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Abstract 

Branched and cyclic multinuclear metallocene systems are of great interest due to their 

remarkable chemical and physical properties, which often differ greatly to their mononuclear, 

or linear, analogues. In particular, the presence of multiple redox centres, either directly 

covalently bound or linked by conjugated organic motifs, offers the prospect of studying a 

plethora of electronic features, such as electron transfer, electronic communication between 

redox centres and multi-valence states. Due to its easily accessible analogues, ease of handling, 

and redox properties, ferrocene-containing systems are by far the most studied. Investigation 

of such multinuclear species has been hindered by synthetic issues arising from the flexibility 

of the metallocene, resulting in complex synthetic procedures and low yields. 

Described herein is the optimisation of the preparation of valuable bi- and tri-ferrocenyl 

synthons, Fc2I2 and Fc3I2, respectively, via the traditional route of halogenation of the lithiated 

intermediate. Ultimately, an improved methodology in which dilithioferrocene was reacted 

directly with diiodoferrocene (FcI2) gave notably improved yields of the multinuclear systems. 

To achieve covalently bonded metallocenes, Suzuki-Miyaura and Ullmann-like couplings were 

explored. Although mono-ferrocenyl boronic acids could be prepared, the bi-ferrocenyl 

derivatives could not and attempts to couple these to iodoferrocenes were unsuccessful. Such 

reactions resulted mainly in hydrodehalogenation products and degradation, however, in some 

cases, intramolecular cyclisation of Fc2I2 was observed under Suzuki-Miyaura conditions.  

Replacing the NMP medium used in the CuTc-mediated Ullmann-like coupling of 

iodoferrocenes with acetonitrile revealed a change in reactivity. This allowed a competing 

oxygen arylation reaction, in which the thiophene carboxylate moiety is transferred from the 

copper centre to the Cp rings of ferrocene, to take place in tandem. The combination of both 

the C-C and C-O bond forming reactions allowed for the isolation of a series of ferrocene-

based thiophene carboxylate derivatives. The same reactivity pathway gave the ruthenocene 

analogues in both NMP (N-methyl pyrrolidone) and acetonitrile solvents. The mono- and bis-

metallocenyl thiophene carboxylate adducts were transformed into the corresponding 

metallocenol by means of a base-mediated ester hydrolysis reaction. Overall, this revealed a 

modified reaction pathway towards oxygen substituted metallocenes, the higher order 

analogues of which are novel. 

A number of related synthetic pathways were explored for the preparation of branched 

and cyclic ethynylarene-containing materials, which heavily featured subsequent Sonogashira 
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couplings and alkyne protection/deprotection strategies. Essentially, the nature of the organic 

functionalities introduced to both the bridging and terminal positions was found to dictate the 

efficacy of a given methodology. A series of novel, branched ferrocene systems, containing 

diethynylpyridine, diethynylbipyridine and diethynylthiophene bridging moieties, were 

prepared with a variety of terminal ligands by utilising symmetric and asymmetric protecting 

group strategies. It was found that materials containing the bipyridyl motif, in either the 

bridging or terminal positions, presented the most complications with regards to preparation 

and isolation. Attempts to synthesise analogous cyclic systems via both Sonogashira couplings 

and Ullmann-like couplings were also made with limited success, owing to the formation of 

side products and degradation of starting materials under the chosen conditions. This resulted 

in the isolation of a novel diethynylpyridine-bridged tris-ferrocenyl macrocycle as well as 

evidence of the analogous thiophenyl species. Evidence was also found for the formation of 

hydrodehalogenation products from the starting material utilised in the attempted Ullmann-like 

cyclisation reactions. 
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Chapter 1 Introduction 

The discovery of ferrocene, the subsequent elucidation of its remarkable “sandwich 

structure” by Wilkinson1 and Fischer2 as well as the discovery of ferrocene’s high and 

unexpected stability marked the advent of modern organometallic chemistry.3,4 The 

exceptional thermal stability of ferrocene, its reactivity as a super-aromatic electrophile 

coupled with its ability to undergo mild and reversible redox reactions rendered it a fascinating 

metal complex.4 These extraordinary properties, on top of ferrocene’s solubility in all common 

organic solvents, stability in air and ease of functionalization have made it a symbol of 

organometallic chemistry. Therefore, it should come as no surprise that ferrocene has reached 

a position of prominence in the molecular chemistry and materials sciences toolbox.4 The rich 

stereo-electronic properties of ferrocene has led to the development of a wide variety of 

molecular material precursors.4 Moving forward, the coupling of ferrocene’s versatile redox 

chemistry with key applications in the field of molecular materials and opto-electronics is of 

great interest.4 

Multimetallocene organometallic compounds, in particular, have sparked a great deal 

of interest within the scientific community. This stems from such materials exhibiting 

prospective cooperative effects in redox reactions and provides an interesting route of 

investigation into metal- metal interactions and conductivity of mixed metal complexes.5,6 Due 

to the availability of multiple redox process within these systems, they may find potential 

application in multiple-electron transfer reactions e.g., as multielectron catalysts or optical 

sensors in environmental and biomedical fields.7,8 Some ferrocene analogues have also 

exhibited reasonable antimalarial and anticancer activities due to their ability to intercalate with 

DNA,9 thereby opening up potential application and incorporation of ferrocenyl systems into 

biological systems. 

