosphate counterions suggests that reaction was either incom-

plete at the time of isolating the product, or else that the product initially formed was 

not stable under the reaction conditions employed. Though an excess of 1 was em-

ployed during synthesis and TLC analysis indicated complete consumption of the free 

ligand prior to isolation of the product, the presence of bis complexes implies a deficit 

of 1 in the reaction mixture. Of particular interest is the presence of the monocationic 

carbonyl complexes [Ru(N∩N)2(CO)m(Cl)n]+ (m = 1, 2; n = 0-2), as there is no evident 

source of carbonyl ligand under either the synthetic or spectrometric conditions em-

ployed (cf. synthesis via dmf reduction of RuCl3.xH2O). A possible rationale accounting 

for both the deficit of ligand and presence of carbonyl involves the formation and de-

composition of an allenylidene, vinylidene or acetylide complex stabilised by a deriva-

tive of “[RuCln(N∩N)]” or “[Ru(N∩N)2]”; nucleophilic attack by ethanol solvent, water 

or oxygen at the Cα atom of an acetylide, vinylidene or allenylidene ligand would yield 

a carbonyl group amongst other byproducts (see Section 2.3.3). The decomposition of 

these postulated organometallic intermediates could also result in the formation of the 

ketone 4,5-diazafluoren-9-one (2), the mass of which corresponds perfectly as the 

“N∩N” ligand for many of the molecular ions observed both here and in the reaction of 

[RuCl2(dmso)4] with 1 (section 3.3.1.4 above). Infrared spectra of the crude reaction 

product also show two strong absorptions at 1739 cm-1 and 1719 cm-1, broadly consis-

tent with inclusion of this ketone (c.f. υC=O 1716 cm-1 2, 1741 cm-1 

[Ru(bpy)2(2)](PF6)2).74,86 The presence of 2 is not readily explained by other means, the 

decomposition of propargylic alcohols to the parent ketone generally requiring highly 

caustic reaction media such as saturated KOH or heated Al2O3.87 

In light of these observations it was postulated that addition of water to the etha-

nolic reaction medium would allow ligation of ruthenium intermediates by aqua ligands, 

the aquation reaction known to favour formation of the tris complexes,19 which would 

presumably be favourable to coordination and consequent activation of an η2-alkyne 

moiety. Refluxing RuCl3.xH2O with 1 in a 1:5 water:ethanol mixture leads to the devel-

opment of the intense orange colour associated with the [Ru(N∩N)3]2+ chromophore 
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within hours, as opposed to several days, and the hydrated dichloride [Ru(1)3]Cl2.3H2O 

(10) was readily isolated in 85% yield as a mixture of diastereomers (Scheme 9). Treat-

ing a solution of the complex with aqueous KPF6 in an attempt to metathesise the chlor-

ide ligands leads to the isolation of an extremely hygroscopic mixed chloro-

hexafluorophosphate complex [Ru(1)3](Cl)(PF6) (10b). This latter complex is highly 

unstable toward atmospheric exposure, the solid rapidly turning to a red gum that de-

composes further to an intractable brown tar on standing, whereas the dichloride salt 10 

appears indefinitely stable even in solution. 
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Scheme 9. Synthesis of complex 10. 

3.3.1.6 Characterisation of the Tris(diimine)ruthenium(II) Metallo-Alkynol Com-

plexes. 

The tris(diimine)ruthenium(II) complexes exhibit complex 1H and 13C{1H}-

NMR spectra owing to the complete asymmetry of the compounds and, in the case of 9 

and 10, due to overlapping resonances of the multiple isomers present in solution. The 

bis(bipyridyl)-mono(alkynol) complex 8 exhibits individual resonances for every carbon 

nucleus in the 13C{1H}-NMR spectrum, the propargylic alcohol functionality of the co-

ordinated diazafluorenyl ligand 1 imposing a unique environment on each of the six py-

ridyl rings. With resonances separated by as little as 0.6 Hz it was not possible (nor 

deemed necessary) to fully assign the spectrum. Through standard 2D correlation ex-

periments it was nevertheless possible to differentiate the resonances of the coordinated 

ligands, and to assign the symmetry-related resonances of the diazafluorenyl ligand. 

From both 1H and 13C{1H}-NMR spectroscopy it is evident that both isomers of 

the tris(alkynol) complex 10 (Figure 9) are present in solution, most notably evinced by 

resonances attributable to the alkynyl functional group. Four resonances of equivalent 

intensity appear at 3.20 – 3.17 ppm in the 1H-NMR spectrum, and with the SYM and 

ASYM isomers giving rise to one and three unique resonances respectively, one may in-

fer a SYM:ASYM ratio of approximately 1:3. Though the SYM isomer is expected to ex-
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hibit a relatively simple 13C{1H}-NMR spectrum with only thirteen individual reso-

nances, the thirty-nine overlapping resonances of the ASYM isomer confound attempts 

at any confident assignment. Nevertheless, application of hetero- and homo-nuclear cor-

relation experiments did allow assignment of the symmetry-related resonances of the 

coordinated ligand as for 8. In the case of the mono(bipyridyl)-bis(alkynol) complex 9 it 

was once again evident from 1H and 13C{1H}-NMR spectra that a mixture of isomers 

was present, although it was not possible to determine whether only two or all three 

possible isomeric forms are present nor to speculate on the relative abundance of any 

one form. 

The structures of the tris(diimine)ruthenium complexes were further investi-

gated by means of single crystal X-ray crystallography, though with mixed results. At-

tempts to grow single crystals of the mono(alkynol) complex 8 suitable for a structural 

determination were frustrated by continuous oiling from a large range of solvent combi-

nations, though it was eventually possible to acquire a weakly diffracting crystal by 

means of vapour-diffusion crystallisation at -35°C. The structure of the cation is de-

picted below in Figure 11, a directional anisotropy in two of the pyridyl rings leading to 

a disorder that unfortunately hinders a detailed structural analysis. 

 
Figure 11. Depiction of one component of the cation present in [Ru(bpy)2(1)](PF6)2, (8) (hydrogen atoms 

omitted for clarity, thermal ellipsoids at 50% probability level). 

Crystals of the bis(alkynol) complex 9 were more readily acquired, but again 

failed to diffract well despite numerous well-formed crystal samples. The structure ob-

tained was exclusively that of the Λ enantiomer (Figure 12), with the hydroxyl and al-

kynyl groups at both the coordinated diazafluorenyl ligands disordered over two sites 
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(occupancy factors of 0.617(8) and 0.383(8)). This disorder is indicative of the three 

possible isomers being randomly distributed throughout the crystal lattice, and by con-

sidering the relative populations one may infer a ca. 47:15:38 ratio of the isomers SYM : 

O,O-ASYM : C,C-ASYM in the crystal (c.f. a distribution of 50:25:25 expected by purely 

statistical considerations). The extended lattice structure shows rows of the cations 

separated by rows of the hexafluorophosphate anions and, despite some relatively short 

contacts between the bpy ligand and PF6
– anion (C–H…F–P, 2.309 Å), there are no sig-

nificant intermolecular contacts discernable on account of the propargylic alcohol func-

tionality. The lack of inter- and intra-molecular interactions of the cation may explain 

the seemingly random distribution of isomers. 

 
Figure 12. Depiction of the major component of the cation present in [Ru(bpy)(1)2](PF6)2, (9) (hydrogen 

atoms omitted for clarity, thermal ellipsoids at 50% probability level). 

Numerous attempts to grow single-crystals of the tris(alkynol) complex 10 as 

the dichloride salt were unsuccessful, though on metathesis to the mixed chlor-

ide/hexafluorophosphate salt (10b) single crystals suitable for a structural determination 

were obtained (Figure 13). The complex crystallises exclusively as the Δ enantiomer of 

the ASYM isomer and, unlike 9 discussed above, no disorder is evident to suggest co-

crystallisation of the SYM isomer. No significant intermolecular interactions are evident 

between the cations, although short contacts between one of the diazafluorenyl ligands 

and the PF6
– anion (C–H…F–P, 2.452 Å)88 and between the chloride anion and two hy-

droxyl groups of different cations (O–H…Cl, 2.306 Å, 2.195 Å)89 are evident. 
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Figure 13. Depiction of the cation present in [Ru(1)3](Cl)(PF6)•3H2O, (10b) (solvent and hydrogen 

atoms omitted for clarity, thermal ellipsoids at 50% probability level). 

Table 1. Selected structural parameters of the tris(diimine)ruthenium complexes (daf = diazafluorenyl 
moiety; averaged distances accompanied by r.m.s. e.s.d. values where possible). 

Ru–N Cα≡Cβ C–Cα C–O N...N C–Cβ≡Cα  
 daf bpy  daf bpy  
1  1.174(3) 1.481(2) 1.426(3) 3.047(3) 176.2(2) 
8  1.19(2) 1.48(2) 1.383(15)  

 
 170.8(17) 

9 2.094(4) 2.029(4) 1.182(16) 1.522(14) 1.250(13) 2.779 2.574 174(2) 
10b 2.101(5)  1.186(13) 1.394(12) 1.380(9) 2.778  176.3(10) 

As a consequence of the disorder present in the structures of 8 and 9 it is some-

what difficult to make significant comparisons between the series of three complexes, 

though close scrutiny does develop some generalised observations. The complexes 

show a distorted octahedral bonding arrangement about the ruthenium centre as ex-

pected on account of the asymmetry imposed by the coordinated diazafluorenyl ligand. 

Bond lengths and angles between ruthenium and the diimine ligands are comparable to 

literature analogues (Table 1), both parameters larger for coordinated 1 than for bpy 

presumably due to the fused skeleton of the diazafluorenyl moiety. On coordination to 

ruthenium the interatomic distance between nitrogen atoms of the diazafluorenyl ligand 

contracts from ca. 3 Å to ca. 2.8 Å, a coordinated distance intermediate to that found in 

the unfused 2,2'-bipyridyl ligand (ca. 2.6 Å). This contraction is alleviated by an expan-

sion of the central five-membered ring and apparent contraction of the C≡C and C–O 

bonds, though some caution is required in interpretation of the latter bond lengths on 

account of the extensive hydrogen-bonding interactions present in the structure of the 
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free ligand 1. Whilst the free ligand and the complex 9 maintain a planar geometry 

across the diazafluorenyl moiety, the central five-membered ring of 10 is somewhat 

puckered with the angle between planes of the individual pyridyl rings varying at 

4.2(3)°, 5.8(3)° and 9.7(3)° in each of the three chelated ligands. 

Infrared spectra of the complexes are very similar across the series, the succes-

sive substitution of bpy for 1 at the tris(diimine)ruthenium core promoting a marginal 

decrease in energy of the υC≡C-H and υOH absorptions (Table 2). Waters of crystallisation 

are also evident in each of the complexes (υH2O ca. 3640 cm-1), and in the case of 

[Ru(1)3]Cl2 sufficient water was entrained in the sample even after extensive drying that 

it was not possible to discern the low-energy alkynyl and hydroxyl absorptions. These 

latter absorptions were in any event resolved for the mixed-anion derivative 

[Ru(1)3](Cl)(PF6), which was more readily dehydrated. Two absorptions appear in the 

spectral region anticipated for the υC≡C stretching mode, the weaker absorption at ca. 

2120 cm-1 consistent with expectations for a low-energy shift of the υC≡C absorption on 

coordination to the ruthenium centre. The stronger absorption at ca. 1980 cm-1 is not 

readily assigned unfortunately, with the wavenumber appropriate for ruthenium hy-

dride,77 acetylide,79 allenylidene90 or carbonyl63 complexes, none of which were de-

tected by additional spectroscopic techniques. 

Table 2. Selected infrared (nujol), UV-Vis (MeCN) and electrochemical parameters (0.1 M nBu4NPF6 in 
MeCN, 100 mV s-1 on Pt electrode vs internal [FcH]/[FcH]+ E½ = +560 mV) of the tris(diimine)ruthenium 

complexes. (a irreversible process; b λcalc = {1010 / ([Eox – Ered] × 8.0656)}; c see text; d reference [74]). 

υH2O υOH υC≡C-H υC≡C λ [abs] λcalc b E½ or Ep [Ecalc]c  
cm-1 nm [ε × 104 M-1 cm-1] nm mV 

1 3542, 3259, 3235, 3104 2102 226 
[1.00] 

266 
[0.787] 

304 
[1.52] 

314 
[1.93]  

8 3645 3513 3278 2124, 
1982 

208 
[4.17] 

244 
[1.96] 

288 
[6.16] 

446 
[1.23] 449 1530 

[1406] 
-1230a 

[-1280] -1440a 

9 3636 3514 3284 2120, 
1969 

206 
[4.93] 

245 
[1.12] 

290 
[4.82] 

444 
[1.13] 440 1600 

[1533] 
-1220a 

[-1240] -1500a 
 

10 3600 – 3000 br 2114, 
1980 

204 
[5.37] 

248 
[1.11] 

298 
[4.05] 

438 
[0.857]  

10b 3640 3518 3288 2123, 
1987  434 1660 -1200a -1420a -1570a 

[Ru(bpy)3](PF6)2
d 240 

[3.0] 
285 
[7.8] 

450 
[1.4] 1280 -1320 -1520 -1770 

[Ru(bpy)2(2)](PF6)2
d 240 

[3.9] 
285 
[6.6] 

439 
[1.5] 1390 -1340 -1540 -1780 

[Ru(bpy)(2)2](PF6)2
d 236 

[5.1] 
288 
[3.9] 

427 
[1.4] 1520 -1340 -1520 -1780 

[Ru(2)3](PF6)2
d 

 

233 
[6.0] 

298 
[4.0] 

419 
[1.4] 

 

1640 -1440 -1550 -1650 

The absorption spectra of the new complexes closely resemble that of 

[Ru(bpy)3]2+ (Figure 14), and the trend on substitution of bpy for 1 ligands is consistent 

with that observed in the analogous series of complexes [Ru(bpy)3-n(L)n]2+ (L = 2 or 9-

(ethylenedioxo)-4,5,-diazafluorene, n = 1-3; L = 4,5-diazafluorene, n = 1 or 3).74,75 By 



Chapter 3: Multinuclear Diazafluorenyl Complexes 

 91 

analogy to the detailed assignment of transitions in the [Ru(bpy)3]2+ complex, the most 

intense bands centred at ca. 200 nm and ca. 290 nm are readily interpreted as π*←π 

transitions of the diimine ligands, and those at ca. 250 nm and ca. 450 nm as π*←dRu 

MLCT transitions.91 Though there is minimal difference in the energy of absorption 

across the series of complexes, there is a marked decrease in intensity on successive 

substitution of bpy with 1 and the ILCT band at ca. 300 nm broadens noticeably. This 

latter observation may be interpreted in terms of the changing symmetry about the ru-

thenium centre, and, in the case of 9 and 10, possibly a consequence of differing transi-

tions arising from the mixture of isomers present in the sample. 

 
Figure 14. UV-Vis absorption spectra of the tris(diimine)ruthenium complexes (MeCN solution at ambi-

ent temperature). 

Despite the rather close correlation of electronic transitions between the series of 

complexes and related tris(diimine)ruthenium complexes, electrochemical properties 

differ markedly on account of the coordinated alkynol ligand. The complex 

[Ru(bpy)3]2+ is characterised in cyclic voltammetry studies by a single reversible anodic 

process assigned to the RuII/RuIII oxidation couple, and three reversible cathodic pro-

cesses corresponding to successive reduction of each of the bipyridine ligands. Related 

complexes such as [Ru(bpy)3-n(2)n]2+ (n = 1 – 3) show a similar series of processes, plus 

n additional cathodic redox couples consequent of the ketone functionality.74 Each of 

the new complexes 8 – 10 similarly exhibit a quasi-reversible anodic process consistent 
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with assignment as the RuII/RuIII oxidation couple, the potential of which moves to 

more positive values with successive replacement of bpy by 1 at the ruthenium centre 

(Table 2). The cathodic, ligand-centred reductions are less well defined, essentially irre-

versible under the electrochemical conditions investigated. For all three complexes, the 

difference in energy between the potential of the first oxidation and first reduction cor-

relates well with the energy of the MLCT transition observed in UV-Vis spectra. Apply-

ing the simplified form of Dodsworth and Lever’s equation (λcalc in Table 2),92 

hvMLCT = Eox – Ered 

shows excellent correlation to the experimental values and consequently affirms 

the origin of the oxidation (RuII/RuIII HOMO) and reduction (bpy or 1 LUMO) pro-

cesses witnessed. Calculations of the expected redox potentials based on Lever’s pa-

rameter,93 EL, deviate significantly from the experimental values, most likely due to the 

poor reversibility of the redox processes consequent of a chemical reaction coupled to 

the electrochemical process. 

 
Figure 15. Cumulative CVs of 10 (Pt electrode, 50 mV s-1, 0.1 M nBu4NPF6/MeCN, referenced to inter-

nal [FcH]/[FcH]+ = +560 mV). 

For the mono and tris(alkynol) complexes 8 and 10, repeated potential cycling 

leads to a significant deterioration in intensity of both the cathodic and anodic processes 

and almost zero current response after a number of repetitions (Figure 15). In the case 

of the bis(alkynol) complex 9 though, it is evident that with repeated cycling of the po-
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tential a new series of redox processes was evolving and overlapping those initially 

present (Figure 16). Deposition of material was not evident on the electrode surface and 

it is plausible to suggest an EC mechanism wherein the initially reduced complex 

undergoes a chemical reaction to form a relatively stable new electro-active complex 

that gives rise to those redox processes evolving in the voltammogram. These evolving 

redox waves very closely match that of the initial complex, showing a shift to positive 

potential in both the cathodic and anodic regions of the voltammogram, suggesting that 

the electro-formed species is structurally analogous to the initial complex 9. Observing 

that a similar mechanism is not witnessed in related [Ru(N∩N)3]2+ complexes, the 

chemical process following the electrochemical reduction is presumably centred on the 

coordinated diazafluorenyl ligand and the alkynyl functional group specifically. Such a 

reaction may plausibly involve a dimerisation (oligomerisation) of the alkyne to form 

di(oligo)nuclear ruthenium complexes, or alternately an intramolecular reaction be-

tween the coordinated alkynol ligands. 

 
Figure 16. Cumulative CVs of 9 (Pt electrode, 500 mV s-1, 0.1 M nBu4NPF6/MeCN, referenced to inter-

nal [FcH]/[FcH]+ = +560 mV). 

The metallo-alkynol complexes also exhibit markedly different behaviour be-

tween platinum and glassy carbon electrodes (Figure 17). In the particular case of 8 the 

two major reduction processes at a platinum working electrode (-1440 mV and -1230 

mV) are preceded by two additional reductions: a broad, ill-defined process centred at -
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920 mV; and, a well-defined process at -480 mV with an intensity only one-quarter that 

of the remaining processes (Figure 17a). The intensity of these latter reductions relative 

to the remaining redox processes remains constant in both acetonitrile and dichloro-

methane at scan rates from 10 – 500 mV s-1. In contrast these two processes are barely 

discernible in experiments performed at a glassy carbon electrode, wherein a third re-

duction process merges with the two existing reductions to form a poorly-defined irre-

versible reduction process between -1130 – -1170 mV that is nevertheless consistent 

with the reduction of three diimine ligands (Figure 17b). An additional anodic process is 

also present that that is not readily interpreted. 

The significant differences in electrochemical behaviour between the 

tris(diimine)ruthenium complexes is not readily explained. Though differences between 

these complexes and literature analogues are readily attributed to the presence of the 

alkynyl and hydroxyl functional groups of the coordinated diazafluorenyl ligand, differ-

ences between the mono, bis and tris complexes are tentatively attributed to structural 

differences between the complexes. The exact nature of this interrelationship between 

electrochemical properties and compound structure has not become evident during the 

course of this investigation.  
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Figure 17. CV and DPV of 8 on platinum working electrode (a) (CV: 200 mV s-1, DPV: 100 mV s-1), and 

glassy-carbon working electrode (b) (CV & DPV: 100 mV s-1) (0.1 M nBu4NPF6/MeCN, referenced to 
internal [FcH]/[FcH]+ = +560 mV). 
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3.3.2 Reactions of the Tris(diimine)ruthenium(II) Metallo-Alkynol Precursors to 

Form Allenylidene Complexes. 

The reactions of 8 – 10 as “metallo-alkynol” precursors to multinuclear allenyli-

dene coordination complexes were investigated, utilising the standard Selegue proto-

col90 of dehydration and rearrangement of the alkynol functionality at a coordinatively 

unsaturated transition metal centre. The difference in reactivity toward allenylidene 

complex formation of a neutral organic alkynol compound and the new cationic met-

allo-alkynol complexes is conceptualised by two major and competing effects for the 

metallo-alkynol: firstly allenylidene formation may be hindered as a consequence of 

coulombic repulsion between the (cationic) metal centres which must necessarily come 

into proximity; and secondly, formation of an allenylidene is expected to be more facile 

from the metallo-alkynol as the complex charge implies a greater acidity of the alkyne 

proton relative to the free ligand, and similarly greater acidity of the vinylic proton of 

the hydroxy-vinylidene intermediate. 
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Scheme 10. Difference in reactivity of different metal fragments toward the formation of 

tris(allenylidene) complexes (see text). 

Steric factors must also be taken into consideration in attempts to construct 

oligo(allenylidene) complexes, as already noted by Dixneuf and coworkers in the con-

struction of pseudo-dendritic vinylidene- and allenylidene-ruthenium(II) complexes.94-97 

In particular, the reaction of a tris(alkynol) compound to from the derived 

tris(allenylidene) complex was rapid in the case of [RuCl(η6-p-cymene)(PCy3)]OTf 

whilst extremely slow for [RuCl(dppe)2]BF4 (Scheme 10).97 Given that the coulombic 

factors in both complexes are comparable on account of the three mono-cationic ru-

thenium(II) centres, the decreased reactivity of the [RuCl(dppe)2]+ derivative is most 

readily attributable to the increased steric bulk imposed by the diphenylphosphine moi-

eties. 
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3.3.2.1 Reactions of [Ru(bpy)2{κ2-N,N'-(1)}](PF6)2 (8). 

The synthesis of [4.Ru(bpy)2](PF6)3 was first pursued under conditions identical 

to the formation of 4, whereby [Ru(bpy)2{κ2-N,N'-(1)}](PF6)2 and cis-[RuCl2(dppm)2] 

were combined with an excess of NaPF6 in CH2Cl2 at ambient temperature. TLC moni-

toring of the reaction for consumption of [Ru(bpy)2{κ2-N,N'-(1)}](PF6)2 implied reac-

tion times of two to three days, yet reaction products were invariably complex mixtures 

of numerous species. Most readily identified through infrared and 31P{1H}-NMR spec-

troscopy were large proportions of the carbonyl complex [RuCl(dppm)2(CO)]+ and the 

free allenylidene 4, and all attempts to separate these product mixtures further resulted 

in significant degradation. In contrast, the reaction of 8 with cis-[RuCl2(dppm)2] in re-

fluxing CH2Cl2 afforded the target bimetallic complex 11 cleanly and in good yield after 

only twenty-four hours (Scheme 11). 
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Scheme 11. Synthesis of the bimetallic complex 11. 

3.3.2.2 Reactions of [Ru(bpy){κ2-N,N'-(1)}2](PF6)2 (9) and [Ru{κ2-N,N'-(1)}3]Cl2 

(10). 

The formation of the bis- and tris-allenylidene complexes was successfully 

achieved through the reaction of 9 or 10 respectively with cis-[RuCl2(dppm)2] and 

NaPF6 under ambient conditions over the course of a month. However, as evident from 

infrared and 31P{1H}-NMR spectroscopy, the products were contaminated by a substan-

tial quantity of the [RuCl(dppm)2(CO)]+ impurity, with the application of chromato-

graphic techniques resulting in significant decomposition of the allenylidene complexes. 

Both 1H and 31P{1H}-NMR spectra of the complexes exhibit very broad resonances that 

were not amenable to individual assignment, in addition to sharper resonances attributed 

to impurities. Infrared spectra exhibit the characteristic υC=C=C stretching mode at 1910 

and 1888 cm-1 for the bis- and tris-allenylidene complexes respectively, and υPF6
 at ca. 

845 cm-1, with no additional absorptions attributable to a free alkyne or hydroxyl func-

tional group. The most convincing evidence for the successful formation of the multi-
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metallic allenylidene complexes is evident from positive-ion electrospray mass spec-

trometry, wherein spectra of both complexes exhibit tri- and tetra-cationic molecular 

ions with differing associations of the PF6
– anion. Further characterisation of the multi-

nuclear complexes was unfortunately prevented by the significant impurity of the pro-

duct mixtures. Reduced or extended reaction times under ambient conditions did not 

appreciably decrease the number of impurities, whereas reaction of 9 or 10 with cis-

[RuCl2(dppm)2] in refluxing CH2Cl2, as for the synthesis of 11, led to the isolation of a 

mixture with no evidence of any allenylidene product or unreacted starting materials. 

The reactions of 9 and 10 were also investigated with [RuCl(dppm)2]PF6 and 

[RuCl(dppe)2]PF6, though this again led to intractable mixtures. 

3.3.3 Reactions with [RuCl2(CO)2]n. 

As an alternative to the above preparations in which the oligo(allenylidene) 

complex was targeted from a pre-constructed tris(diimine)ruthenium moiety, the met-

allo-alkynol complexes 8 – 10, another approach was also investigated in which the di-

imine moiety of the allenylidene may be introduced in a stepwise manner to a central 

ruthenium core. As such the complex [RuCl2(CO)2]n was utilised as a precursor as there 

is ready precedent for the facile construction of mono-, bis- and tris(diimine) complexes 

by selective and successive bridge-cleavage, halide-abstraction and decarbonylation re-

actions.60 Notably the reagents utilised in displacement of the carbonyl and chloride lig-

ands from the ruthenium centre, TMNO and AgX (X = AcO–, OTf–, etc), are not ex-

pected to react with any coordinated allenylidene moiety. 

[RuCl2(CO)2]n [RuCl2(CO)2(N!NA)] [Ru(CO)2(N!NA)(O2CR)2]

[Ru(CO)2(N!NA)(N!NB)]X2[Ru(N!NA)(N!NB)(N!NC)]X2

N!NA

MeOH

AgO2CR

HO2CR

1) N!NB

2) 2.MX, -2.MO2CR

TMNO, N!NC

 
Scheme 12. Stepwise construction of tris(diimmine)ruthenium complexes from the [RuCl2(CO)2]n 

precursor. 

The reaction of 1 with [RuCl2(CO)2]n was pursued under standard literature con-

ditions,98 yielding the product [RuCl2(CO)2{κ2-N,N'-(1)}] as a pasty white precipitate. 

The complex is almost completely insoluble in all common solvents bar dmso, in which 

decomposition or possibly solvolysis is evident on standing (eg. over the timescale of 

NMR spectroscopy experiments). The product was readily identified by means of posi-

tive ion electrospray mass spectrometry, showing molecular ions for [M-Cl–]+ and two 
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additional peaks for successive loss of carbonyl ligands. The infrared spectrum is domi-

nated by two very strong υRuC≡O absorptions at 2082 and 2010 cm-1 typical of 

[RuCl2(CO)2(N∩N)] complexes,98 whilst the absorptions attributable to the υOH, υC≡C, 

υC≡C-H, υC=C and υC=N stretching modes of the diazafluorenyl ligand are all shifted to 

higher wavenumber relative to free 1. The 1H and 13C{1H}-NMR spectra of the complex 

show resonances which are not markedly altered relative to the free ligand 1. The ob-

servation of only a single resonance for the carbonyl carbon in the 13C{1H}-NMR spec-

trum, and symmetry of the aromatic proton resonances in the 1H-NMR spectrum, imply 

either of a cis-CO-trans-Cl or trans-Cl-cis-CO geometry about the ruthenium centre, the 

latter most likely in accord with the υRuC≡O infrared absorptions,98 with no evidence of 

the remaining cis-CO-cis-Cl isomer. Over the course of extended NMR experiments 

new resonances arise within the spectrum, though it was not possible to determine 

whether these resonances were attributable to solvolysis, isomerisation or decomposi-

tion of the sample. 

The limited solubility of [RuCl2(CO)2{κ2-N,N'-(1)}] prevented further reactions 

of the complex as a metallo-alkynol precursor for the synthesis of allenylidene com-

plexes, and consequently the direct reaction of [RuCl2(CO)2]n with 4 was pursued. The 

two reactants were combined in acetonitrile solvent and briefly refluxed, during which 

time the initially maroon solution developed to an orange-red colour. Infrared analysis 

of the crude reaction product showed two strong absorptions for υRuC≡O at 2060 and 

1994 cm-1 in addition to a weaker absorption at 1874 cm-1 which is tentatively assigned 

to the υC=C=C stretching mode of the target bimetallic allenylidene complex. Despite the 

relatively simple infrared spectrum, 1H and 31P{1H}-NMR spectroscopy show an pleth-

ora of resonances with no resolvable detail. Resonances in the 31P{1H}-NMR spectrum 

show a broad variety of multiplicities and line-widths, whilst spanning a chemical shift 

range of 62 – -30 ppm. The number of individual resonances present in the 31P{1H}-

NMR spectrum implies significant decomposition of the allenylidene moiety – either 

through reaction at the “RuCl(dppm)2” fragment or else due to subsequent decomposi-

tion on formation of the target coordinated species. 

3.3.4 Reactions with [RuCl2(η6-p-cymene)]2. 

As the synthetic routes utilising derivatives of [RuCl2(CO)2]n proved problem-

atic, the complex [RuCl2(η6-p-cymene)]2 was selected as an alternative. This dimeric 

complex similarly undergoes bridge-cleavage reactions with N∩N ligands to yield 
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cationic [RuCl(η6-p-cymene)(N∩N)]+ complexes, to which additional chelating ligands 

may be introduced by thermolytic displacement of the arene and chloride ligands.67,83,99 

3.3.4.1 Synthesis of [RuCl(η6-p-cymene){κ2-N,N'-(1)}]PF6 (12). 

Ru
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CH2Cl2
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Figure 18. Synthesis of complex (12). 

Reaction between 1 and [RuCl(η6-p-cymene)(µ-Cl)]2 in the presence of a halide-

abstracting agent readily affords the chelated complex [RuCl(η6-p-cymene){κ2-N,N'-

(1)}]+ (12) in good yield under mild reaction conditions (Figure 18). The crude reaction 

product is shown by NMR-spectroscopy to be a mixture of two very closely related spe-

cies. Most readily observed in the 1H-NMR spectrum (Figure 19), resonances attribu-

table to the aromatic diazafluorenyl protons and the p-cymene protons are almost co-

incident, whilst only the hydroxyl and alkynyl protons of the coordinated ligand 1 show 

a significant difference in chemical shift between the two species present.  

 
Figure 19. Downfield 1H-NMR spectrum (600 MHz, CD2Cl2) of the crude reaction product in the synthe-

sis of 12 (daf = diazafluorenyl protons; p-cym = para-cymene protons; ‘*’ denotes an unidentified im-
purity; excess 1 as marked). 
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The ratio of the two species varied from ca. 1:2 to 1:1 dependant upon the exact 

synthetic conditions applied, though the variables determining the product distribution 

were not discernable. This initial ratio on isolation of the product remained fixed, and 

attempts to observe any interconversion between the species by prolonged refluxing or 

exposure to light led rapidly to decomposition. The structural difference is plausibly as-

cribed to the presence of two possible isomers as depicted in Figure 20. 

N

N
Ru

OHCl

N

N
Ru

OH

Cl

12(i) 12(ii)  
Figure 20. The two proposed isomers of 12. 

Table 3. Selected bond lengths (Å) and angles (°) of 12 and analogues [RuCl(η6-p-cymene)(N∩N)]X. 

N∩N X Ru-N Ru-N' Ru-Cl N-Ru-N' Ref 
6-(2-hydroxyphenyl)-2,2'-bipyridine Cl 2.0706(16) 2.1209(16) 2.3924(6) 77.00(6) 100 

1,1'-biisoquinoline BPh4 2.070(5) 2.092(9) 2.387(3) 75.8(2) 101 

2,2'-biquinoline PF6 2.101(12) 2.126(10) 2.388(8) 76.6(4) 102 

2,3-di(2-pyridyl)quinoxaline PF6 2.059(4) 2.089(4) 2.3804(15) 76.17(17) 102 

6,6'-diamino-2,2'-bipyridine BF4 2.096  2.401 76.12 103 

2,9-diamino-1,10-phenanthroline Cl 2.106  2.396 76.93 103 

12 PF6 2.169(2) 2.146(2) 2.4165(7) 80.54(9) This 
work 

Slow crystallisation from thf/hexanes yields crystals of corresponding to isomer 

12(i) (Figure 21), with no disorder evident to suggest the presence of the alternate iso-

mer. The Ru–N bond lengths and N–Ru–N bite angle in the structure of 12 are margin-

ally larger than in literature analogues (Table 3), consequent of the constrained 

geometry imposed by the fused-ring structure of 1, whilst structural parameters within 

the coordinated diazafluorenyl moiety are comparable to the tris(diimine) analogues 8 – 

10 described above. The extended lattice shows significant intermolecular contacts, 

with dimeric units of the cation forming through symmetrical contacts between the hy-

droxyl proton and chloride atom of each molecule (Ru–Cl…H–O 2.3768(8) Å). These 

dimeric units alternate with two disordered thf solvent molecules to form a sheet paral-

lel to a sheet of PF6
– anions, though no further significant intermolecular contacts exist. 
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Figure 21. ORTEP depiction of the cation of [RuCl(p-cymene){κ2-N,N'-(1)}]PF6•½thf (solvent and hy-
drogen atoms omitted for clarity, thermal ellipsoids at 50% probability level). Selected bond lengths (Å) 
and angles (°): Ru–Cl 2.4165(7), Ru–N 2.169(2), Ru–N' 2.146(2), N–N' 2.789(3), C–O 1.407(3), C–Cα 

1.486(4), Cα–Cβ 1.169(5), N–Ru–N' 80.54(9), C–Cα–Cβ 176.4(4). 

The infrared spectrum of the product exhibits a sharp resonance at 3276 cm-1 

and a broader resonance at ca. 3200 cm-1, attributable to υC≡C-H and υOH, with υC≡C at 

2119 cm-1 shifted 17 cm-1 to higher wavenumber relative to the free ligand 1. In addi-

tion those resonances attributable to υC=C and υC=N absorptions of the diazafluorenyl 

moiety, 1630 – 1423 cm-1, are shifted to higher wavenumber relative to the free ligand, 

in agreement with coordination of the ruthenium moiety. 

The UV-Vis spectrum of the complex 12 shows a major, split absorption at 316 

nm (1.18 × 104 M-1 cm-1) and 332 nm (1.20 × 104 M-1 cm-1), in addition to intense tran-

sitions at 194 nm (3.01 × 104 M-1 cm-1) and 206 nm (3.05 × 104 M-1 cm-1). The latter 

high-energy transitions are readily assigned to π*←π intraligand transitions of the two 

aromatic ligands, whilst the absorptions centred at ca. 324 nm are tentatively assigned 

as LMCT transitions originating from the chloride and cymene ligands. Interestingly 

there is no lower-energy absorption corresponding to a πbpy←dRu MLCT transition, in 

contrast to [RuCl(η6-p-cymene)(bpy)]PF6 (428 nm)104 and Ru(bpy)n systems in general 

(ca. 450 ~ 500 nm),105 although it is not readily evident why this is the case. 

The electrochemistry of the analogous complexes [RuCl(η6-p-cymene)(N∩N)]+ 

(N∩N = bpy or phen) has been reported in detail, showing a rich, metal-centred electro-

chemistry.104,106 The dominant voltammetric feature is an initial two-electron reduction 

of the cationic species via an ECE mechanism, consisting of a one-electron reduction of 

[M-Cl]+ to [M-Cl]• which rapidly loses chloride to yield [M]•+ that is subsequently re-

duced to [M]0. This neutral species may then undergo an additional, irreversible reduc-

tion to [M]– at significantly more negative potential, or else a quasi-reversible two-
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electron oxidation to [M]2+. A second redox process at positive potential is ascribed to 

an irreversible one-electron oxidation [M]+  [M]2+ corresponding to the RuII/RuIII 

couple of the parent complex. 

The electrochemistry of 12 appears similar to that described above, with the ex-

ception that it was not possible to observe a RuII/RuIII oxidation due to limitations im-

posed by solvent and electrolyte choice. An irreversible reduction process at -870 mV is 

consistent with the two-electron reduction of [M-Cl]+ to [M]0 and is followed closely by 

another irreversible one-electron process at ca. -1350 mV observable only at rapid scan 

rates (υ > 400 mV s-1). As the reduction of [M]0 to [M]– of [RuCl(η6-p-cymene)(bpy)]+ 

is approximately 1400 mV more negative than the preceding reduction to [M]0, the ca. 

500 mV difference between reduction processes of 12 make it unlikely that this is an 

analogous process. Instead the additional reduction process was tentatively ascribed to 

the presence of the propargylic alcohol functionality, plausibly by means of an intermo-

lecular chemical interaction between the coordinatively unsaturated ruthenium centre of 

one molecule and hydroxyl or alkynyl substituent of a neighbouring molecule. That this 

second reduction process is only observed at rapid scan speeds implies that the electro-

generated species is particularly unstable and otherwise decomposes prior to observa-

tion at lesser scan speeds. 

 
Figure 22. Cyclic voltammograms of complex 12 (Pt electrode, 0.1 M nBu4NPF6/MeCN, referenced to 

internal [FcH]/[FcH]+ = +560 mV). 
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3.3.4.2 Reaction of 12 to Form the Bimetallic Allenylidene Complex 13. 

RuCl2(dppm)2, NaPF6

- NaCl, - H2O

CH2Cl2, !, 24h

Ru
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Ru CCl

Ph2P PPh2

PPh2Ph2P

C C
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N
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+

N

N

HO

(12)  
Scheme 13. Reaction of the metallo-alkynol 12 to form the bimetallic allenylidene complex 13. 

Reaction of 12 with cis-[RuCl2(dppm)2] under analogous conditions for the for-

mation of 11 readily yield the pure bimetallic complex 13. Notably there was no evi-

dence of the free alkynol 1 in the crude reaction product, indicating that the [RuCl(η6-p-

cymene)]+ fragment is not labilised during the alkynol to allenylidene rearrangement at 

the [RuCl(dppm)2]+ moiety. 

3.3.5 Characterisation of the Bimetallic Allenylidene Complexes 11 and 13. 

Table 4. Selected spectroscopic data of the homobimetallic allenylideneruthenium(II) complexes. (a 
(CD3)2CO; b CD2Cl2; c nujol mull; d MeCN solution; e Pt electrode, 1st-scan DPV, 100 mV s-1, 0.1 M 

nBu4NPF6/CH2Cl2, referenced to internal [FcH]/[FcH]+ = +560 mV). 
13C{1H} 31P{1H} IR c UV-Vis d E½ / Ep e 

δ ppm cm-1 nm [ε × 104 M-1 cm-1] mV  
Cα Cβ Cγ dppm υC=C=C  oxd red1

 red2
 red3 

4 a 324.6 241.1 146.8 -15.16 1927 232 
[5.98] 

274 
[5.46] 

454sh 
[1.59] 

510 
[1.65]  -80 -950  

11 b 328.4 274.5 137.6 -18.02 1910 194 
[16.4] 

286 
[8.36] 

456 
[3.06]  1540 240 -415 -1390 

13 b 328.1 272.5 137.2 -17.78 1913 194 
[16.3] 

276 
[4.61] 

448 
[1.69] 

522sh 

[0.970]  215 -450 -1470 

The 1H and 13C{1H}-NMR spectra of the bimetallic complexes 11 and 13 

closely resemble the metallo-alkynol precursors 8 and 12 with respect to resonances of 

the pendant bpy or p-cymene ligands at the coordinated ruthenium centre, with only 

marginal changes in chemical shift observed. Resonances attributed to the 

diazafluorenyl moiety are also comparable to that observed in the free allenylidene 

complex 4, as are resonances associated with the methylene bridge and phenyl groups 

of the dppm ligand. Notably the splitting of resonances in 1H and 13C{1H}-NMR spectra 

of 12 is not witnessed for the allenylidene derivative 13, which further supports the hy-

pothesis that 12 is a mixture of two isomers differentiated at the sp3 propargylic alcohol 

functionality which is lost on rearrangement to the sp2 allenylidene moiety. In the case 

of the tris(diimine) allenylidene complex 11 a stereochemical effect is expressed in the 
31P{1H}-NMR spectrum, where the resonance of the compound is observed as a com-

plex multiplet depicted below in Figure 23. In the free allenylidene complex 4 the trans-

octahedral dppm ligands show a singlet resonance for the four phosphorus atoms as an 

AA'A''A''' spin system. In 11 interactions between phenyl rings of the dppm ligands and 
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bpy ligands of the coordinated ruthenium centre presumably destroys the chemical 

equivalence of the phosphorus nuclei and an AA'BB' spin system results. This same ef-

fect has previously been observed for the complexes [RuCl(dppm)2=C=C=C(Me)(R)]+ 

(R = N-phenothiazine or N-iminostilbene),107 though a similar loss of symmetry is not 

reported for the dppe-ligated analogue of 11 reported by Pélerin et al.49 In this latter ex-

ample the ethylene bridge between phosphorus nuclei presumably provides sufficient 

flexibility to allow a symmetrical coordination environment. In 13 the coordinated 

[RuCl(η6-p-cymene)]+ moiety is less sterically demanding than the tris(diimine) ana-

logue and only a singlet resonance is observed in 31P{1H}-NMR spectra, indicating that 

spatial interactions between the dppm and p-cymene ligands at the two different ru-

thenium centres is minimal. 

 
Figure 23. 31P{1H}-NMR spectrum (243 MHz, CD2Cl2) of 11, the AA'BB' spin system clearly evident 

(peak marks in Hz relative to δ(H3PO4) = 0 ppm). 

Though 13C{1H}-NMR spectroscopy resonances of the diazafluorenyl moiety 

are essentially comparable between the free allenylidene 4 and the bimetallic complexes 

13 and 11, the allenylidene carbon resonances are significantly different with Cβ shifted 

ca. 30 ppm downfield and Cγ ca. 10 ppm upfield relative to 4. The most evident change 

in the electronic environment of the allenylidene complex on coordination of an addi-

tional metal centre appears then to be centred on the allenic moiety. This notion is in 

agreement with observations on electronic transitions from UV-Vis spectral data 

wherein the two lowest energy bands at ca. 450 nm and ca. 500 nm, assigned to ILCT 

and ML/LMCT processes of the allenic moiety, are blue shifted in the bimetallic com-
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plexes (Figure 24). The latter band at ca. 500 nm is of lower intensity than in 4 whereas 

the absorption at ca. 450 nm shows an increased intensity, most evidently for 11 

wherein the absorption appears coincident with the π*←dRu MLCT transition of the co-

ordinated “[Ru(bpy)2]” moiety. The remaining absorptions at higher energy are assigned 

to ILCT transitions of the dppm ligands and diazafluorenyl moiety, in addition to those 

transitions associated with the p-cymene and chloro ligands of 13 and bpy ligands of 11, 

and appear fundamentally to be a superposition of absorptions present in the metallo-

alkynol precursors 12 and 8 and the free allenylidene 4. 

 
Figure 24. UV-Vis absorption spectra of the bimetallic allenylidene complexes (MeCN solution). 

Cyclic voltammetry studies of the bimetallic complexes indicate the electro-

chemical properties are dominated by the allenylidene moiety. Relative to the free 

allenylidene 4 the two one-electron reductions of the allenic moiety show a significant 

anodic shift, ca. 300 mV for the first reduction and ca. 500 mV for the second, with a 

concurrent 200 mV decrease in the separation between potentials of the two reduction 

processes (Figure 25). A further, poorly reversible reduction process is then observed at 

ca. -1470 mV for 13 and ca. -1390 mV for 11, in addition to an anodic oxidation pro-

cess at 1540 mV for 11 that is essentially coincident with the RuII/RuIII oxidation couple 

of the metallo-alkynol precursor 8. Cyclic voltammograms of the complexes show no 

marked differences on repeated cycling nor with changing scan speeds. In acetoni-

trile/nBu4NPF6 the processes consequent of the bimetallic complexes disappear with re-
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peated cycling to be replaced by redox processes consistent with the free allenylidene 

complex 4, presumably indicating that the doubly-reduced allenylidene complex is only 

stable toward dissociation of the coordinated metal moiety in non-coordinating solvent. 

 
Figure 25. CVs of the bimetallic allenylidene complexes 11 and 13 (Pt electrode, 100 mV s-1, 0.1 M 

nBu4NPF6/CH2Cl2, referenced to internal [FcH]/[FcH]+ = +560 mV). 

At first glance the more favourable reduction potentials of the bimetallic species 

relative to the free allenylidene 4 may readily be attributed to stabilisation of the added 

electron density by the coordinated metal cation. The additional cathodic process ob-

served at ca. -1400 mV may then be interpreted as the onset of reduction for a terminal 

bpy ligand of 11 or the “[(η6-p-cymene)RuCl]” moiety of 13. However, such an inter-

pretation is confounded in the latter case on comparison to the metallo-alkynol 12 which 

shows a reduction process at -870 mV thought to proceed by dissociation of a chloride 

ion, and which should therefore be favoured after the prior addition of two electrons to 

the bimetallic complex. Similarly the oxidation potential of the RuII/RuIII couple in tri-

cationic 11 would be expected to show an anodic shift relative to the di-cationic met-

allo-alkynol 8, yet the potential of this redox process is practically unchanged between 

the two. 
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3.43.4   Summary and Conclusion.Summary and Conclusion.   

The formation of multinuclear coordination complexes incorporating the 

diazafluorenyl allenylidene moiety has been explored through a number of methods, 

and has proven to be significantly more problematic than initially envisaged. In cases 

where reaction did proceed between a metal centre and the diazafluorenyl moiety, the 

isolated reaction products were often very complex mixtures that were not readily sepa-

rated nor identified. As such the exact fate of ‘unsuccessful” coordination reactions 

were never readily determined, except in those cases where the recovery of starting ma-

terials was clearly evident. 

In the first instance the coordination chemistry of complex 4 was investigated in 

reactions with simple metal precursors bearing labile ligands, which led generally to the 

recovery of starting materials under mild conditions or apparent decomposition to in-

tractable material under more forcing conditions. In one instance it has been possible to 

isolate a complex formulated as [(4)PdCl2]PF6, though comprehensive spectroscopic 

characterisation of the complex was not conclusive. Similarly, reaction with the coordi-

natively unsaturated or solvent-stabilised complexes “[M(CO)4]” (M = Cr, Mo) exhib-

ited some spectroscopic evidence of successful coordination, though the complexes 

proved highly unstable and consequently were not readily purified for characterisation 

purposes. 

Investigations consequently shifted toward an alternate ‘reverse’ synthetic strat-

egy involving the formation of ruthenium complexes of the diazafluorenyl ligand 1, fol-

lowed by subsequent formation of the allenylidene moiety from a metallo-alkynol. A 

series of alkynol-ruthenium complexes were successfully synthesised, characterised 

spectroscopically and their structures determined by means of single-crystal X-Ray 

crystallography. In two instances these metallo-alkynol precursors reacted cleanly to 

form homo-bimetallic allenylidene complexes of 4 bearing coordinated “[Ru(bpy)2]” 

(11) and “[RuCl(η6-p-cymene)]” (13) groups, which were comprehensively character-

ised by spectroscopic means. The nature of the interaction between the remote metal 

centres was not readily apparent from available spectral data unfortunately, and may 

warrant further investigation by means of specialised spectroelectrochemical tech-

niques. 



Chapter 3: Multinuclear Diazafluorenyl Complexes 

 109 

3.53.5   Experimental.Experimental.   

3.5.1 General. 

General manipulations, treatment of reagents and spectroscopic techniques have 

been described in Chapter 2. 

The synthesis of compounds 4 and 1 are described in Chapter 2. The compounds 

[PdCl2(NCPh)2],108 [RuCl2(η6-p-cymene)]2,109 [RuCl2(bpy)2].2H2O61 and 

[RuCl2(CO)2]n
98 were synthesised by literature procedures. 

3.5.2 Reaction of (4) with [PdCl2(NCPh)2]. 

A solution of 4 (50 mg, 0.040 mmol) in MeCN (5 mL) was added dropwise over 

10 min to a stirring solution of [PdCl2(NCPh)2] (16 mg, 0.042 mmol) in MeCN (3 mL). 

The reaction mixture was stirred at ambient temperature for a further 2 hours, at which 

point solvent was removed by rotary evaporation. The solid residue was repeatedly 

sonicated in Et2O (3 × 50 mL) and PhH (2 × 50 mL), the brick-red microcrystalline 

powder finally collected by filtration and air-dried (51 mg, 0.036 mmol, 89%). 1H NMR 

(300 MHz, CD3CN): δ (ppm) 7.59-7.46 (m, 8H, HPh), 7.32-7.21 (m, 22H, HPh), 

7.19-7.09 (m, 12H, HPh), 5.7-5.4 (m, 4H, PCH2P). 13C{1H}-NMR (151 MHz, CD3CN): 

δ (ppm) 132.8-132.5 (br), 132.04, 131.56, 131.44, 130.97, 130.9 (m), 129.33 (m), 129.1 

(m), 128.48 (br), 128.21. 31P{1H}-NMR (121 MHz, CD3CN) δ (ppm) -10.69 (br. s, 

dppm), -138.72 (sept, PF6
–). IR (cm-1): υC=C=C 1914 (m), 1608 (m), 1571 (w), 1504 (w), 

1436 (s), 1410 (mw), 1097 (ms), υPF6
 841 (vs), 736 (s), 694 (s). FAB+-MS (MeCN): m/z 

663.4 (14%), 530.6 (78%, [(4)-Cl–-PF6
–]2+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 

cm-1]: 204 [10.0], 270 [4.36], 456 [0.802], 510 [0.829]. 

3.5.3 [RuCl2(CO)2{κ2-N,N'-(1)}]. 
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A pale yellow suspension of [RuCl2(CO)2]n (107 mg, 0.470 mmol) and 1 (103 

mg, 0.494 mmol) in MeOH (10 mL) was refluxed for two hours to give a clear yellow 

solution and white precipitate. The solution was cooled to room temperature and crys-

tallisation completed by standing at -35 °C overnight. The tan precipitate was collected 
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by filtration, recrystallised from boiling Me2CO and washed copiously with MeOH and 

Et2O to yield the product as a white powder (67 mg, 0.15 mmol, 33%). Anal Calcd for 

C15H8Cl2N2O3Ru1: C, 41.30; H, 1.84; N, 6.42. Found: C, 39.90; H, 2.00; N, 6.39. 1H 

NMR (400 MHz, (CD3)2SO): δ (ppm) 9.09 (d, 2H, H3), 8.47 (d, 2H, H1), 7.86 (m, 2H, 

H1), 3.84 (s, 1H, Cα). 13C{1H}-NMR (100 MHz, (CD3)2SO): δ (ppm) 195.63 (CO), 

158.06 (C4'), 151.56 (C3), 142.19 (C1'), 135.69 (C1), 128.79 (C2), 80.85 (Cβ), 75.88 

(Cα), 75.34 (C9). IR (cm-1): υOH 3400 (br, m), υC≡CH 3276 (m), υC=C 2120 (w), υRuC≡O 

2082 (s), υRuC≡O 2010 (vs), 1714 (br, m), 1626 (w), 1602 (w), 1573 (w), 1419 (vs), 1066 

(s). ESI+-MS (dmso): m/z 400.2 (22%, [M-Cl–]+), 372.2 (13%, [M-Cl–-CO]+), 344.3 

(26%, [M-Cl–-(CO)2]+). 

3.5.4 [Ru(bpy)2{κ2-N,N'-(1)}(PF6)2 (8). 
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[Ru(bpy)2Cl2].2H2O (302 mg, 0.580 mmol) and 1 (132 mg, 0.632 mmol) were 

combined in absolute ethanol (15 mL) and refluxed under argon for 5 h, during which 

time the deep purple colour of solution was replaced with an intense red-orange. The 

reaction mixture was taken to dryness by rotary evaporation, redissolved in water (500 

mL) and loaded onto a column of CM-Sephadex (60 mm x 600 mm). Elution was car-

ried out with 0.01 M increments of NaCl(aq) to 0.1 M concentration, then 0.05 M incre-

ments from 0.1 M to 0.4 M. A total of eight distinct bands were collected, with the third 

fraction (eluted at 0.04 M) identified as the desired product. This fraction was treated 

with a saturated aqueous solution of NH4PF6, extracted into CH2Cl2 (4 x 150 mL), dried 

over MgSO4 and taken to dryness by rotary evaporation. Recrystallisation from 

MeCN/iPrOH afforded the pure compound as deep red-orange crystals (415 mg, 0.455 

mmol, 78.4%). Anal Calcd for C33H26F12N6O2P2Ru1•H2O: C, 42.64; H, 2.82; N, 9.04. 

Found: C, 42.71; H, 2.85; N, 8.76. 1H NMR (600 MHz, CD3CN): δ (ppm) 8.53-8.45 (m, 

4H, Hbpy), 8.16 (d, 2H, H1), 8.14-8.03 (m, 6H, Hbpy), 7.88-7.85 (m, 2H, Hbpy), 7.57 (d, 

2H, H3), 7.52-7.46 (m, 4H, H2 & Hbpy), 7.42-7.39 (m, 2H, Hbpy), 5.48 & 5.47 (s, 1H, 

OH), 3.01 (s, 1H, Hα). 13C{1H}-NMR (150 MHz, CD2Cl2): δ (ppm) 161.20-161.20 (m, 

C4'), 152.90-152.86 (m, C3), 142.56-142.51 (m, C1'), 134.15-134.14 (m, C1), 
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129.58-129.53 (m, C2), 80.42 (s, C9), 77.32 (s, Cβ), 75.16 (s, Cα), 159.06-158.25 (m, 

Cbpy quaternary), 153.85-153.82, 153.70-153.48, 138.91-138.90, 138.73-138.71, 

128.73-128.70, 125.05-125.02, 124.99-124.97 (m, Cbpy). IR (cm-1): υH2O 3645 (w), υOH 

3513 (br, w), υC≡C-H 3278 (w), υC≡C 2124 (w) & 1982 (w), 1740 (w), 1624 (w), 1604 

(mw), 1570 (w), 1419 (s), 1243 (w), 1230 (w), 1162 (w), 1072 (w), υPF6
 840 (vs), 761 

(m), 740 (m), 730 (m). ESI+-MS (MeCN): m/z 311 (100%, [M-(PF6)2]2+), 767 (14%, 

[M-PF6]+). FAB+-MS (MeCN): m/z 766.6 (23%, [M-PF6
–]+). UV-Vis (MeCN) λ (nm) 

[ε × 104 M-1 cm-1]: 208 [4.17], 244 [1.96], 254sh [1.65], 288 [6.16], 446 [1.23]. 

The remaining fractions obtained from chromatography were subjected to an 

identical work-up procedure, though solid samples were obtained only in trace amounts 

not readily amenable to analysis. 

3.5.5 [Ru(bpy){κ2-N,N'-(1)}2](PF6)2 (9). 
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N N
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A solution of [RuCl2(η6-p-cymene)]2 (106 mg, 0.173 mmol) and bpy (51 mg, 

0.33 mmol) were dissolved in N2-purged EtOH (10 mL) and the solution stirred anaer-

obically at ambient temperature for 2½ hours over which time the solution took on a 

golden colour. This solution was then added to a suspension of 1 (145 mg, 0.698 mmol) 

in N2-purged water (20 mL) and the combined mixture refluxed for sixteen hours. On 

cooling to ambient temperature the bright red solution was filtered through a pad of 

celite and taken to dryness by rotary evaporation. The red-orange residue was then 

chromatographed on a SiO2 column, eluting first with MeCN to remove excess organ-

ics, then a mixture of MeCN:H2O:saturated aqueous KNO3 in a 190:10:1 ratio to yield a 

major yellow band. This fraction was concentrated to ca. 10 mL by rotary evaporation 

and the addition of saturated aqueous KPF6 (10 mL) yielded the pure complex as bright 

red-orange microcrystals collected by filtration (145 mg). The remaining liquor was ex-

tracted with CH2Cl2 (5 × 20 mL), dried over MgSO4 and evaporated to dryness yielding 

a bright orange powder that was spectroscopically indistinguishable from the precipi-

tated material (104 mg). Total yield 249 mg (0.258 mmol, 74.6%). Crystals suitable for 

single-crystal x-ray crystallography were grown by vapour diffusion of Et2O into a satu-
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rated Me2CO solution of the complex. Anal Calcd for C36H24F12N6O2P2Ru1•H2O: C, 

44.05; H, 2.67; N, 8.56. Found: C, 44.26; H, 2.96; N, 8.20. 1H NMR (500 MHz, 

CD3CN): δ (ppm) 8.52-8.44 (m, 2H), 8.31-8.26 (m, 1H), 8.22-8.11 (m, 5H), 8.10-8.03 

(m, 2H), 7.91-7.87 (m, 1H), 7.85-7.81 (m, 1H), 7.62-7.57 (m, 2H), 7.57-7.43 (m, 6H), 

5.61-5.52 (m, 2H, OH), 3.02-2.99 (m, 2H, C2H). 13C{1H}-NMR (125 MHz, CD3CN): δ 

(ppm) 162.26, 162.25, 161.73, 161.67, 159.46, 159.49, 155.31, 155.28, 155.04, 154.99, 

153.97, 153.90, 153.60, 153.54, 142.50, 142.46, 142.38, 142.27, 138.85, 134.34, 

134.29, 134.03, 129.68, 129.18, 128.29, 128.25, 128.22, 124.84, 80.50, 80.47, 77.45, 

75.10, 75.04. IR (cm-1): υH2O 3636 (m), υOH 3514 (m), υC≡C-H 3284 (ms), υC≡C 2120 (w) 

& 1969 (br, w), 1740 (w), 1717 (w), 1625 (w), 1604 (m), 1449 (vs), 1420 (vs), υPF6
 844 

(vs). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 206 [4.93], 245 [1.12], 290 [4.82], 444 

[1.13]. 

3.5.6 [Ru{κ2-N,N'-(1)}3]Cl2 (10). 
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A mixture of “RuCl3.3H2O” (73 mg, 0.28 mmol) and 1 (223 mg, 1.07 mmol) 

were dissolved in 5:1 EtOH:H2O (30 mL) and the solution sparged with N2 for 15 mins, 

then refluxed under argon for 21 h. On cooling to ambient temperature the dark red-

orange solution was filtered and solvent removed under reduced pressure. The residue 

was redissolved in H2O (50 mL) and extracted with CH2Cl2 (4 × 100 mL) and Et2O (2 × 

50 mL). Solvent was removed from the aqueous solution by rotary evaporation to yield 

a deep orange oil. Repeated rotary evaporation from anhydrous acetonitrile yielded the 

hydrated product as a bright red crystalline film (203 mg, 0.238 mmol, 86% as trihyd-

rate). Anal Calcd for C39H30Cl2N6O6Ru1•3H2O: C, 55.06; H, 3.55; N, 9.88. Found: C, 

54.39; H, 3.59; N, 9.83. 1H NMR (600 MHz, D2O): δ (ppm) 8.25-8.20 (m, 2H, H1), 

8.12-8.06 & 8.00-7.94 (m, 2H, H3), 7.61-7.52 (m, 2H, H2), 3.20-3.17 (m, 1H, Hα). 
13C{1H}-NMR (150 MHz, D2O): δ (ppm) 162.80-162.61 (m, C4'), 154.77-154.41 (m, 

C3), 140.86-140.84 (m, C1'), 133.96 (s, C1), 129.06-128.85 (m, C2), 79.51-79.45 (m, 
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Cβ), 76.92-76.86 (m, C9), 75.80-75.76 (m, Cα). IR (cm-1): υH2O 3600-3000 (br, s), υC≡C 

2114, (w) & 1980 (vs), 1717 (w), 1627 (m), 1602 (m), 1570 (w), 1419 (vs), 1287 (ms), 

1229 (s), 1082 (s), 812 (s), 801 (s), 740 (vs), 700 (s). UV-Vis (MeCN) λ (nm) [ε × 104 

M-1 cm-1]: 204 [5.37], 248 [1.11], 298 [4.05], 438 [0.857]. 

3.5.6.1 [Ru{κ2-N,N'-(1)}3](Cl)(PF6) (10b). 

A solution of 10 (54 mg, 0.064 mmol) in H2O (0.5 mL) was treated with satu-

rated aqueous KPF6 (2 mL) and allowed to stand overnight. The bright orange precipi-

tate was collected under argon and dried at 100 °C i.vacuo for sixty hours to yield the 

mixed chloro-hexafluorophosphate salt (61 mg, 0.063 mmol). Crystals suitable for sin-

gle-crystal x-ray crystallography were obtained by slow diffusion of Et2O into a dilute 

Me2CO solution of the complex. IR (cm-1): υH2O 3640 (w), υOH 3518 (w), υC≡C-H 3288 

(m), υC≡C 2123 (w) & 1987 (m), 1717 (w), 1628 (w), 1603 (w), 1572 (w), 1421 (vs), 

1230 (ms), 1081 (ms), υPF6
 845 (vs), 810 (s), 801 (s), 740 (s). FAB+-MS (Me2CO): m/z 

869.2 (37%, [Ru(1)3(PF6)]+). ESI+-MS (Me2CO): m/z 363.0 (100%, [Ru(1)3]2+). 

3.5.7 [(4)-κ2-N,N'-Ru(bpy)2](PF6)3 (11). 
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A bright orange solution of 8 (53 mg, 0.058 mmol) and cis-[RuCl2(dppm)2] (52 

mg, 0.055 mmol) in CH2Cl2 (100 mL) was treated with NaPF6 (15 mg, 0.086 mmol) 

and refluxed for 22 h during which time a dark red-orange colour developed. The solu-

tion was cooled to room temperature, filtered through celite, concentrated to a minimum 

volume under reduced pressure then precipitated by dropwise addition to rapidly stirring 

Et2O (120 mL). The solid was collected by filtration and dried under vacuum at 50 °C 

overnight to yield the product as a deep orange powder (96 mg, 0.049 mmol, 75%). 

Anal Calcd for C84H68Cl3F18N6P7Ru2•CH2Cl2: C, 49.73; H, 3.38; N, 4.14. Found: C, 

49.88; H, 3.43; N, 4.67. 1H NMR (600 MHz, CD2Cl2): δ (ppm) 7.64-7.61 (m, 2H, H3), 

7.05-7.01 (m, 2H, H1), 5.66-5.62 (m, 2H, H1), 5.62-5.55 & 5.34-5.27 (m, obscured 

CHDCl2, PCH2P), Hbpy & HPh: 8.50-8.45 (m, 2H), 8.45-8.41 (m, 2H), 8.28-8.25 (m, 

2H), 8.20-8.14 (m, 2H), 8.08-8.02 (m, 2H), 7.90-7.86 (m, 2H), 7.74-7.70 (m, 2H), 7.51-
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7.44 (m, 6H), 7.40-7.28 (m, 20H), 7.20-7.05 (m, 26H). 13C{1H}-NMR (150 MHz, 

CD2Cl2): δ (ppm) 328.358 (m, Cα), 274.505 (m, Cβ), 166.633 (s, C4'), 151.916 (s, C3), 

137.647 (m, C9), 133.371 (s, C1'), 130.734 (s, C1), 129.208 (s, C2), 42.6149 (m, 

PCH2P). Cbpy & CPh: 158.351, 157.448, 153.239, 153.075, 138.578, 138.340, 132.927 

(m), 132.746 (m), 132.053, 131.604, 131.546, 130.019 (m), 129.661 (m), 129.020 (m), 

128.698, 127.883, 124.394, 124.358. 31P{1H}-NMR (243 MHz, CD2Cl2) δ (ppm) 

-18.016 (m, PCH2P), -143.95 (sept, PF6
–). IR (cm-1): υC=C=C 1910 (br, ms), υPF6

 840 

(vs). ESI+-MS (Me2CO): m/z 1799 (12%, [M-PF6
–]+), 755 (100%, [M-(PF6

–)3+H+]2+), 

503 (16%, [M-(PF6
–)3]3+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 194 [16.4], 232sh 

[7.33], 286 [8.36], 456 [3.06]. 

3.5.8 Reaction of cis-[RuCl2(dppm)2] with (9). 

A bright orange solution of 9 (109 mg, 0.113 mmol) and cis-[RuCl2(dppm)2] 

(205 mg, 0.218 mmol) in CH2Cl2 (125 mL) was treated with NaPF6 (96 mg, 0.57 mmol) 

and stirred at ambient temperature for 23 days during which time a dark red-orange col-

our developed. The solution was filtered through celite, concentrated to a minimum 

volume on a rotary evaporator then precipitated by dropwise addition to rapidly stirring 

Et2O (300 mL). The solid was subsequently chromatographed on silica utilising 5% 

saturated KPF6/MeCN solution, with recrystallisation of the main red-orange fraction 

from CH2Cl2/EtOH to afford the product (151 mg). 31P{1H}-NMR (243 MHz, CD3CN) 

δ (ppm) -16 – -18 (br m, PCH2P), -143.21 (sept, PF6
–). IR (cm-1): υC=C=C 1910 (br, ms), 

υPF6 836 (vs). ES+-MS (CH2Cl2): m/z 1370.9 (9%, [(4)2Ru(bpy)(PF6)2]2+), 1296.0 (17%, 

[(4)2Ru(bpy)(PF6)]2+), 1224.7 (25%, [(4)2Ru(bpy)]2+), 865.1 (19%, 

[(4)2Ru(bpy)(PF6)]3+), 816.4 (100%, [(4)2Ru(bpy)]3+), 611.9 (51%, [(4)2Ru(bpy)]4+). 

3.5.9 Reaction of cis-[RuCl2(dppm)2] with (10). 

A bright orange solution of 10 (47 mg, 0.060 mmol) and cis-[RuCl2(dppm)2] 

(157 mg, 0.167 mmol) in CH2Cl2 (125 mL) was treated with NaPF6 (164 mg, 0.978 

mmol) and stirred at ambient temperature for 26 days. Workup as for the above reaction 

with 9 (3.5.8) resulted in the isolation of a red-orange microcrystalline product (86 mg). 
31P{1H}-NMR (243 MHz, CD3)2CO) δ (ppm) -16.5 – -17.5 (br m, PCH2P), -142.69 

(sept, PF6
–). IR (cm-1): υC=C=C 1888 (br, ms), υPF6

 841 (vs). ES+-MS (CH2Cl2): m/z 

1179.1 (15%, [(4)3Ru(PF6)]3+), 1129.1 (12%, [(4)3Ru]3+), 847.8 (18%, [(4)3Ru]4+). 
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3.5.10 [RuCl(η6-p-cymene){κ2-N,N'-(1)}]PF6 (12). 
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A flask was charged with [RuCl2(η6-p-cymene)]2 (74 mg, 0.12 mmol) and 1 (52 

mg, 0.25 mmol) then dissolved in CH2Cl2 (40 mL) to give a dark green suspension. This 

mixture was immediately treated with solid KPF6 (52 mg, 0.28 mmol) to yield a very 

dark orange-green suspension that was stirred at ambient temperature for an hour. The 

reaction was then filtered aerobically through celite to yield a bright orange solution 

from which solvent was removed under reduced pressure to give a brown oil. The oil 

was extracted into Me2CO (100 mL), filtered, and the solution reduced in volume to a 

minimum (4 mL) then precipitated by addition to rapidly stirring Et2O (250 mL). The 

precipitate was collected by filtration, washed with Et2O then air-dried to yield the pro-

duct as a bright orange powder (114 mg, 0.184 mmol, 75%). Anal Calcd for 

C23H22Cl1F6N2O1P1Ru1: C, 44.28; H, 3.55; N, 4.49. Found: C, 44.01; H, 3.94; N, 4.37. 
1H NMR (600 MHz, (CD3)2CO): δ (ppm) 9.29-9.26 (m, 2H, H3), 8.42-8.38 (m, 2H, 

H1), 7.88-7.82 (m, 2H, H1), 7.16 & 6.98 (s, 1H, OH), 6.32-6.28 (m, 2H, HD), 6.10-6.07 

(m, 2H, HC), 3.35 & 3.26 (s, 1H, Hα), 3.00-2.91 (m, 1H, HF), 2.30 & 2.29 (s, 3H, HA), 

1.25-1.22 (m, 6H, HG). 13C{1H}-NMR (150 MHz, (CD3)2CO): δ (ppm) 160.49 & 

160.25 (s, C4'), 154.18 & 154.03 (s, C3), 142.91 & 142.75 (s, C1'), 135.88 & 135.84 (s, 

C1), 129.58 & 129.49 (s, C2), 105.74 & 105.62 (s, HE), 101.64 & 101.53 (s, HB), 83.96 

& 83.84 (s, HD), 82.64 & 82.57 (s, HC), 81.04 & 80.97 (s, Cα), 77.49 (s, C9), 75.31 & 

75.11 (s, Cβ), 32.02 (s, CF), 22.32 & 22.27 (s, CG), 18.80 & 18.78 (s, CA). IR (cm-1): 

υC≡C-H & υOH 3629 (br, w) & 3550-3150 (br, w) & 3276 (w), υC≡C 2119 (w), 1630 (w), 

1605 (m), 1576 (w), 1423 (ms), 1291 (w), 1279 (w), 1230 (mw), 1161 (br, w), 1081 (br, 

m), 1037 (w), 1017 (w), υPF6
 843, 740 (ms), 699 (w). FAB+-MS (thf): m/z 479.4 (100%, 

[M-PF6
–]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 194 [3.01], 206 [3.05], 316 

[1.18], 332 [1.20]. 
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3.5.11 [(4)-κ2-N,N'-RuCl(η6-p-cymene)](PF6)2 (13). 

1
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A bright yellow suspension of 12 (40 mg, 0.065 mmol), cis-[RuCl2(dppm)2] (62 

mg, 0.066 mmol) and NaPF6 (15 mg, 0.087 mmol) in CH2Cl2 (100 mL) was refluxed 

for 24 h during which time the solution became a very dark orange. On cooling to ambi-

ent temperature the solution was aerobically filtered through celite and solvent removed 

under reduced pressure. The reside was redissolved in a minimum of CH2Cl2 (2 mL) 

and precipitated by dropwise addition to rapidly stirring Et2O (100 mL). The precipitate 

was collected by filtration and air-dried to yield the product as a dark red-orange pow-

der (102 mg, 0.062 mmol, 94%). Anal Calcd for C73H64Cl2F12N2P6Ru2•1½CH2Cl2: C, 

50.17; H, 3.79; N, 1.57. Found: C, 50.18; H, 4.01; N, 1.70. 1H NMR (600 MHz, 

CD2Cl2): δ (ppm) 9.01 (d, 2H, H3), 7.38 (m, 8H, ortho), 7.37 (m, 4H, para), 7.32 (m, 

4H, para), 7.24 (m, 8H, meta), 7.22 (d 2H, H2), 7.17 (m, 8H, ortho), 7.12 (m, 8H, meta), 

5.99 (d 2H, HD), 5.82 (d, 2H, HC), 5.64 (d, 2H, H1), 5.64-5.57 (m, 2H, PCH2P), 5.35-

5.31 (m, 2H, PCH2P), 2.94 (sept, 1H, HF), 2.29 (s, 3H, HA), 1.28 (d, 6H, HG). 
13C{1H}-NMR (150 MHz, CD2Cl2): δ (ppm) 328.09 (m, Cα), 272.49 (m, Cβ), 166.15 

(s, C4'), 153.03 (m, C3), 137.23 (m, C9), 133.50 (s, C1'), 132.86 (m, ortho), 132.71 (m, 

ortho), 132.36 (s, para), 132.03 (s, C1), 131.58 (s, para), 129.9 (m, ipso), 129.90 (s, 

meta), 129.03 (s, meta), 128.9 (m, ipso), 128.74 (s, C2), 104.51 (s, CE), 101.24 (s, CB), 

83.67 (s, CD), 81.60 (s, CC), 42.28 (m, PCH2P), 31.66 (s, CF), 22.19 (s, CG), 18.81 (s, 

CA). 31P{1H}-NMR (243 MHz, CD2Cl2) δ (ppm) -17.78 (br. s, dppm), -143.77 (sept, 

PF6
–). IR (cm-1): υC=C=C 1913 (br, m), 1603 (m), 1584 (w), 1572 (w), 1505 (w), 1436 

(s), 1414 (m), 1309 (w), 1190 (w), 1161 (w), 1096 (ms), 1026 (w), 999 (w), υPF6
 837 

(vs), 738 (w), 694 (w), 615 (w). FAB+-MS (Me2CO): m/z 1511 (11%, [M-PF6
–]+), 1367 

(45%, [M-PF6
–+H+]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 194 [16.3], 276 

[4.61], 448 [1.69], 522sh [0.970]. 
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3.5.12 Crystallographic Data 

Table 5. Crystal Data and Refinement Details for (8) – (10) and (12). 

 (8) (9) (10)•3H2O (12)•½thf 

Formula C33H24F12 
N6OP2Ru 

C36H24F12 
N6O2P2Ru 

C39H30ClF6 
N6O6PRu 

C25H26ClF6 
N2O1½PRu 

Mr (Dalton) 911.59 963.62 960.18 659.98 
Temperature (K) 100(2) 100(2) 150(2) 150(2) 
Wavelength (Å) 0.71073 0.71073 1.54184 0.71073 
Crystal System Monoclinic Orthorhombic Orthorhombic Triclinic 
Space Group I2/a (#15) C2221 (#20) Pca21 (#29) P  

! 

1(# 2) 
a (Å) 15.956(2) 14.7766(8) 16.6399(7) 8.5216(8) 
b (Å) 12.3400(10) 16.262(2) 14.0009(3) 12.0190(10) 
c (Å) 40.960(4) 21.098(4) 19.7965(9) 12.8760(10) 
α (°) 90 90 90 91.903(2) 
β (°) 94.011(9) 90 90 92.624(3) 
γ (°) 90 90 90 96.411(2) 
V (Å3) 8045.1(14) 5069.8(12) 4612.1(3) 1308.2(2) 
Z (f.u.) 8 4 4 2 
DC (g cm-3) 1.505 1.262 1.383 1.675 
µ (mm-1) 0.559 0.449 4.249 0.83 
F(000) 3632 1920 1936 664 

Specimen (mm) 
0.2405 x  
0.0847 x  
0.0289 

0.37 x  
0.33 x  
0.22 

0.1634 x  
0.1049 x  
0.0452 

0.18 x  
0.06 x  
0.04 

Nt 33135 7129 34902 26217 
N (Rint) 7080 (0.1587) 7129 (0.055) 8075 (0.0749) 9213 (0.048) 
GOF on F2 0.972 1.03 0.918 1.048 

Final R [I > 2σ(I)] R1 = 0.112 
wR2 = 0.2689 

R1 = 0.0963 
wR2 = 0.2752 

R1 = 0.0575 
wR2 = 0.1483 

R1 = 0.045 
wR2 = 0.052 

R (all data) R1 = 0.2451 
wR2 = 0.3133 

R1 = 0.1092 
wR2 = 0.284 

R1 = 0.0917 
wR2 = 0.1657 

R1 = 0.065 
wR2 = 0.057 
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4.14.1   Introduction.Introduction.   
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Figure 1. Selected coordination modes of an alkynyl ligand in mono- and binuclear complexes. 

Transition metal alkynyl complexes exhibit a large variety of bonding modes, 

typically σ- or η-bound to one or more metal centres, with a combination of the two 

yielding a variety of bridging-modes (Figure 1). Metal σ-alkynyl complexes have been 

the focus of significant research interest in recent decades, both as discrete complexes 

and as oligomeric and polymeric systems.1-7 The readily accessible synthetic protocols 

utilised in the synthesis of alkynyl complexes leads to the facile formation of multi-

metallic complexes of interest on account of electronic,8-10 electrochemical, 11,12 lumi-

nescent13-15 and nonlinear-optical16,17 properties, with significant research efforts conse-

quently focussed on the formation of model molecular wire systems.18-22 
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Figure 2. Examples of different coordination motifs exhibited by multinuclear σ-alkynyl complexes 

([Ru] = [RuCl(P∩P)2], [Ru(P∩P)2(C2-p-C6H4-R)]; P∩P = dppm, dppe; R = H, NO2, NEt2. R’ = nHex, Ph, 
p-C6H4OMe. M = CrII, CoII, NiII). 
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The conjugated, rigid, linear structure of the σ-alkynyl moiety makes it an ideal 

candidate for the construction of multimetallic transition metal complexes, and a variety 

of different coordination motifs have been exploited in the synthesis of both monomeric 

and polymeric complexes (Figure 2).20,23-30 Particularly relevant in the context of this 

investigation is the incorporation of a terminal alkynyl substituent that enables the 

stepwise construction of multimetallic complexes via a coordination chemistry method-

ology. To this end the 5-ethynyl-2,2'-bipyridine moiety, 14, is an ideal candidate, in an-

alogy to the diazafluorenyl moiety previously investigated in the allenylidene com-

plexes (Chapters 2, 3), this proligand exhibits ample precedent as both an η1-C and κ2-

N,N' ligand (Figure 3).31-40 
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Figure 3. Examples of complexes incorporating the 5-ethynyl-2,2'-bipyridine moiety (P∩P = dppf or 

(PPh3)2; [M] = [Ru(bpy)2]2+ or [ReCl(CO)3]). 
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The σ-alkynyl moiety provides a rigid and conjugated linear connection between 

a metal complex and the organic fragment, and, in contrast to the allenylidene ligand, 

can be considered formally anionic. The synthesis of bis(diphosphine)ruthenium σ-

alkynyl complexes incorporating a terminal bipyridyl moiety consequently allows for 

the same stepwise construction of multimetallic complexes envisaged for the 

diazafluorenyl allenylidene complexes, though starting with a neutral metal complex. 

The additional advantage of the σ-alkynyl bis(diphosphine)ruthenium derivatives is the 

ready accessibility of the bis-alkynyl complexes, allowing the synthesis of a ditopic 

complex for which there is no general route in the allenylidene systems at this point in 

time (Figure 4). 
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Figure 4. Comparison of the allenylidene and σ-alkynyl complexes. 

A variety of established synthetic methodologies for the preparation of σ-

alkynyl complexes have evolved, with a brief survey of the predominant techniques out-

lined in Figure 5.4,6 The synthesis of ruthenium(II) σ-alkynyl complexes is particularly 

well-established in the literature with a large number of individual examples, the ma-

jority of complexes ligated by phosphine and/or cyclopentadienide derivatives4,16,17 and, 

more recently, amide derivatives.5,12 The synthetic methodology adopted in the synthe-

sis of the alkynyl complex is largely dependant on the electron-releasing properties of 

the specific metal moiety, though the majority of ruthenium(II) derivatives have been 

synthesised by methods (i), (iv) or (vi) of Figure 5. 
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MX + M'C!CR
- M'X

MC!CR

(i) Salt Elimination

(ii) Oxidative Addition

(iii) Dehydrohalogenation

(iv) Oxidative Coupling

(v) Acetylide Metathesis
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(cat. Pd0 or CuI)
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(iix) Alkynyliodoniumtriflate Method
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MC!CH + HC!CR
-HC!CH
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MIX + RC!C(I)+Ph–OTf
- PhI

MIII(C!CR)(OTf)

 
Figure 5. Summary of established approaches to the synthesis of σ-alkynyl complexes. 

The most facile synthesis of [RuCl(P∩P)2(C2R)] complexes is depicted in 

Scheme 1, involving deprotonation of an intermediate vinylidene complex 

[RuCl(P∩P)2=C=C(H)R]+ formed by activation of the terminal alkyne HC≡CR at the 

coordinatively unsaturated [RuCl(P∩P)2]+ intermediate (formed in-situ by halide ab-

straction from cis-[RuCl2(P∩P)2] with NaPF6 or a similar reagent).41 The advantage of 

this route is the ability to isolate the vinylidene complex from excess alkyne and the hal-

ide-abstraction agent, thus allowing ready isolation of the mono-alkynyl complex with-

out complications arising from further reaction with excess reactants. Alternately com-

bination of the halide-abstracting agent, alkyne and base in a one-pot reaction should 

afford the bis-alkynyl complex. 
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Scheme 1. General synthesis of bis(diphosphine)ruthenium(II) σ-alkynyl complexes via activation of a 

terminal alkyne (base = eg. NEt3, DBU). 

The activation of terminal alkynes at the ruthenium centre has been investigated 

in detail, although the exact mechanism is still contentious and appears to be dependant 

on the specific metal complex involved.42 In the case of the 

bis(diphosphine)ruthenium(II) complexes a marked solvent- and phosphine-dependence 

has also been noted.43 The reaction of cis-[RuCl2(dppm)2] with excess HC≡CPh and 

NaPF6 in dichloromethane yields the expected vinylidene complex trans-

[RuCl(dppm)2=C=C(H)Ph]PF6, whereas the same reaction undertaken in methanol re-

sults in dimerisation of the alkyne via an η3-diphenylbutenynyl intermediate ((H) in 

Scheme 2). This marked difference in reactivity is attributed to the relative solubilities 

of the intermediate complexes (D) – (G) and lability of the chloride ligand. Analogous 

results were obtained on reaction with the alkyl derivatives HC≡CnPr and HC≡CtBu. 

However, under identical conditions, cis-[RuCl2(dppe)2] yielded only the respective vi-

nylidene complex. The formation of the η3-butenynyl complex is thought to proceed via 

insertion and rearrangement of two alkynyl ligands at the ruthenium centre, requiring 

dissociation of a phosphine ligand to an η1-coordination mode (D) that is less favour-

able for the stable five-membered chelate of the dppe ligand in comparison to the four-

membered chelate of dppm. 



Chapter 4: Bipyridyl σ-Alkynyl Complexes 

 129 

Ru CCl

P P

PP

Ru

P

P

P

P

Cl C

Ph

H

RuCl

P P

PP

Ph Ru CCl

P P

P

C

Ph

H

P
Ph

RuP

P P

P

Ph

Ph

RuP

P P

CP

C

Ph

Ph

H

Ru CP

P P

ClP

C

H

Ph

Ph

Ru CP

P P

P

C

H

Ph

Ph

– Cl
–

(A) (B) (C) (D)

(E)(G)

(F)(H)

+ HC!CH

– HC!CH

– H
+

+ H+

+ HC!CH

– HC!CH

+ HCl    – HCl

– H+    + H+

 
Scheme 2. Formation of an η3-butenynyl complex by further reaction of a σ-alkynyl complex with addi-

tional alkyne reactant in methanol solution (P∩P = dppm). 
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4.24.2   Results  and Discussion.Results  and Discussion.   

4.2.1 Syntheses of Bis(diphosphine)ruthenium(II) Derivatives. 

Attempts to synthesise bis(diphosphine)ruthenium(II) σ-alkynyl complexes in-

corporating the bipyridyl moiety by activation of 14 were met with significant difficul-

ties, presumably as a consequence of unique complications arising from the basicity of 

14. The reaction of cis-[RuCl2(dppm)2] with a single equivalent of 14, mediated by 

NaPF6 in dichloromethane, led to the rapid appearance of a dark maroon colour in solu-

tion characteristic of the vinylidene complex. Spectroscopic analysis of the crude reac-

tion mixture indicated the presence of the targeted vinylidene complex, in addition to 

the mono- and bis-alkynyl complexes, as well as unreacted [RuCl2(dppm)2]. As also 

noted in the synthesis of [CpRu(L)2C2bpy] (L = PPh3 or ½ dppf),31 the 5-ethynyl-2,2’-

bipyridine proligand is often sufficiently basic to deprotonate the intermediate vinyli-

dene complex, thus forming an equilibrium between the vinylidene and alkynyl com-

plexes in addition to the (bi)pyridinium cations. When such an equilibrium includes the 

complex [RuCl(dppm)2(C2bpy)], abstraction of the additional chloride incorporates the 

trans-bis-alkynyl and -vinylidene complexes within the equilibrium thus preventing di-

rect synthesis of the targeted mono-alkynyl complex (Scheme 3). A large number of re-

action conditions were examined in an attempt to access exclusively the mono-alkynyl 

complex, yet invariably a mixture of the mono and bis-alkynyl complexes were ob-

tained. Column chromatography on neutral alumina (activity II or III) leads invariably 

to co-elution of the mono and bis-alkynyl complexes in addition to any of the 

[RuCl2(dppm)2] precursor, whilst attempts to chromatograph product mixtures on neu-

tral alumina (activity I), basic alumina, silica or florosil led to extensive decomposition. 
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Scheme 3. Proposed equilibrium between reaction intermediates (bpy = 5-(2,2'-bipyridine); X = H or 

trans-[RuCl(P∩P)2]; P∩P = dppm or dppe). 
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Presumably, formation of the bis-alkynyl complex requires halide abstraction 

from the intermediate [RuCl(dppm)2(C2bpy)] complex, thus attempts were made to 

separate the halide abstraction reactant NaPF6 from the alkyne. Consequently cis-

[RuCl2(dppm)2] and NaPF6 were reacted to form the [RuCl(dppm)2]+ intermediate, and 

the resulting solution filtered through a large pad of celite directly into a solution of 14 

and base. Unfortunately these conditions still resulted in isolation of the mono-alkynyl 

complex contaminated by up to ten percent of the bis-alkynyl complex, presumably the 

result of partial solubility of NaPF6. Success in preparing the targeted mono-alkynyl in a 

pure form with a good yield was eventually obtained by applying a similar two-step 

methodology utilising AgPF6 as the halide abstraction agent (Scheme 4). Attempts to 

synthesise the [RuCl(dppe)2(C2bpy)] analogue were frustrated by the same synthetic 

difficulties described above for the dppm ligated complex, nevertheless it was also pos-

sible to isolate the mono-alkynyl in a pure form in 56% yield through application of the 

same two-step AgPF6 mediated route. Although halide abstraction from the 

[RuCl2(P∩P)2] complex with Ag+ is thought to proceed via stable multinuclear “Ru–Cl–

Ag” adducts,44,45 presumably the eventual precipitation of AgCl provides a stronger 

driving force than the Na+ ion route. 
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Scheme 4. Two-step Ag+ mediated route to the synthesis of the mono-alkynyl complexes 15 and 16. 

Despite the fact that syntheses of the mono-alkynyl complexes were confounded 

by the facile formation of the bis-alkynyl analogue, selectively targeting the synthesis 

and isolation of the bis-alkynyl complex was not trivial. Although the reaction of cis-

[RuCl2(P∩P)2] with excess alkyne and halide abstraction agent readily forms the bis-

alkynyl complex, it was not possible to drive this reaction to completion under a variety 

of standard reaction conditions that employ NaPF6 or AgPF6 with DBU or NEt3 in halo-

carbon solvents. Although mixtures were readily synthesised with a large excess of the 

bis-alkynyl complex, 5–20% of the mono-alkynyl was also present in addition to excess 

14 and isomerised trans-[RuCl2(P∩P)2]. Extended reaction times and/or prolonged 

heating led to decomposition of the reaction mixture with no significant difference in 

the ratio of products. It is apparent that the equilibrium between the mono and bis-

alkynyl complexes (in addition to the intermediate alkynyl-vinylidene complex) is not 

readily driven to completion under these standard conditions. Alternative reaction con-
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ditions were investigated to access the targeted bis-alkynyl complexes, including the use 

of AgPF6, KOtBu/thf-CH2Cl2, NaOMe/MeOH-CH2Cl2, Na2CO3/NaPF6/CH2Cl2 or 

SnO2/CH2Cl2. However, these routes also failed to yield the bis-alkynyl complexes in a 

pure form, often resulting in significant decomposition of the reaction mixture with very 

low mass recovery. An efficient, direct synthesis of the symmetric bis-alkynyl com-

plexes remains elusive. 

To access a bis-alkynyl complex incorporating the bipyridyl moiety, the asym-

metric complex trans-[Ru(dppm)2(C2Ph)(C2bpy)] was targeted by reaction of trans-

[RuCl(dppm)2(C2Ph)] with 14 in the presence of NaPF6 and NEt3. Infrared and 31P{1H}-

NMR spectroscopy suggest that mixture obtained was, remarkably, a combination of 

trans-[RuCl2(dppm)2], both mono-alkynyl complexes and both symmetrical bis-alkynyl 

complexes, with the targeted asymmetric complex accounting for only ca. 60% of the 

isolated material (Scheme 5). Though ligand scrambling has been reported in the syn-

thesis of asymmetrical bis-alkynyl complexes prepared by this route,46,47 or even by re-

action of mono-alkynyl complexes with Me3SnC2R48 or LiC2R precursors,49 these pre-

vious reports have only ever identified the presence of one of the possible symmetrical 

bis-alkynyl products in contrast to the presence of all possible products as witnessed in 

this case. The nature and degree of the scrambling witnessed is related to the nature of 

both the coordinated alkynyl and free alkyne proligand, wherein the scrambling mecha-

nism is reliant on competitive dissociation of the chloride or alkynyl ligands from the 

[RuCl(dppm)2(C2R)] reactant. As evinced by the presence of trans-[RuCl2(dppm)2] in 

the isolated mixture, it appears in this case that both the phenyl and bipyridyl alkynyl 

ligands are readily displaced from the ruthenium centre under these conditions, the evi-

dent lability of the coordinated ‘C2bpy’ moiety potentially the source of the issues de-

scribed above in attempts to prepare the symmetrical bis-bipyridyl-alkynyl complex. 

Attempts to separate the mixture by chromatography or fractional crystallisation proved 

fruitless, although it was possible to isolate a crystal of trans-

[Ru(dppm)2(C2Ph)(C2bpy)] (17) suitable for an X-ray crystallographic structural deter-

mination by slow evaporation of a toluene solution of the mixture. 
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Scheme 5. Proposed mechanism of scrambling in the reaction between trans-[RuCl(dppm)2(C2Ph)] and 

14 (compounds highlighted in blue were identified in the isolated product mixture). 
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Having successfully isolated the mono-alkynyl complexes, investigations were 

undertaken to determine the ability of the pendant bipyridyl moiety to coordinate addi-

tional metal fragments. The reaction of [RuCl(dppe)2(C2bpy)] with [PdCl2(NCPh)2] 

proceeded in a facile manner by displacement of the labile benzonitrile ligands and gave 

the target complex [RuCl(dppe)2(C2bpy-κ2-N,N'-PdCl2] (18) in 47% yield (Scheme 6). 
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Scheme 6. Synthesis of the bimetallic coordination complex 18. 

4.2.2 Characterisation of the Bis(diphosphine)ruthenium(II) Alkynyl Com-
plexes. 
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Figure 6. Atom labelling scheme for the σ-alkynyl ligand. 

The expected trans-octahedral configuration of the chloride and alkynyl ligands 

in complexes 15, 16 and 18 is readily confirmed by the observation of a solitary singlet 

resonance in 31P{1H}-NMR spectra, the resonances lying marginally downfield of the 

trans-[RuCl2(P∩P)2] analogue. Resonances in 1H- and 13C{1H}-NMR spectra were 

readily assigned through a combination of homo- and heteronuclear 2D correlation ex-

periments, though it was not possible to identify a resonance of the alkynyl Cα atom 

either directly or through means of polarisation transfer experiments. The most notable 

feature of both the 1H and 13C{1H}-NMR spectra is the presence of individual reso-

nances for each group of four phosphine phenyl rings pointing towards either the chlor-

ide or alkynyl apex of the phosphine-ligand plane, though it was not possible to com-

pletely differentiate one set from the other. Proton resonances of the bipyridyl moiety 

are clearly separated from one another with the 4- and 6-positioned protons (Figure 6) 

of complexes 15 and 16 significantly shielded relative to the free ligand 14 on account 

of interactions with the ring-currents of the overhanging phenyl rings. Likewise in the 

palladium-coordinated complex 18, the 6- and 6’ protons are strongly deshielded rela-

tive to the parent alkynyl complex 16 on account of their proximity to the coordinated 

PdCl2 moiety, the remaining protons of the bipyridyl ligand also experiencing a mar-

ginal deshielding attributable to donation of electron density to the palladium centre.50 
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Infrared spectroscopy shows a strong absorbance at 2068 cm-1 (15) and 2061 

cm-1 (16), consistent with the υC≡C absorbance of analogous σ-bound alkynyl complexes 

[RuCl(P∩P)2(C2R)] (P∩P = dppm, R = Ph (2075 cm-1), 2-C5H4N (2080 cm-1); P∩P = 

dppe, R = Ph (2067 cm-1), p-biphenyl (2071 cm-1)).48,49,51,52 This absorbance is 36 cm-1 

lower in energy at 2025 cm-1 for 18, the lower energy attributed to a decrease of triple-

bond character on account of withdrawal of electron density to the coordinated palla-

dium moiety. UV-Vis spectra (Figure 7) of the complexes are dominated by intense 

high energy absorbances below 300 nm, attributed to ILCT transitions of the bipyridyl 

moiety and phosphine ligands, in addition to CT between ruthenium and the phosphine 

ligands.52 Complexes 15 and 16 also exhibit a broad feature at ca. 390 nm interpreted as 

an MLCT transition to the “C≡C–bpy” moiety.48 In 18 this latter absorption is perturbed 

by the coordinated palladium moiety and red-shifted to 516 nm, consistent with the 

lower energy of the υC≡C infrared absorption. A weak absorption is also evident at ca. 

320 nm for 18, plausibly attributable to a palladium-bipyridyl MLCT transition.50 

 
Figure 7. UV-Vis absorption spectra of the ruthenium alkynyl complex 16 (MeCN) and palladium co-

ordinated derivative 18 (CH2Cl2). 
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Table 1. Electrochemical data (Pt electrode, 0.1 M nBu4NPF6/CH2Cl2, 100 mV s-1, referenced to internal 
[FcH]/[FcH]+ = +560 mV) and lowest-energy UV-Vis absorbances of the alkynyl complexes (MeCN so-

lution for 15 and 16, CH2Cl2 for 18). 

Ep (mV) λ [ε]  
Ox1 Ox2 Red nm [104 M-1 cm-1] 

15 510 1680 386 [2.38] 
16 602 1532 

 
389 [2.15] 

18 821 1628 -1090 516 [1.81] 

Cyclic voltammetric studies of the alkynyl complexes 15, 16 and 18 show two 

oxidation processes, the first of which is a quasi-reversible process at ca. 550 mV for 

complexes 15 and 16 assigned to a RuII/RuIII oxidation couple as witnessed in analo-

gous complexes (see Younus et al48 and references therein). This oxidation couple is 

anodically shifted by ca. 220 mV to 820 mV in the palladium-coordinated derivative 

18, consistent with a withdrawal of electron density from the ruthenium centre by the 

palladium-bipyridyl moiety. A second, poorly reversible oxidation process is centred at 

ca. 1600 mV for all three complexes 15, 16 and 18 and is not readily assigned. Analo-

gous complexes bearing alkynyl ligands with electroactive substituents, such as 

[{RuCl(dppe)2(C2-C6H4-p-)}3N]53 and [RuCl(dppm)2(C2-{2-thienyl})],54 exhibit an oxi-

dation process assigned to being localised on the ligand moiety. However, the minimal 

difference in Ep values between the free alkynyl complexes 15 and 16 and the palla-

dium-coordinated complex 18 appears contradictory to a bipyridyl-centred oxidation, 

whereby one would expect a greater change in oxidation potential as evinced by the 

significant change in energy of the corresponding absorption bands in UV-Vis spectra 

(Table 1). An alternate interpretation is that this second oxidation process is indeed a 

bipyridyl-centred oxidation for complexes 15 and 16, with the redox process in complex 

18 instead assigned to a palladium-centred oxidation, as observed in [PdCl2(bpy)] and 

derivatives.50 Interestingly, however, no similar additional oxidation process has been 

reported for the related complexes [CpRu(L)2(C2bpy)] (L = PPh3 or ½ dppf)31 or 

[RuCl(dppm)2(C2-2-C5H3N-5-R)] (R = H or NO2).52 Cyclic voltammetry of the palla-

dium-coordinated complex 18 also shows a single irreversible reduction process at Ep -

1090 mV interpreted as a reduction of the bipyridyl moiety, a redox process presumably 

outside the voltammetric windows investigated for complexes 15 and 16 but anodically 

shifted into the observable region on coordination of the electron-withdrawing palla-

dium centre. A similar redox process at -1170 – -1340 mV has been ascribed to the 

bipyridyl alkynyl moiety in a series of heterobimetallic ruthenium-platinum complexes 

derived from [(dtbpy)Pt(C2bpy)2],32 and similarly for [PdCl2(bpy)] and analogues.50 
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Figure 8. CV traces of the ruthenium alkynyl complex 16 and palladium-coordinated derivative 18 (Pt 

electrode, 0.1 M nBu4NPF6/CH2Cl2, 100 mV s-1, referenced to internal [FcH]/[FcH]+ = +560 mV). 

4.2.3 Single Crystal X-Ray Structural Determinations. 

Crystals suitable for single-crystal X-ray crystallographic structural determina-

tions were obtained for the complexes 16 (Figure 10), 18 (Figure 11) and 17 (Figure 9). 

Structural parameters of the [Ru(P∩P)2] core and throughout the Ru–C≡C–C moiety are 

largely unremarkable and consistent with analogous bis(diphosphine)ruthenium(II) al-

kynyl complexes.2,23,41,48,52,55-57 The C≡C distance in 16 is shorter than that of 17, pres-

umably reflecting the difference in the respective trans-positioned chloride and 

phenylacetylide ligands, though in both cases the bond length is consistent with that re-

ported for the related complexes [(L)Ru(CO)2C2bpy] (L = Cp, 1.209(2) Å; L = Cp*, 

1.234(6) Å)58 and [CpRu(dppf)C2bpy] (1.208(3) Å).31 Similarly the greater C≡C bond 

length in 18 compared to 16 is rationalised as a decrease in triple-bond bond character 

due to a withdrawal of electron density by the coordinated palladium moiety, a similar 

effect observed on successive substitution in the series of complexes [RuCl(dppe)2C2-p-

C6H4-R] (R = CHO, H, NO2, F).23,48,55,56 

The geometry of the uncoordinated bipyridyl moiety of 16 and 17 is comparable 

to the same “C2bpy” moiety in analogous complexes.31,33 In the palladium-coordinated 

complex 18 the plane of the bipyridyl moiety lies between the phosphine ligands of the 

ruthenium centre, whereas for complexes 16 and 17 the same plane bisects the phos-
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phine ligands. The different orientation adopted by 18 in the solid state may minimise 

interactions between the phenyl rings of the phosphine ligands and chloride atoms of 

the palladium centre, though from NMR spectroscopy it was not evident whether the 

difference in geometry persists in solution. The coordination geometry about the palla-

dium moiety is essentially planar, the angle between the rings of the bipyridyl ligand 

being 6.8(2)°, with all bond lengths and angles directly comparable to [PdCl2(5-R-bpy)] 

(R = H, 1-(1'-(N-Me-3-pyridyl))ferrocene).59-61 

 
Figure 9. Molecular projection of [Ru(dppm)2(C2Ph)(C2bpy)]•2PhMe, (17) (solvent and hydrogen atoms 
omitted for clarity, thermal ellipsoids at 50% probability level). Selected bond lengths (Å) and angles (°): 
Ru-C(1) 2.043(5), C(1)-C(2) 1.237(7), C(2)-C(15) 1.421(7), Ru-C(3) 2.053(5), C(3)-C(4) 1.231(7), C(4)-

C(41) 1.429(7), Ru-C(1)-C(2) 176.6(4), C(1)-C(2)-C(15) 172.3(5), Ru-C(3)-C(4) 176.0(4), C(3)-C(4)-
C(41) 178.5(5), C(1)-Ru-C(3) 178.9(2). 
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Figure 10. Molecular projection of [RuCl(dppe)2C2bpy]•0.329PhMe, (16) (solvent and hydrogen atoms 

omitted for clarity, thermal ellipsoids at 50% probability level). Selected bond lengths (Å) and angles (°): 
Ru-C(1) 2.007(6), C(1)-C(2) 1.183(8), C(2)-C(15) 1.444(9), Ru-Cl 2.4871(15), Cl-Ru-C(1) 179.26(17), 

Ru-C(1)-C(2) 175.4(6), C(1)-C(2)-C(15) 172.3(7). 

 
Figure 11. Molecular projection of [RuCl(dppe)2(C2bpy-κ2-N,N'-PdCl2)]•1.54CH2Cl2, (18) (solvent and 
hydrogen atoms omitted for clarity, thermal ellipsoids at 50% probability level). Selected bond lengths 
(Å) and angles (°): Ru-C(1) 1.969(5), C(1)-C(2) 1.235(7), C(2)-C(15) 1.416(7), Ru-Cl 2.4988(13), Pd-

Cl(2) 2.271(2), Pd-Cl(3) 2.2835(19), Pd-N(11) 2.005(5), Pd-N(21) 2.039(6), Cl-Ru-C(1) 175.69(14), Ru-
C(1)-C(2) 177.9(4), C(1)-C(2)-C(15) 175.1(6), N(11)-Pd-N(21) 81.8(2), Cl(2)-Pd-Cl(3) 90.60(8). 
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4.34.3   Summary and Conclusion.Summary and Conclusion.   

The synthesis of bis(diphosphine)ruthenium(II) σ-alkynyl complexes incorporat-

ing a coordinating bipyridyl moiety has been investigated, with significant synthetic is-

sues arising as a consequence of the basicity of the ethynyl bipyridine proligand. The 

mono-alkynyl complexes [RuCl(P∩P)2(C2bpy)] (P∩P = dppm 15, dppe 16) were suc-

cessfully isolated in a pure form via a two-step methodology utilising AgPF6. Syntheses 

of the symmetrical bis-alkynyl complexes were not readily driven to completion under a 

variety of synthetic methodologies, and it was not possible to isolate the complexes free 

of the mono-alkynyl derivative. A direct synthesis of the symmetrical bis-alkynyl com-

plexes remains elusive. 

Attempts to prepare the asymmetrical bis-alkynyl complex 

[Ru(dppm)2(C2Ph)(C2bpy)] 17 from the phenylacetylide precursor yielded a mixture 

containing all possible products of ligand scrambling, though it was possible to isolate a 

single crystal of the target complex 17 suitable for an X-ray structural determination. 

The scrambling products witnessed in this reaction are indicative that the “C2bpy” 

fragment is labile under the conditions employed, and may contribute to the difficulties 

noted in attempted syntheses of the symmetrical bis-alkynyl complexes. 

The utility of the alkynyl bipyridyl complexes as precursors to multimetallic co-

ordination complexes is exemplified by the isolation of [RuCl(dppe)2(C2bpy-κ2-N,N'-

PdCl2] 18, which was readily synthesised under mild synthetic conditions. Coordination 

to the pendant bipyridyl moiety is immediately evident on account of a significant red-

shift of the λmax absorption in UV-Vis spectra, providing a useful spectroscopic ‘handle’ 

and visual aid to monitor reactions. Evident from spectroscopic, electrochemical and 

structural data, coordination of the palladium centre to the terminal bipyridyl moiety 

affects an overall decrease in acetylenic character in comparison to the ‘free’ alkynyl 

complex 16. 
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4.44.4   Experimental.Experimental.   

4.4.1 General. 

Unless otherwise noted, standard experimental and spectroscopic procedures 

were as described in Chapter 2. The sensitive nature of the alkynyl complexes required 

that CH2Cl2 for all applications was rigorously pre-treated with H2SO4 and NaHCO3 

prior to distillation and anaerobic storage.62 Similarly CDCl3 and CD2Cl2 for NMR 

spectroscopy (Cambridge Isotope Laboratories, 99+%) were treated by shaking with 

K2CO3 and MgSO4 prior to use. Neutral Al2O3 (Fluka) for chromatography was deacti-

vated to “Brockman activity II” by the standard protocol.62 The compounds cis-

[RuCl2(dppm)2], cis-[RuCl2(dppe)2],63 [PdCl2(NCPh)2],64 [RuCl(dppm)2(C2Ph)],51 and 

(14)65 were synthesised by published methods, whilst remaining reactants and reagents 

were obtained from commercial suppliers and used as received. All reactions were per-

formed under an atmosphere of high purity argon utilising standard Schlenk techniques, 

except where explicitly indicated. 

RuCl

Ph2P PPh2

PPh2Ph2P N N

2

34

5

6

2'

3' 4'
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4.4.2  [RuCl(dppm)2(C2bpy)] (15). 

A flask charged with AgPF6 (235 mg, 0.929 mmol) and cis-[RuCl2(dppm)2] 

(122 mg, 0.126 mmol) was covered in foil to exclude light and CH2Cl2 (50 mL) added. 

The mixture was stirred at ambient temperature for fifteen hours. The resulting bright 

yellow suspension was transferred by cannula to a short column of celite (ca. 5 g) and 

filtered directly into a solution of 14 (30 mg, 0.17 mmol) and DBU (85 µL, 0.57 mmol) 

in CH2Cl2 (10 mL). The column of celite was washed with additional CH2Cl2 (5 × 10 

mL) and the resulting reaction mixture stirred at ambient temperature for a further two 

hours yielding a bright yellow suspension. The reaction mixture was then opened to the 

atmosphere and filtered through a short column of Al2O3, eluting with CH2Cl2 to yield a 

bright yellow solution from which solvent was removed by rotary evaporation. The 

bright yellow residue was washed with hexanes (3 × 100 mL) and recrystallised from 

boiling toluene to afford the pure product as bright yellow needles (94 mg, 0.087 mmol, 

69%). Anal Calcd for C62H51Cl1N2P4Ru1: C, 68.66; H, 4.74; N, 2.58. Found: C, 68.16; 

H, 4.65; N, 3.08. 1H NMR (600 MHz, CDCl3): δ (ppm) 8.63 (ddd, 1H, H6’), 8.25 (ddd, 

1H, H3’), 7.88 (dd, 1H, H3), 7.75 (ddd, 1H, H4’), 7.51 (dd, 1H, H6), 7.51-5.47 (m, 8H, 
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Hortho), 7.46-7.42 (m, 8H, Hortho), 7.32-7.24 (m, 8H, Hpara), 7.22-7.14 (m, 9H, Hmeta & 

H5’), 7.13-7.09 (m, 8H, Hmeta), 6.23 (dd, 1H, H4), 4.95 (pentet, 4H, PCH2P). 13C{1H}-

NMR (151 MHz, CDCl3): δ (ppm) 156.98 (s, C2’), 150.39 (s, C6), 149.15 (s, C6’), 

148.94 (s, C2), 137.90 (s, C4), 136.77 (s, C4’), 134.86 (pentet, Cipso), 134.15 (pentet, 

Cipso), 133.84 (s, Cortho), 133.41 (s, Cortho), 129.50 (s, Cpara), 129.42 (s, Cpara), 127.72 (s, 

Cmeta), 127.71 (s, Cmeta), 127.30 (s, C5), 122.57 (s, C5’), 120.70 (s, C3’), 119.61 (s, C3), 

110.02 (s, Cβ), 50.47 (pentet, PCH2P) (Cα not identified). 31P{1H}-NMR (243 MHz, 

CDCl3) δ (ppm) -6.01 (s, dppm). IR (cm-1): υC≡C 2068 (vs). UV-Vis (MeCN) λ (nm) 

[ε × 104 M-1 cm-1]: 228 [6.57], 268 [4.08], 386 [2.38]. 

4.4.3 [RuCl(dppe)2(C2bpy)] (16). 
A flask charged with AgPF6 (375 mg, 1.48 mmol) and cis-[RuCl2(dppe)2] 

(148 mg, 0.153 mmol) was covered in foil to exclude light and CH2Cl2 (50 mL) added. 

The mixture was stirred at ambient temperature for sixteen hours. The resulting bright 

yellow suspension was transferred by cannula to a short column of celite (ca. 5 g) and 

filtered directly into a solution of 14 (30 mg, 0.17 mmol) and DBU (70 µL, 0.47 mmol) 

in CH2Cl2 (10 mL). The column of celite was washed with additional CH2Cl2 (5 × 

10 mL) and the resulting reaction mixture stirred at ambient temperature for a further 

three hours yielding a bright orange suspension. The mixture was then opened to the 

atmosphere and filtered through a short column of Al2O3, eluting with CH2Cl2 to yield a 

bright yellow solution from which solvent was removed by rotary evaporation to give 

the pure product as a bright yellow powder (95 mg, 0.085 mmol, 56%). Anal Calcd for 

C64H55Cl1N2P4Ru1: C, 69.09; H, 4.98; N, 2.52. Found: C, 68.58; H, 5.08; N, 2.53. 1H 

NMR (400 MHz, CDCl3): δ (ppm) 8.65 (ddd, 1H, H6’), 8.32 (ddd, 1H, H3’), 8.07 (dd, 

1H, H3), 7.99 (dd, 1H, H6), 7.78 (ddd, 1H, H4’), 7.44-7.35 (m, 16H, Hortho), 7.25-7.15 

(m, 9H, Hpara & H5’), 7.06-7.00 (m, 8H, Hmeta), 6.99-6.95 (m, 8H, Hmeta), 6.77 (dd, 1H, 

H4), 2.8-2.6 (m, 8H, P(CH2)2P). 13C{1H}-NMR (100 MHz, CDCl3): δ (ppm) 156.80 (s, 

C2’), 150.42 (s, C6), 149.30 (s, C2), 149.17 (s, C6’), 137.73 (s, C4), 136.81 (s, C4’), 

136.04 (pentet, Cipso), 135.75 (pentet, Cipso), 134.55 (t, Cortho), 134.09 (t, Cortho), 129.06 

(s, Cpara), 127.34 (s, Cmeta), 127.14 (s, Cmeta), 126.95 (s, C5), 122.70 (s, C5’), 120.72 (s, 

C3’), 119.94 (s, C3), 110.91 (s, Cβ), 30.66 (pentet, P(CH2)2P) (Cα not identified). 
31P{1H}-NMR (243 MHz, CDCl3) δ (ppm) 49.63 (s, dppe). IR (cm-1): υC≡C 2061 (s). 

FAB+-MS (CH2Cl2): m/z 1112 (25%, [M]+), 1077 (26%, [M-Cl]+), 897 (29%, 

[M-Cl-C2bpy]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 208 [8.83], 226 [5.36], 

257 [4.00], 389 [2.15]. 
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4.4.4 [RuCl(dppe)2(C2bpy-κ2-N,N'-PdCl2)] (18). 

[PdCl2(NCPh)2] (25 mg, 0.064 mmol) was added to a solution of 

[RuCl(dppe)2C2bpy] (62 mg, 0.056 mmol) in MeCN (70 mL). The solution was stirred 

at ambient temperature for an hour over which time a dark red powder deposited from 

the bright red solution. The solvent volume was reduced to ca. 10 mL in vacuo and the 

supernatant decanted by filter-tipped cannula. The residue was washed with Et2O (2 × 

10 mL) and recrystallised from 1:5 CH2Cl2/Et2O to yield the product as blood red crys-

tals (34 mg, 0.026 mmol, 47%). Anal Calcd for C64H55Cl3N2P4Pd1Ru1: C, 59.59; H, 

4.30; N, 2.17. Found: C, 51.71; H, 4.40; N, 2.10. 1H NMR (600 MHz, CD2Cl2): δ (ppm) 

9.30 (ddd, 1H, H6’), 8.65 (dd, 1H, H6), 8.02 (ddd, 1H, H4’), 7.76 (ddd, 1H, H3’), 

7.59-7.54 (m, 8H, Hortho), 7.45-7.41 (m, 2H, H5’ & H3), 7.30-7.26 (m, 4H, Hpara), 

7.26-7.22 (m, 4H, Hpara), 7.17-7.12 (m, 8H, Hortho), 7.12-7.08 (m, 8H, Hmeta), 7.06-7.02 

(m, 8H, Hmeta), 6.26 (dd, 1H, H4), 2.80-2.70 (m, 8H, P(CH2)2P). 13C{1H}-NMR (100 

MHz, CD2Cl2): δ (ppm) 157.64 (s, C2’), 151.78 (s, C6), 150.73 (s, C6’), 148.12 (s, C2), 

140.95 (s, C4), 139.99 (s, C4’), 136.10 (pentet, Cipso), 135.67 (pentet, Cipso), 134.99 (s, 

Cortho), 133.85 (s, Cortho), 129.88 (s, C5), 129.75 (s, Cpara), 129.60 (s, Cpara), 127.92 (s, 

Cmeta), 127.59 (s, Cmeta), 125.00 (s, C5’), 121.38 (s, C3’), 121.14 (s, C3), 113.42 (s, Cβ), 

30.79 (pentet, P(CH2)2P) (Cα not identified). 31P{1H}-NMR (243 MHz, CD2Cl2) 

δ (ppm) 48.28 (s, dppe). IR (cm-1): υC≡C 2025 (vs). UV-Vis (CH2Cl2) λ (nm) [ε × 104 

M-1 cm-1]: 258 [4.10], 306sh [1.15], 516 [1.81]. 

4.4.5 Reaction of [RuCl(dppm)2(C2Ph)] with 14. 

[RuCl(dppm)2(C2Ph)] (81 mg, 0.080 mmol) and 14 (23 mg, 0.13 mmol) were 

dissolved in a mixture of CH2Cl2 (30 mL) and NEt3 (250 µL, 1.8 mmol), to which was 

added solid NaPF6 (50 mg, 0.30 mmol). The yellow suspension was stirred overnight at 

ambient temperature then filtered through a pad of celite and volatile substances re-

moved by rotary evaporation. The orange residue was redissolved in a minimum 

amount of CH2Cl2 and chromatographed on a short column of Al2O3 utilising 

CH2Cl2/hexanes as the mobile phase. The bright yellow fraction was collected and taken 

to dryness by rotary evaporation to yield the crude product mixture as a bright yellow 

powder (78 mg). Slow evaporation of a PhMe solution of the mixture yielded crystals of 

trans-[Ru(dppe)2(C2Ph)(C2bpy)] (17) suitable for X-ray diffraction analysis. 
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4.4.6 Structure Determinations. 

CCD area-detector diffractometer data were measured (ω-scans; monochromatic 

Mo Kα λ = 0.71073 Å or Cu Kα λ = 1.54184 Å, yielding Nt(otal) reflections, these mer-

ging to N unique (Rint cited) after multiscan (16, 7, 8 and 9) or analytical (18 and 17) 

absorption correction (proprietary software), No with I > 2σ(I) considered ‘observed’). 

All reflections were used in the full matrix least squares refinement on F2, refining ani-

sotropic displacement parameter forms for the non-hydrogen atoms (exceptions: 18 sol-

vent C atoms, 17 one solvent toluene), hydrogen atom treatment following a riding 

model (reflection weights: (σ2(Fo
2) + (aP)2

 (+ bP)-1 (P = (Fo
2 + 2Fc

2)/3)). Neutral atom 

complex scattering factors were employed within the SHELXL 97 program.66 Pertinent 

results are given in the text, tables and figures, the latter showing non-hydrogen atoms 

with 20% (room temperature) or 50% (‘low’ temperature) probability amplitude dis-

placement envelopes, hydrogen atoms having an arbitrary radii of 0.1 Å.  

Table 2. Crystal data and refinement details of the complexes (a 0.329 PhMe solvate; b 2 PhMe solvate; c 
1.54 CH2Cl2 solvate). 

 16a
 17b 18c 

Formula C66.30H57.63ClN2P4Ru C84H72N2P4Ru C65.5H58.1Cl6.1N2P4PdRu 
Mr (Da) 1142.77 1334.39 1420.86 

crystal system monoclinic orthorhombic monoclinic 
space group P21/n (#14) P212121 (#19) I2/a (#15) 

a (Å) 13.1714(4) 9.60350(10) 16.9892(5) 
b (Å) 34.6140(10) 22.33500(10) 13.3623(3) 
c (Å) 13.4140(4) 30.8769(2) 54.955(3) 
α (Å) - - - 
β (Å) 117.324(4) - 95.187(4) 
γ (Å) - - - 

V (Å3) 5433.3(3) 6622.92(9) 12424.5(8) 
Dc (g cm-3) 1.397 1.338 1.519 

Z 4 4 8 
µ (mm-1) 4.24 3.20 8.02 
Radiation Cu Kα Cu Kα Cu Kα 

specimen (mm3) 0.12, 0.09, 0.05 0.082, 0.078, 0.034 0.43, 0.16, 0.03 
‘T’min, max 0.83, 1.00 0.82, 0.88 0.29, 0.81 

2θmax (°) 132 135 135 
Nt 52431 84942 52838 

N (Rint) 9369 (0.099) 11797 (0.099) 11025 (0.115) 
No 5455 9475 8960 
R1 0.061 0.046 0.080 

wR2 (a, b) 0.15 (0.079, 0) 0.13 (0.091, 0) 0.22 (0.104, 175) 
T (K) 100 100 200 
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5.15.1   Introduction.Introduction.   
The chemistry of transition metal complexes incorporating a thienyl moiety is 

narrow in scope, but the variety of complexes is not lacking (Figure 1). Complexes of 

thiophene as an η1-S ligand predominantly involves the coordination of the thienyl moi-

ety as a σ-donor to d6 metal fragments, the coordination geometry about the thienyl sul-

phur adopting a pyramidal geometry in order to minimise metal backbonding into the π* 

antibonding orbital.1 Though numerous examples do exist,2-7 this latter backbonding to 

the π* orbital is often sufficient to disfavour an S-bound coordination mode in prefer-

ence to C–H or C–S insertion reactions or η5 coordination to the thienyl ring.8-12 Com-

plexes incorporating a C-cyclometallated thienyl ring in mixed-donor ligand systems 

have also been characterised.13-17 
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Figure 1. Example reactions of transition metal complexes with thienyl derivatives (R = H, Me; P∩P = dmpe). 

However, in recent years, the synthesis and characterisation of polythienyl deri-

vatives has been the major focus of thiophene research (Figure 2). Thienyl derived 

polymers and oligomers give ready access to rigid, conjugated structures that are readily 

functionalised with additional photoactive, electroactive or solubilising functional 

groups.18,19 Consequently these polythienyl compounds have generated interest for po-

tential applications including molecular wires,20-23 sensors,24 light-emitting devices,25,26 

and batteries.27  
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Figure 2. Examples of monomeric, oligomeric and polymeric thienyl derivatives. 

The polymerisation of thienyl derivatives is achieved by either chemical or elec-

trochemical means, and although the former method generally yields products with su-

perior structural and physicochemical properties,28 the latter is preferred as an initial 

means of characterising polymerisation susceptibility. The postulated mechanism for 

the electrochemical polymerisation of thienyl derivatives is depicted in Scheme 1 

below, wherein the driving force for the reaction is thought to be the re-aromatisation 

step and increased stability consequent of extended conjugation. The polymerisation 

process may continue until the polymer precipitates from solution, or else until the ex-

tended conjugation of the polymeric unit stabilises the cationic radical sufficiently to 

retard chain growth.18  
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Scheme 1. Postulated mechanism for the α–α electro-polymerisation of thiophene to form the conjugated 

polymer (adapted from reference [18]). 
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The oxidative polymerisation of substituted thiophene occurs at ca. 1400 – 2300 

mV (vs SCE) dependant on the substitution pattern,18 with fused-ring systems more 

readily oxidised (eg. cyclopentadithiophen-4-one, 1260 mV; 4-(1,3-dithiol-2-

ylidene)cyclopentadithiophene, 830 mV), yielding oligomeric products with an oxida-

tion potential cathodically shifted from the monomeric precursor to ca. 760 – 630 mV 

as a result of increased conjugation.29-32 Solution electro-polymerisation generally re-

sults in the growth of a conducting film at an electrode, evident in cyclic voltammo-

grams by a proportional increase in current of the redox processes with successive scans 

in addition to the emergence of new redox processes consequent of the growing oligo-

mer (Figure 3). Stable films deposited on electrodes in such a manner may then be 

transferred to fresh, monomer-free electrolyte solutions for further analysis of conduc-

tivity.33,34 

 
Figure 3. Characteristic cyclic voltammogram showing the growth of a conducting film on an electrode 

surface with repeated scans. Cyclic voltammogram of 1,1'-bis(5-(2,2'-bithienyl))ferrocene at 20 °C in 
CH2Cl2 containing 0.6 M nBu4NPF6 at a Pt working electrode with υ = 50 mV s-1 (a) between 0 and 0.8 V 

and (b) multiple scans between 0 and 1.6 V (image from reference [33]). 

The unique properties and potential applications of polythienyl derivatives have 

led to an increasing interest in the incorporation of metal fragments into polythio-

phenes35-39 and the addition of pendant oligothienyl groups to transition metal com-

plexes as model systems (Figure 4).33,34,40-42 Complexes bearing thienyl groups with an 

unsubstituted α-position can potentially form conjugated metallo-polymers or -

oligomers, making them particularly attractive synthetic targets.43 
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Figure 4. Examples of oligo- and poly-thienyl compounds incorporating metal complexes (M = Ni, Cu; R 

= 2-thienyl, 5-(2,2'-bithienyl)). 

Initial investigations into the synthesis of multinuclear complexes focussed on a 

coordination chemistry methodology (Chapters 2 – 4), whereas the incorporation of a 

thienyl functionality into the allenylidene moiety allows the possibility of linking multi-

ple allenylidene metal centres by means of a polymerisation reaction. Thiophene has 

also been shown to self-assemble onto Au(111) surfaces, forming S–bound rows of 

molecules,44 and similar self-assembly of a thienyl allenylidene complex may impart 

additional information regarding electrochemical properties. 
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5.25.2   Results  and Discussion.Results  and Discussion.   

5.2.1 Synthesis and Characterisation of Thienyl Alkynol Compounds. 

A simple 2-thienyl moiety and a fused-ring cyclopentadithienyl moiety were 

targeted for incorporation into an allenylidene moiety, in order to determine the effect 

of structure on spectroscopic and electrochemical properties of the resulting allenyli-

dene complex. An alkynol of the 2-thienyl moiety was readily accessible from the 

commercially available di(2-thienyl)ketone (19). To incorporate a rigid, conjugated 

thienyl moiety into an allenylidene complex the ketone precursor 4H-cyclopenta[2,1-

b:3,4-b']dithiophen-4-one, 21, was selected. This compound has been synthesised by a 

number of different and improving routes over the years,45-48 though by far the most fa-

cile and high-yielding procedure is a three-stage synthesis from 3-bromothiophene and 

3-formylthiophene outlined in Scheme 2.49  
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Scheme 2. Three-step synthesis of 21 from 3-bromo and 3-formyl thiophene. Inset depicts by-products 

isolated along with the alcohol product (A). 

The synthesis of alcohol (A) was initially unsuccessful, consequent of tempera-

ture control problems in the synthetic protocol, and instead the coupled ether product 

(B) was isolated in ca. 20% overall yield.50 The pentanol product (C) had previously 

been identified as a byproduct isolated along with (A), yet in this case the ether (B) was 

recovered exclusively with no trace of the alcohol. The mechanism for formation of (B) 
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was not readily elucidated, but is plausibly attributed to the presence of unconsumed 

iodine or acid catalysing the dehydration of the alcohol (A) (Scheme 3). However, 

stringent attention to temperature control did allow isolation of the target alcohol, and 

subsequent oxidation and Ullman-coupling readily afforded the target ketone 21. 
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Scheme 3. Postulated mechanisms for formation of the ether product (B) via acid- or iodine-catalysed 

coupling of the alcohol (A). 

5.2.1.1 Synthesis of 1,1-di-(2-thienyl)prop-2-yn-1-ol (20). 

Synthesis of the di-2-thienyl substituted alkynol compound 20 has previously 

been reported, obtained in 31% yield from the commercially available ketone 19 by re-

action with a sodium acetylide / xylenes slurry over the course of two days.51 In the 

hope of reducing reaction times and increasing the overall yield, the reaction of 19 with 

the Grignard [ClMgC≡CH] was investigated. Monitoring of the reaction by TLC indi-

cated essentially no reaction at room temperature, and it was necessary to reflux the thf 

reaction mixture for a week in order to achieve full conversion. The product isolated 

from this procedure was a mixture of two unique compounds, with the desired alkynol 

20 being the major component isolated in ca. 70% yield after chromatography. The re-

action byproduct was not readily identified, having decomposed during the chromato-

graphic procedure, though 1H-NMR spectroscopy of the crude product shows reso-

nances closely resembling the alkynol product with no resonance attributable to the al-
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kyne proton. Various byproducts are plausible in light of the extended reaction time at 

reflux and known side-reactions of Grignard reagents,52-54 with the reduction of 19 to 

the corresponding secondary alcohol most likely in this case;55 however, the matter was 

not pursued further. 
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70%7-10 d

LiC2H 91%16 h
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NaC2H 0°C.

-78°C

66°C

acetylide cond. time yield

(19) (20)  
Scheme 4. Comparison of synthetic procedures for the synthesis of the di(2-thienyl) alkynol 20. 

Although this Grignard route significantly improved upon the published proced-

ure, it was found that reaction of 19 with lithium acetylide afforded near quantitative 

conversion to the pure alkynol 20 in a shorter reaction time. The product is isolated as a 

yellow oil that slowly decomposes to a brown tar, though when stored anaerobically in 

solution and refrigerated the compound appears stable indefinitely. 

5.2.1.2 Synthesis of 4-hydroxy-4-ethynyl-cyclopentadithiophene (22). 

Cyclopentadithiophenone 21 was readily converted to the alkynol derivative 22 

by reaction with lithium acetylide. The product was isolated as a pale yellow oil that 

was found to be highly unstable, both neat or in solution, decomposing rapidly to an in-

tractable black tar even when stored anaerobically and in the absence of light at -35 °C. 

S S

HO

S S

O

(1) LiC2H (2) NH4Cl

thf, -78°C –> r.t., 16 h

(21) (22)  
Scheme 5. Synthesis of the di(thieno) alkynol 22. 

Trimethylsilyl protection of the alkyne, through the use of LiC≡CSiMe3, did not 

afford greater stability to the product. In light of the intractable nature of the decomposi-

tion material, 22 is likely susceptible to spontaneous polymerisation; the alkynol func-

tional group is presumably more electron-releasing than the ketone of 21, thereby pro-

moting oxidative oligo-/poly-merisation at the α-position of the thiophene rings.56 As a 

result of this instability the alkynol was utilised in subsequent reactions immediately on 

isolation of the product. 
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5.2.1.3 Characterisation of the Alkynol Compounds. 

Table 1. Selected spectroscopic parameters of the alkynol compounds. 

IR 1H 13C{1H} HR-ESI+-MS  OH Cα-H C≡C OH Cα-H Cα Cβ found [calc] 
20 3521, 3419 3284 2118 3.58-3.44 2.93 74.75 85.11 220.0018 [220.0017] 
22 3500-3200 3290 2107 5.62 2.84 70.44 84.29 217.9864 [217.9860] 

The thienyl alkynol compounds were readily characterised by infrared and NMR 

spectroscopy in addition to high-resolution mass spectrometry. The fused thieno-

alkynol 22 in particular showed significant decomposition on the timescale of NMR 

spectroscopy experiments, though it was nevertheless possible to fully characterise the 

complex by preparing multiple new samples for different one- and two-dimensional ex-

periments. Spectroscopic parameters for the complexes are largely unremarkable, and 

consistent with the formulated structures. 

5.2.2 Reactions to Form Allenylidene Complexes. 

Reactions of the alkynol precursors to form allenylidene complexes of a number 

of ruthenium(II) precursors was investigated utilising the Selegue protocol.57 The 

thienyl-alkynol 20 and thieno-alkynol 22 compounds were found to react in surprisingly 

different ways and, possibly as a consequence of the instability of these alkynol precur-

sors, reaction products showed significant impurities in comparison to crude products in 

the synthesis of the diazafluorenyl derivatives. 

The reaction of cis-[RuCl2(dppm)2] with 22 and NaPF6 at ambient temperature 

in CH2Cl2 readily affords the intense purple allenylidene complex 23 in ca. 60% yield 

after two days (Scheme 6). Somewhat counter-intuitively the yield and purity of product 

was greater when a sub-stoichiometric quantity of the alkynol was utilised, despite the 

readily observed decomposition of this compound during the course of reaction. Spe-

cifically, the use of excess 22 leads to significant formation of [RuCl(dppm)2(CO)]+ 

(identified by infrared and 31P{1H}-NMR spectroscopy), which proved extremely diffi-

cult to remove from the product mixture. The reaction of cis-[RuCl2(dppe)2] with 22 

and NaPF6 in refluxing 1,2-dichloroethane affords the allenylidene complex 24 in good 

yield after three days, although no significant quantities of the carbonyl impurity were 

observed in this latter case. 
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Scheme 6. Reactions of 22 to form allenylidene complexes. 

The reaction of [CpRuCl(dppe)] with 22 in CH2Cl2/thf mediated by AgPF6, the 

methodology utilised in the successful synthesis of the diazafluorenyl allenylidene deri-

vative 3, failed to yield the target allenylidene complex. Reaction solutions did evolve 

the same purple colour witnessed in the analogous reactions of the bis(diphosphine) 

analogues 23 and 24, yet immediately on workup of the reaction the purple colour was 

lost and replaced by a deep red colouration typical of the coordinatively unsaturated 

[CpRu(dppe)]+ moiety. Direct precipitation of the solution species yielded only complex 

mixtures that did not appear to contain an allenylidene complex, and all further attempts 

at purification resulted in decomposition and formation of a pungent black oil. In con-

trast the reaction of [CpRuCl(dppe)] with 20 under the same synthetic conditions 

readily affords the purple thienyl allenylidene complex 25 in good yield (Scheme 7). 
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Scheme 7. Synthesis of the allenylidene complexes derived from 20. 

The reactions of 20 with cis-[RuCl2(dppm)2] or cis-[RuCl2(dppe)2] led to the 

isolation of a deep indigo product in both cases (cf. purple products in preceding ana-

logues). From 31P{1H}-NMR spectroscopy the product of reaction with cis-

[RuCl2(dppm)2] was consistently a ca. 1:2 mixture of two compounds, the lesser com-

ponent identified as trans-[RuCl(dppm)2(CO)]+. It proved impossible to remove this 
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carbonyl impurity through a variety of techniques, and numerous different reaction con-

ditions and changes to reactant stoichiometry did not significantly alter the ratio of pro-

ducts. In contrast the dppe-ligated analogue afforded a single product as evidenced by 

the 31P{1H}-NMR spectrum. In addition to the very different colour of products in these 

latter reactions with the bis(diphosphine)ruthenium complexes, the most significant 

point of interest is the lack of any attributable counter-anion that would be expected in 

the case of the targeted cationic allenylideneruthenium(II) complexes. As discussed in 

detail below, the spectroscopic parameters of the reaction product are essentially consis-

tent with the formation of an allenylidene complex, yet for the dppe derived complex 27 

there is no evidence to suggest the presence of the PF6
– anion by either infrared or 

31P{1H}-NMR spectroscopy. Similarly, in the case of the dppm derivative 26 only a 

small signal was observed in both techniques for the PF6
– anion, presumably associated 

with the trans-[RuCl(dppm)2(CO)]+ impurity rather than the major allenylidene product. 

The counterion associated with the allenylidene complexes 26 and 27 could not be iden-

tified by spectroscopic techniques, and attempts to obtain crystals suitable for an X-ray 

structural determination were unsuccessful. Rational consideration of the reactions sug-

gest chloride ion as the most likely candidate, though the issue could not be resolved. 

5.2.3 Characterisation of the Allenylidene Complexes. 

5.2.3.1 Spectroscopy. 

The formation of all the allenylidene complexes is readily confirmed by the 

characteristic υC=C=C absorbance in infrared spectra, the energy of which is consistent 

across the series of complexes, and in agreement with both the diazafluorenyl analogues 

and other allenylideneruthenium(II) complexes.58,59 Notably both 26 and 27 show an 

absorbance consistent with an allenylidene moiety rather than an acetylide,60 hydride61 

or other anionic ligand which might otherwise explain the apparent lack of PF6
– anion. 

Furthermore all five complexes give a molecular ion consistent with the allenylidene 

complex in the positive ion FAB mass spectrum, and all major ions were assigned as 

fragmentation products of the parent complex in each case. 
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Table 2. Selected spectroscopic parameters of the allenylidene complexes (italicised values for ε indicate 
relative values of the impure solutions). 

IR 13C{1H} 31P{1H} UV-Vis 
cm-1 δ (ppm) nm [ε × 104 M-1 cm-1]  
υC=C=C Cα Cβ Cγ P∩P  

23 1928 316.09 231.28 143.08 -16.13 202 
[11.36] 275 [4.71] 460sh 

[1.19] 
527 

[1.61] 
24 1923 314.23 235.87 144.31 37.59 204 

[11.6] 
274 

[5.58] 
458 

[1.53] 
533 

[1.83] 
25 1940 263.44 188.24 138.25 83.12 204 

[8.90] 
226 

[5.36] 
404 

[1.01] 
552 

[0.961] 
26 1935 278.04 193.18 139.79 -12.33 210 225, 

270 407sh 580 

27 1926 278.34 195.72 140.59 38.73 198 
[11.8] 

260 
[3.74] 

414 
[1.00] 

582 
[1.27] 

In 31P{1H}-NMR spectroscopy all complexes show the expected singlet reso-

nance. For the cyclopentadienide-ligated complex 25 this confirms a symmetrical bond-

ing of the allenylidene moiety essentially orthogonal to the plane of the dppe-Ru che-

late, and similarly a trans-octahedral coordination environment at the 

bis(diphosphine)ruthenium centre of the remaining allenylidene complexes. Resonances 

of the allenic carbons in 13C{1H}-NMR spectra of the di(2-thenyl) complexes are sig-

nificantly shielded relative to the corresponding resonances of 23 and 24, reflecting a 

greater electron-donating capacity of the di(2thienyl) moiety.58 Additionally the allenic 

resonances of the cyclopentadithienyl derivatives are deshielded due to the planar struc-

ture of the ligand, resulting in greater delocalised conjugation. 

Resonances of the dppm and dppe phenyl groups are distinguished in both 1H 

and 13C{1H}-NMR spectra into two unique sets, as determined by 1H-1H COSY and 1H-
13C HSQC and HMBC experiments, differentiated according to their orientation with 

respect to the allenylidene apex of the phosphine-ligand plane. Intuitively the more 

shielded resonances are attributable to those phenyl groups proximate to the π electron 

density of the allenylidene moiety,62 though it was not possible to confirm this as-

signment through 1H,1H–NOESY experiments. Resonances of the cyclopentadithienyl 

complexes 23 and 24 were readily assigned for 1H and 13C{1H}-NMR spectra through 

two-dimensional correlation experiments, though it was not possible to confidently dif-

ferentiate the C1' and C3' quaternary carbons (Figure 5). As for the diazafluorenyl de-

rived allenylidene complexes, the thieno protons proximate to the overhanging phenyl 

rings are significantly shielded relative to the free alkynol 22. 



Chapter 5: Thienyl Allenylidene Complexes 

 159 

Ru C C C

S

S

3

1'

2

!

3'

"
Ru C C C

S

S

1

4

2

!

5
3

#"#

 
Figure 5. Atom labelling scheme of the allenylidene complexes. 

Though the di(2-thienyl) complexes are essentially pure by 31P{1H}-NMR spec-

troscopy (with the exception of 26), indicative that the allenylidene complex is the ma-

jor bis(diphosphine)ruthenium containing product, both 1H and 13C{1H}-NMR spec-

troscopy show numerous additional resonances in the aromatic chemical shift region. 

Oligomerisation of the coordinated di(2-thienyl) moiety, to form, for example, a di-

meric allenylidene complex, was not evident from mass spectrometry or infrared spec-

troscopy, and the additional NMR spectroscopic resonances are most likely attributable 

to decomposition of the alkynol proligand. Through application of a variety of chro-

matographic and recrystallisation techniques it was not possible to remove these organic 

impurities without significant decomposition of the allenylidene complex. Though it 

was evident from 1H-NMR spectroscopy that a single conformer of the di(2-thienyl) 

moiety was the major product, impurities prevented investigation of the presence of ad-

ditional conformers or the possibility of conformational exchange. On account of steric 

considerations, the products likely favour the trans-trans conformation (Figure 6) in 

order to minimise repulsion between the electron-rich allene and sulphur lone pairs.63 It 

was possible to intuitively assign NMR spectra despite these impurities, though unfor-

tunately the acquisition of further spectroscopic parameters is clearly limited to a purely 

qualitative context. 

C

S

S

CC[M] C

S

S

CC[M] C

S

S

CC[M]

trans-trans cis-trans cis-cis  
Figure 6. Potential conformers of the di(2-thienyl)allenylidene complexes. 

UV-Vis spectra of the allenylidene complexes are dominated by the intense, 

high-energy transitions ascribed predominantly to ILCT processes of the phosphine lig-

ands and terminal thienyl moiety, showing minimal variation with the exception of the 

cyclopentadienide-ligated complex 25 (Figure 7). However, as readily discerned by the 

markedly different purple and blue colours of the products, the low-energy absorptions 

related to the allenylidene ligand are markedly different between the di(2-thienyl) and 
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cyclopentadithienyl derivatives. Absorptions of the allenylidene moiety are predomi-

nantly metal-perturbed π*←π ILCT of the allenic moiety in addition to some compo-

nent of LMCT from the C3 chain to ruthenium.64 The metal-perturbed nature of these 

absorptions is evident on consideration that the related tetrakis(2-thienyl)allene and 1,1-

diphenyl-3,3-di(2-thienyl)allene compounds exhibit no absorptions in the visible region 

of the spectrum.65 The visible absorptions of complexes 25 – 27 lie at lower energy than 

the cyclopentadithienyl derivatives, indicative of the greater electron-donating capacity 

of the di(2-thienyl) moiety and consistent with observations from 13C{1H}-NMR spec-

troscopy. A similar correlation between the electron-releasing properties of the terminal 

allenylidene substituents has been observed in the series of complexes [M=C=C=C(p-

C6H4-R)2]+ (M = [RuCl(dppm)2], [OsCl(dppm)2], [RuCl(16-TMC)]; R = H, Cl, Me, 

OMe).64 Where the ILCT and LMCT transitions of the cyclopentadithienyl derivatives 

23 and 24 are not readily distinguished, for complexes 25 – 27 the two processes are 

separated as the red-shift of the lowest-energy absorption induces a blue-shift to ca. 400 

nm for the related allenic process. 

 
Figure 7. UV-Vis spectra of the thienyl allenylidene complexes (MeCN solution). 
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5.2.3.2 Single Crystal Structural Determination. 

 
Figure 8. Depiction of the cation present in [RuCl(dppm)2=C=C=C(C4H2S)2]PF6, (23) (hydrogen atoms 

omitted for clarity, thermal ellipsoids at 50% probability level). Selected bond lengths (Å) and angles (°): 
Ru=Cα 1.873(4), Cα=Cβ 1.249(6), Cβ=Cγ 1.338(6), Ru–Cl 2.4621(10), Cl-Ru=Cα 178.62(11), 

Ru=Cα=Cβ 177.1(3), Cα=Cβ=Cγ 180.0(4). 

Crystals suitable for a single-crystal X-ray structural determination of 23 were 

obtained by slow evaporation of an acetone/ethanol solution, with significant efforts to 

obtain suitable crystals for the remaining allenylidene complexes proving unfruitful. 

The cation of 23 is depicted in Figure 8 above, exhibiting the expected trans-octahedral 

coordination geometry about the ruthenium centre as also indicated by solution NMR 

spectroscopy. Bond lengths and angles through the allenic moiety imply a strong cu-

mulenic character of the allenylidene ligand as expected on account of the electron-

withdrawing cyclopentadithienyl moiety, consistent with the low-energy of the υC=C=C 

absorption in infrared spectroscopy. Thus compared to allenylidene complexes with 

more electron-donating substituents, [RuCl(dppm)2=C=C=CR1R2]+ (R1R2 = Me, 

NMeBz; NMe2, CH2-3-(2-Me-thienyl)),66,67 the Ru=Cα and Cβ=Cγ bond lengths are 

shorter and the Cα=Cβ bond is longer, the bond lengths as a whole most closely resem-

bling the values found for the diazafluorenyl derivative 4. The structure of the terminal 

cyclopentadithienyl moiety is similar to that reported for cyclopentadithiophene68 and 

analogous compounds bearing an apical sp2 carbon (e.g. bicyclo[3.3.1]nonan-9-yl69 or 

phenylmethylidene70), though the symmetry of the fused ring system is distorted on ac-

count of a short contact between one thienyl ring and the anion (C–H…F–P, 2.278 Å). 
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5.2.3.3 Electrochemistry. 

The electrochemical properties of the allenylidene complexes were investigated 

by means of cyclic voltammetry, revealing significant differences in behaviour between 

the complexes (Table 3). At a platinum electrode in CH2Cl2/nBu4NPF6 these thienyl de-

rived complexes exhibit two cathodic reduction processes and an anodic oxidation pro-

cess, whilst additional processes are evident on switching to gold or glassy-carbon elec-

trodes. Regardless of the electrode employed, multiple scans of the cathodic potential 

region did not lead to any changes of the two reduction processes, whereas repeated 

cycling of the anodic potential region led to a rapid disappearance of the oxidation fea-

ture(s). In contrast, when scanning the full voltage range, the oxidation feature(s) re-

main (Figure 9). 

By comparison to analogous allenylidene complexes the two reduction processes 

are readily assigned as the successive one-electron reductions of the allenylidene moi-

ety. The potential of these two reductions is highly sensitive to the terminal allenylidene 

substituents, with electron-withdrawing groups shifting the potential to more positive 

values.64,66,71-73 The di(2-thienyl) derivatives 25 and 27 are reduced at cathodic poten-

tials similar to the diphenylallenylidene derivatives, whereas those complexes of the 

electron-withdrawing cyclopentadithienyl moiety are very readily reduced (c.f. 4 -90 

mV, -950 mV; 5 -30 mV, -860 mV). 
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Table 3. Electrochemical properties of the thienyl allenylidene complexes (5-10 mM analyte in 0.1 M 
nBu4NPF6/CH2Cl2. 1st-scan DPV (υ = 10 mV s-1) on freshly polished electrode, referenced to internal 

[FcH]/[FcH]+ = +560 mV) (q quasi-reversible; i irreversible; m low current intensity). 

Ep / E½ 
mV  Electrode 

Red2 Red1 Ox Other 
Pt -1032.5q -182.5q 1400i  

Aucathodic -1017.5i -175q 1010m -1480m, 590i 23 
Auanodic -1017.5i -175q 1395i -1480m 

Pt -965q -140q 1472.5i  24 Au -965q -140q 1460i 1860i 

Pt  -415q 1360i 500i 

Au -1427.5i -427.5i 1372.5i 185m, 560m, 700q 25 
GC -1452.5i -440i 1347.5i 90m, 560m, 700q 
Pt -1480i -425q 1520 – 1750i 1750 – 2000i 27 Au -1500 – -1470i -420q 1420 – 1950i -910i 

 
 

 

 
Figure 9. Multiple-scan cyclic voltammograms of 25 (Au electrode, 200 mV s-1, 0.1 M 

nBu4NPF6/CH2Cl2, referenced to internal [FcH]/[FcH]+ = +560 mV). 
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The oxidation process may correspond either to the RuII/RuIII oxidation couple 

or else an oxidation of the thienyl moiety. The former is unlikely in this case as the re-

versible bis(diphosphine) ruthenium oxidation couple is observable below +2 V only for 

those allenylidene complexes with strongly electron-donating terminal substituents. 66,71 

However, the irreversible oxidation process at Ep > 1400 mV is consistent with the oxi-

dation of the thienyl moiety in comparison to organic thienyl compounds.29-32 On re-

peated cycling there is no growth in current to suggest the formation of a conducting 

polymer film on the electrode surface, though new redox processes are discernibly em-

erging and the oxidation process appears to be moving to more positive values (Figure 

10). Though oxidative oligomerisation of a thienyl moiety would be expected to effect a 

cathodic shift in the oxidation potential due to increasing conjugation,29-32 it is possible 

that the coupling of these allenylidene complexes would result in an anodic shift conse-

quent of introducing multiple cationic metal centres. 

 

 
 

 
Figure 10. CV sweep of 24 on Pt electrode (100 mV s-1, 0.1 M nBu4NPF6/CH2Cl2, referenced to internal 

[FcH]/[FcH]+ = +560 mV). 
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Both the reduction and oxidation potentials are marginally more anodic in the 

dppe analogue 24 than 23, consistent with previous observations that this ligand is a 

poorer σ-donor than dppm in “trans-[RuCl(P∩P)2(X)]” complexes.74 On moving from 

platinum to gold or glassy-carbon electrodes the difference in behaviour between the 

complexes is more marked. On initial scanning to negative potential a weak third reduc-

tion process at ca. -1500 mV is apparent for the dppm derivative 23 (Figure 11), which 

results in the appearance of two new poorly-defined oxidation processes (E) and (F) in 

place of the more anodic oxidation (C). However, initial scanning to positive potential 

does not show these features. One may speculate that the third reduction process (D) 

then involves a dissociation of the thienyl moiety from the di-reduced allenylidene 

complex, with the two ‘new’ oxidation processes (E) and (F) then related to oligomeri-

sation of the thienyl moiety and/or oxidation of the remaining ruthenium fragment. No 

additional cathodic processes are evident for 24 which instead exhibits an additional 

intense, quasi-reversible anodic process, broadly consistent with the oxidation of a poly-

thienyl species.29,30,32 

 

 
Figure 11. Cyclic voltammograms of 23 on Pt (black) and Au (red – initial scan to positive potential; 
blue – initial scan to negative potential) (500 mV s-1, 0.1 M nBu4NPF6/CH2Cl2, referenced to internal 

[FcH]/[FcH]+ = +560 mV). 
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The effect of solvent on the electro-polymerisation of thienyl compounds has re-

ceived significant empirical attention, with aprotic non-nucleophilic solvents such as 

acetonitrile, benzonitrile, nitrobenzene and propylene carbonate favoured for the elec-

tro-synthesis of poly-thienyl films.18 The electrochemical behaviour of the allenylidene 

complexes changes markedly on moving from dichloromethane to acetonitrile, with 

numerous new redox processes evident for all compounds. Most notably though there is 

evidence of deposition on the electrode surface with repeated cycling of voltammo-

grams, as depicted below in Figure 12 for 25 wherein the processes at ca. -350 and 700 

mV show a significant increase in current. Visual inspection of the electrode surface 

affirms this possibility, with a deep purple film clearly evident. Attempts to wash the 

electrode with monomer-free electrolyte solution turned the film to a brittle black pow-

der that subsequently detached from the electrode surface, plausibly indicative that the 

film is particularly sensitive to aerobic conditions. The complexity of the cyclic vol-

tammograms obtained in acetonitrile were not readily amenable to interpretation of the 

individual processes occurring, and consequently it was not possible to confidently state 

whether the film obtained by these experiments incorporates the complete ruthenium 

allenylidene complex or simply the organic thienyl fragment. 

 
Figure 12. Successive cyclic voltammograms of 25 in MeCN (Pt electrode, 100 mV s-1, 0.1 M 

nBu4NPF6/MeCN, referenced to internal [FcH]/[FcH]+ = +560 mV). 
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5.35.3   Summary and Conclusions.Summary and Conclusions.   

Two propargylic alcohols incorporating thienyl moieties were synthesised and 

characterised by means of infrared and NMR spectroscopy and HR-ESI+ mass spec-

trometry. The cyclopentadithienyl derivative 22 is highly unstable, rapidly decomposing 

to an intractable tar most probably by means of oxidative polymerisation, though in 

contrast the di(2-thienyl) derivative 20 is stable when stored appropriately.  

The two alkynol complexes exhibited different reactivity toward the formation 

of allenylidene complexes with a variety of ruthenium(II) phosphine complexes, attrib-

uted to the individual electron-withdrawing properties of the proligands. The alkynol 22 

reacts cleanly with cis-[RuCl2(P∩P)2] (P∩P = dppm, dppe) to yield the respective 

allenylidene complexes, whereas reaction with [CpRuCl(dppe)] led only to decomposi-

tion of both reactants. In contrast 20 readily affords [CpRu(dppe)=C=C=C(2-

thienyl)2]PF6, 25, under the same conditions. Reaction of cis-[RuCl2(P∩P)2] (P∩P = 

dppm, dppe) with 20 affords a product identified spectroscopically as an allenylidene 

complex, although the PF6
– anion does not appear to be associated with the complex 

and it was not possible to discern what counterion is present. The complex 

[RuCl(dppm)2=C=C=C(2-thienyl)2]+, 26, was synthesised only as an inseparable mix-

ture in combination with the trans-[RuCl(dppm)2(CO)]PF6 byproduct under a variety of 

synthetic conditions, whilst the dppe ligated derivatives, 27 and 25, were not readily 

purified of apparent organic byproducts. The allenylidene complexes were fully charac-

terised by infrared, UV-Vis and multinuclear NMR spectroscopy, mass spectrometry 

and cyclic voltammetry. 

The allenylidene complexes exhibit significantly different electrochemical be-

haviour, particularly in relation to the working electrode, though in general terms all of 

the complexes exhibit two reduction processes of the allenylidene moiety and a thienyl-

centred oxidation. Repeated cycling of the potential region in CH2Cl2/nBu4NPF6 results 

in the emergence of multiple new anodic and cathodic redox processes that were not 

readily identified. Experiments performed in MeCN/nBu4NPF6 showed evidence to sup-

port the deposition of a conducting film on the electrode surface, though rapid decom-

position of the deposited material prevented further characterisation. The electrochemi-

cal behaviour of these allenylidene complexes warrants further investigation. 
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5.45.4   Experimental.Experimental.   

5.4.1 General. 

Unless otherwise noted, standard experimental and spectroscopic procedures 

were as described in Chapter 2. The compounds 21,49 cis-[RuCl2(dppm)2] and cis-

[RuCl2(dppe)2]61 were prepared by literature procedures. [CpRuCl(dppe)] was prepared 

from [CpRuCl(PPh3)2] in refluxing toluene by adaptation of the literature procedure.75 

The compound di(2-thienyl)ketone, 19, was purchased from Sigma-Aldrich and used as 

received. 

5.4.2 4-hydroxy-4-ethynyl-cyclopentadithiophene (22). 

SS

HO

3

1'
2

!3'

1

"

#

 
In a 250 mL round-bottomed flask thf (50 mL) was saturated with C2H2 gas 

whilst slowly cooling to -78 °C (CO2/Me2CO). To this solution was added nBuLi (0.80 

mL, 1.5 M in hexane, 1.2 mmol) and the resulting solution left to stir for ca. 20 min. A 

solution of 21 (93 mg, 0.48 mmol) in thf (10 mL) was then added dropwise, and the 

flask transferred to a flow of Ar gas to warm to room temperature overnight. The 

tan/yellow solution was quenched by the addition of deoxygenated H2O (30 mL) and 

saturated with anhydrous K2CO3. The solution was extracted with Et2O (3 × 30 mL), 

dried over MgSO4 and solvent removed by rotary evaporation to yield a pale orange-

brown oil (109 mg). The product rapidly decomposes to an intractable brown film even 

when stored under argon at -35 °C with the exclusion of light. Pure material for further 

reactions was readily obtained by extraction of impure mixtures with Et2O and filtration 

directly into a subsequent reaction vessel. After longer periods (> 24 h) treatment with 

activated charcoal becomes necessary. 1H NMR (500 MHz, (CD3)2CO): δ (ppm) 7.34 

(d, 2H, H3, 3JH,H = 4.86 Hz), 7.18 (d, 2H, H2), 5.62 (s, 1H, OH), 2.84 (s, 1H, C≡CH). 
13C{1H}-NMR (126 MHz, (CD3)2CO): δ (ppm) 155.60 (C3'), 137.53 (C1'), 127.25 (C3), 

122.70 (C2), 84.29 (Cβ), 70.44 (Cα), 69.67 (Cγ). IR (cm-1): υOH 3500-3200 (m, br), 

υC≡C-H 3290 (s), υC-H 3103 & 3075 (w), υC≡C 2107 (vw), υC-S 1744 & 1704 (w), υC-C 

1590 & 1528 (w), 1321 (s), 1226 (s), 1218 (s), 1104 (s), 1085 (ms), 1046 (vs), 990 (m), 

946 (m), 880 (s), 829 (s), 788 (m), 759 (m), 716 (s). HR-ESI+-MS (CH2Cl2): m/z calcd 

for C11H6O1S2: 217.9860; found: 217.9864. 
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5.4.3 1,1-di-(2-thienyl)prop-2-yn-1-ol (20). 
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In a 250 mL round-bottomed flask thf (80 mL) was saturated with C2H2 gas 

whilst slowly cooling to -78 °C (CO2/Me2CO). To this solution was added nBuLi (0.80 

mL, 1.5 M in hexane, 1.2 mmol) and the resulting solution left to stir for ca. 20 min. A 

solution of 19 (101 mg, 0.519 mmol) in thf (9 mL) was then added dropwise, and the 

flask transferred to a flow of Ar gas to warm to room temperature overnight. The 

tan/yellow solution was quenched by the addition of deoxygenated H2O (60 mL) and 

saturated with anhydrous K2CO3. The solution was extracted with Et2O (2 × 75 mL), 

dried over MgSO4 and solvent removed by rotary evaporation to yield a viscous yellow 

oil. This oil was extracted with CHCl3 and filtered through a pad of celite, removal of 

solvent from the filtrate yielding the product as a pale yellow oil (104 mg, 0.472 mmol, 

90.9%). A ca. 0.1 M solution of 20 in CH2Cl2 stored under argon and refrigerated at ca. 

4 °C showed no evidence of decomposition, by infrared, 1H- or {1H}13C-NMR spec-

troscopy, after a period of 15 months. 1H NMR (600 MHz, CDCl3): δ (ppm) 7.32-7.28 

(m, 2H, H5), 7.24-7.21 (m, 2H, H3), 6.98-6.94 (m, 2H, H4), 3.58-3.44 (br. m, 1H, OH), 

2.93 (s, 1H, C2H). 13C{1H}-NMR (150 MHz, CDCl3): δ (ppm) 148.59 (C2), 126.59 

(C4), 126.16 (C5), 125.67 (C3), 85.11 (Cβ), 74.75 (Cα), 69.27 (Cγ). IR (cm-1): υOH 

3521 & 3419 (br, s), υC≡C-H 3284 (vs), υC-H 3105 (m), υC-H 3074 (w), υC≡C 2118 (m), 

1803 (w), 1606 (mw), 1527 (w), 1433 (s), 1352 (s), 1315 (m), 1232 (vs), 1177 (m), 

1138 (ms), 1081 (m), 1028 (vs), 937 (s), 850 (s), 839 (s), 803 (s), 703 (vs), 654 (br, s). 

HR-ESI+-MS (CH2Cl2): m/z calcd for C11H8O1S2: 220.0017; found: 220.0018. 

5.4.4 [RuCl(dppm)2=C=C=C(cyclopentadithiophenyl)]PF6 (23). 
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To a suspension of cis-[RuCl2(dppm)2] (105 mg, 0.112 mmol) and NaPF6 (123 

mg, 0.735 mmol) in CH2Cl2 (40 mL), a solution of freshly prepared 22 (24 mg, 0.110 

mmol) in CH2Cl2 (2.4 mL) was added. The reaction mixture was stirred at ambient tem-

perature for ca. 42 hours, over which time an intense purple colour evolved, then trans-
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ferred via cannula to filter through a short column of celite (ca. 5g) and washed through 

with CH2Cl2. The resulting solution was taken to dryness in vacuo, redissolved in a 

minimum volume of CH2Cl2 (4 mL) then added dropwise to a rapidly stirring flask of 

Et2O (125 mL). The resulting precipitate was collected by filtration and dried under 

vacuum for two hours to yield the product as a purple powder (85 mg, 0.068 mmol, 

64%). Crystals suitable for an X-ray structural determination were obtained from 1:1 

Me2CO/EtOH. Anal. Calcd for C61H48Cl1F6P5Ru1S2•EtOH: C, 58.36; H, 4.20; N, 0.00. 

Found: C, 58.02; H, 4.22; N, 0.00. 1H NMR (600 MHz, (CD3)2CO): δ (ppm) 7.48-7.34 

(m, 24H, HPh), 7.28-7.24 (m, 16H, HPh), 6.86 (d, 2H, H2, 3JH,H = 4.88 Hz), 5.74-5.71 (m, 

2H, PCH2P), 5.67-5.64 (m, 2H, PCH2P), 5.28 (d, 2H, H3). 13C{1H}-NMR (151 MHz, 

(CD3)2CO): δ (ppm) 316.09 (pentet, Cα), 231.28 (m, Cβ), 149.30 & 148.93 (C3' & C1'), 

143.08 (m, Cγ), 133.76 (Cortho), 132.39 (Cortho), 131.90 (Cpara), 131.76 (pentet, Cipso), 

131.52 (Cpara), 131.33 (pentet, Cipso), 129.58 (Cmeta), 129.02 (Cmeta), 127.80 (C2), 121.77 

(C3), 44.73 (pentet, PCH2P). 31P{1H}-NMR (243 MHz, (CD3)2CO): δ (ppm) -16.13 (s, 

dppm), -142.66 (septet, PF6
¯). IR (cm-1): υC=C=C 1928 (s), 1585 (w), 1573 (w), 1436 

(vs), υPF6¯ 838 (vs). FAB+-MS (CH2Cl2): m/z 1105 (100%, [M]+). UV/Vis (MeCN) λ 

(nm) [ε × 104 M-1 cm-1]: 202 [11.36], 275 [4.71], 460sh [1.19], 527 [1.61]. 

5.4.5 [RuCl(dppe)2=C=C=C(cyclopentadithiophenyl)]PF6 (24). 

Ru CCl

Ph2P PPh2

PPh2Ph2P

C2H4

C2H4

C C

S

S

3

1'

2

!

3'
1

"#

 
This complex was prepared as per 23 from cis-[RuCl2(dppe)2] (111 mg, 0.115 

mmol), NaPF6 (107 mg, 0.635 mmol) and 22 (26 mg, 0.119 mmol), refluxed for 68 

hours in 1,2-dichloroethane (50 mL) to yield the product as a purple powder (125 mg, 

0.0978 mmol, 85.2%). Anal Calcd for C63H52Cl1F6P5Ru1S2•½CH2Cl2: C, 57.73; H, 

4.04; N, 0.00. Found: C, 57.60; H, 4.22; N, 0.00. 1H NMR (600 MHz, CD2Cl2): δ (ppm) 

7.33 (t, 4H, Hpara), 7.27 (t, 4H, Hpara), 7.17-7.12 (m, 8H, Hortho), 7.09 (t, 8H, Hmeta), 7.03 

(t, 8H, Hmeta), 6.95-6.90 (m, 8H, Hortho), 6.74 (d, 2H, H2, 3JH,H = 4.9 Hz), 5.61 (d, 2H, 

H3), 3.20-3.05 (m, 4H, P(CH2)2P), 2.95-2.80 (m, 4H, P(CH2)2P). 13C{1H}-NMR (151 

MHz, CD2Cl2): δ (ppm) 314.23 (m, Cα), 235.87 (m, Cβ), 150.12 & 148.88 (C1' & C3'), 

144.31 (m, Cγ), 134.09 (Cortho), 133.21 (Cortho), 132.23 (pentet, Cipso), 131.54 (pentet, 

Cipso), 131.43 (Cpara), 131.01 (Cpara), 129.00 (Cmeta), 128.32 (Cmeta), 127.88 (C2), 120.67 

(C3), 28.72 (pentet, P(CH2)2P). 31P{1H}-NMR (243 MHz, CD2Cl2) δ (ppm) 37.59 (s, 
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dppe), -143.89 (sept, PF6
¯). IR (cm-1): υC=C=C 1923 (vs), 1586 (w), 1573 (w), 1485 (ms), 

1434 (vs), 1346 (ms), υPF6
 844 (vs). FAB+-MS (CH2Cl2, thioglycerol): m/z 1133.7 

(100%, [M]+), 933.3 (7%, [M-(C11H4S2)]+), 897.1 (20%, [M-(C11H4S2)-Cl-H]+), 734.8 

(63%, [M-dppe]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 204 [11.6], 274 [5.58], 

458 [1.53], 533 [1.83]. 

5.4.6 [RuCl(dppm)2=C=C=C(2-thiophenyl)2]+ (26). 
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A suspension of cis-[RuCl2(dppm)2] (103 mg, 0.109 mmol) and NaPF6 (122 mg, 

0.726 mmol) in CH2Cl2 (70 mL) was treated with 20 (52 mg, 0.236 mmol) in CH2Cl2 (5 

mL). The reaction mixture rapidly turned deep green and eventually developed an in-

tense blue colour on stirring at ambient temperature for 48 hours. The reaction mixture 

was filtered through a short column of celite (ca. 5g) and solvent removed in vacuo 

from the filtrate to yield a dark residue. The residue was redissolved in a minimum vol-

ume of CH2Cl2 (3.5 mL) and added dropwise to a flask of rapidly stirring Et2O 

(200 mL). The precipitate was collected by filtration and washed copiously with hex-

anes and Et2O to yield a microcrystalline indigo powder (86 mg) containing a ca. 1:1 

mixture of the target complex and trans-[RuCl(dppm)2(CO)]PF6. 1H NMR (600 MHz, 

(CD3)2CO): δ (ppm) 7.90 (dd, 2H, HThienyl), 7.6-7.1 (m, 62H HPh), 6.92 (dd, 2H, 

HThienyl), 6.64 (dd, 2H, HThienyl), 5.6-5.5 (m, 3H, P(CH2)P), 5.4-5.3 (m, 1H, P(CH2)P). 
13C{1H}-NMR (151 MHz, (CD3)2CO): δ (ppm) 278.04 (m, Cα), 193.18 (s, Cβ), 149.14 

(C2), 139.79 (Cγ), 136.64 (C5), 135.55 (C3), 133.95 (CPh), 133.69 (CPh), 132.5-132.0 

(m, 2 x Cipso), 132.04 (CPh), 131.47 (CPh), 130.76 (C4), 129.78 (CPh), 129.05 (CPh), 

46.4-45.8 (m, P(CH2)P). 31P{1H}-NMR (121 MHz, (CD3)2CO) δ (ppm) -11.68 (s, 26), 

-12.33 (s, [RuCl(dppm)2(CO)]+), -142.59 (sept, PF6
–). IR (cm-1): υC≡O 1978 (s), υC=C=C 

1935 (s), 1652 (w), 1585 (w), 1573 (w), 1484 (m), 1437 (s), 1411 (m), 1311 (m), 1098 

(s), υPF6
 838 (s), 728 (s), 691 (s). FAB+-MS (CH2Cl2): m/z 1108.96 (33%, [M]+), 933.31 

[RuCl(dppm)2(CO) – H]+. UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 210, 225, 270, 

407sh, 580. 
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5.4.7 [RuCl(dppe)2=C=C=C(2-thiophenyl)2]+ (27). 

Ru CCl

Ph2P PPh2

PPh2Ph2P

C2H4

C2H4

C C

S

S

1

4

2

!

5
3

"#

 
The complex was prepared as per the dppm analogue 26 from cis-

[RuCl2(dppe)2] (138 mg, 0.142 mmol), NaPF6 (158 mg, 0.940 mmol) and 20 (32 mg, 

0.147 mmol), refluxed in 1,2-dichlorethane (125 mL) for ca. 62 hours to yield the pro-

duct as an indigo precipitate (128 mg). 1H NMR (600 MHz, CD2Cl2): δ (ppm) 7.87-7.80 

(m, 2H, H5), 7.41-7.28 (m, 4H, HPh), 7.21-7.15 (m, 8H, HPh), 7.15-7.08 (m, 12H, HPh), 

7.08-7.04 (m, 2H, H3), 7.00-6.92 (m, 10H, H4 & HPh), 6.90-6.82 (m, 8H, HPh), 3.30-

2.90 (m, 8H, P(CH2)2P). 13C{1H}-NMR (151 MHz, CD2Cl2): δ (ppm) 278.34 (m, Cα), 

195.72 (Cβ), 149.56 (C2), 140.59 (Cγ), 136.59 (C5), 134.42 (C3), 134.32 (CPh), 133.59 

(pentet, Cipso), 133.16 (CPh), 132.70 (pentet, Cipso), 131.12 (CPh), 130.77 (CPh), 129.93 

(C4), 128.74 (CPh), 128.16 (CPh), 29.04 (pentet, P(CH2)2P). 31P{1H}-NMR (243 MHz, 

CD2Cl2) δ (ppm) 38.73 (s, dppe). IR (cm-1): υC=C=C 1926 (vs), 1586 (vw), 1573 (vw), 

1435 (s), 1410 (w), 1402 (w), 697 (ms). FAB+-MS (CH2Cl2, thioglycerol): m/z 1135.7 

(47%, [M]+), 933.3 (14%, [M-(C11H6S2)]+), 897.1 (32%, [M-(C11H6S2)-Cl]+), 736.8 

(100%, [M-dppe]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 198 [11.8], 260 [3.74], 

414 [1.00], 582 [1.27]. 

5.4.8 [CpRu(dppe)=C=C=C(2-thiophenyl)2]PF6 (25). 

Ru C
Ph2P

PPh2

C C

S

S

1

4

2

!

5
3

"#

 
A flask charged with [CpRuCl(dppe)] (76 mg, 0.13 mmol) and 20 (29 mg, 

0.13 mmol) in a mixture of CH2Cl2 (20 mL) and thf (15 mL) was covered in foil to ex-

clude light. AgPF6 (44 mg, 0.17 mmol) was added as a solid and the solution stirred at 

ambient temperature for ca. 22 hours over which time an intense purple colour devel-

oped. Solvent was removed in vacuo and the dark residue redissolved in CH2Cl2 and 

filtered through a short column of celite (ca. 5g). The filtrate was then concentrated to a 

minimum volume (ca. 8 mL) and added dropwise to a rapidly stirring flask of Et2O 
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(150 mL), the precipitate collected by filtration and dried in vacuo for 2 hours to yield 

the product as a purple microcrystalline powder (77 mg, 0.086 mmol, 68%). Anal Calcd 

for C42H35F6P3Ru1S2•½CH2Cl2•½Et2O: C, 53.92; H, 4.17; N, 0.00. Found: C, 53.85; H, 

3.99; N, 0.00. 1H NMR (600 MHz, CD2Cl2): δ (ppm) 7.87-7.83 (m, 2H, H5), 7.58-7.52 

(m, 10H, H3 & Hortho), 7.52-7.46 (m, 4H, Hpara), 7.46-7.41 (m, 8H, Hmeta), 7.34-7.28 (m, 

12H, Hpara & Hmeta), 7.26-7.20 (m, 8H, Hortho), 7.13-7.09 (m, 2H, H4), 5.36 (s, 5H, HCp), 

3.00-2.82 (m, 8H, P(CH2)2P). 13C{1H}-NMR (151 MHz, CD2Cl2): δ (ppm) 263.44 (m, 

Cα), 188.24 (s, Cβ), 148.20 (C2), 138.25 (Cγ), 137.72 (pentet, Cipso), 136.66 (C5), 

134.34 (pentet, Cipso), 133.30 (t, Cortho), 132.49 (C3), 131.39 (Cpara), 131.25 (t, Cortho), 

131.19 (Cpara), 130.13 (C4), 129.40 (t, Cmeta), 128.86 (t, Cmeta), 90.72 (CCp), 29.40 (pen-

tet, P(CH2)2P). 31P{1H}-NMR (243 MHz, CD2Cl2) δ (ppm) 83.12 (s, dppe), -143.82 

(sept, PF6
¯). IR (cm-1): υC=C=C 1940 (br, m), υPF6

 838 (s). FAB+-MS (CH2Cl2): m/z 767 

(100%, [M]+). UV-Vis (MeCN) λ (nm) [ε × 104 M-1 cm-1]: 226 [5.36], 404 [1.01], 552 

[0.961]. 

5.4.9 Crystallographic Data. 

 23 

Formula C61H48ClF6P5RuS2 

Mr (Dalton) 1250.48 

Temperature (K) 100(2) 
Wavelength (Å) 0.71073 

Crystal System Orthorhombic 
Space Group Pnma (#62) 
a (Å) 17.632(2) 
b (Å) 17.7540(10) 
c (Å) 17.587(2) 
α (°) 90 

β (°) 90 

γ (°) 90 

V (Å3) 5505.4(9) 
Z (f.u.) 4 

DC (g cm-3) 1.509 

µ (mm-1) 0.616 

F(000) 2544 

Specimen (mm) 0.4 x 0.3 x 0.22 

Nt 199306 

N (Rint) 10107 (0.052) 
GOF on F2 1.139 

Final R [I > 2σ(I)] R1 = 0.0556 
wR2 = 0.1388 

R (all data) R1 = 0.0926 
wR2 = 0.1821 
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