1.1 Redox activity of ferrocenes 

An important property of ferrocene is its reversible one-electron oxidation to form the 

corresponding stable ferrocenium salt, resulting in the notably stable ferrocene/ferrocenium 

redox couple (Figure 1.1).10 In addition, the rate at which ferrocene oxidizes, to form the 

corresponding ferrocenium salt, is considered fast on the timescale of potential scanning in 
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cyclic voltammetry.4 This is because the structures of ferrocene and ferrocenium are almost 

identical since no chemical bond is broken during the redox process.4 The ease with which an 

electron is released, coupled with the reversible nature of this oxidation renders the ferrocene 

moiety a strong donor which has the ability to stabilize adjacent electron-deficient systems.10   

  

Figure 1.1 The reversible one electron oxidation of ferrocene to ferrocenium (left) and its 

corresponding CV (right)11  

This rapid electron-transfer rate and easy ferrocene oxidation has far-reaching 

consequences and uses in redox sensing, redox catalysis and electrochromics.4 Ferrocene 

possesses attractive electrochemical properties which makes it highly suited for use in 

electronic materials. 

Furthermore, complexes made up of multiple ferrocene units have been shown to give 

rise to mixed-valence compounds with interesting intramolecular redox activity.12 This 

communication between redox active sites is an area that still receives considerable attention.6 

Investigations into the effect of bridging ligands, terminal groups and redox active centres on 

the electrical properties of molecules has shed some light on the mechanisms of electron 

transfer and charge delocalization in such mixed-valence states. Moreover, mixed-valence 

systems which exhibit strong electronic coupling between the redox active centres often display 

intense absorption in the near-infrared (NIR) region. Consequently, such materials lend 

themselves to NIR electrochromic devices such as dye sensitizers in solar cells.13 

1.2 Oligomeric, dendrimeric and polymeric ferrocene systems 

Both organometallic and, more specifically, metallocene oligomers and polymers, have 

been an area of great interest for decades14. This is in part because of the prospect of useful 

properties, such as conductivity and magnetism that could arise from regular arrangement of 

the ferrocene motif.  
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Since the first ferrocenyl- polymer was synthesised in 1955,15 substantial progress has 

been made in developing dendrimeric and polymeric ferrocene containing structures.16,17 

Ferrocene-based polymers and oligomers have two primary architectures, those with ferrocene 

in the backbone of the polymer (Figure 1.2 (a) and (b)), and those with the ferrocene upon the 

appending arm (Figure 1.2 (c).17 Some examples of ferrocene linkers include both saturated 

and unsaturated hydrocarbon chains, aromatic systems, and heteroatom bridges;14,18,19 an 

intrinsic flexibility arising from facile rotation along the Cp-M-Cp axis facilitates formation of 

bridged systems, owing to reduced steric strain. 

 

Figure 1.2 Structures of ferrocene-containing oligomers/polymers 

The development of ferrocenyl-denrimers has shown that these types of 

macromolecules can be synthesised with a variety of structures and sizes, with some containing 

over one hundred ferrocene units. Surprisingly, even with large spacers between the redox-

active ferrocene units, these large structures show reasonably fast electron- transfer; this is a 

result of high flexibility and fast rotation of these systems.20 The unusual electrochemical, 

structural and magnetic properties of this class of structure greatly depend on their shape, as 

well as number, proximity and connectivity of the redox-active units.14,19,21 Although both 

polymeric and dendrimeric systems have exhibited progressions towards applications such as 

bio- and immune-sensors, batteries and nanotubes,22,23 large scale application is limited due to 

low yields and the formation of amorphous and undefined structures.21 

To allow studies into electron transfer between the ferrocene motifs, Astruc et al has 

developed a series of smaller, more rigid ferrocene-containing structures with the redox centres 

in closer vicinity, and increased conjugation throughout the system (Figure 1.3 (a)).24 

Hexaferrocenylbenzene is another example of such multi-ferrocenyl dendrimeric system 

synthesised by Volldhart et al (Figure 1.3 (b)).25 The super-crowded arene structure was of 

great interest due to its amenable electronic properties, and its potential applications in fields 

such as electronic, catalysis, magnetics and molecular gears.16,26–28 Surprisingly, due to the bulk 

of the hexaferrocenylbenzene, communication between the redox centres is reduced, in 
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comparison to the systems developed by Astruc et al. This is a result of increased disorder 

within the structure, and reduced alignment and free rotation of the ferrocene units, 

destructively interfering in ‘through-space’ communication.24,25 

 

Figure 1.3 Systems developed by Astruc and Volldhart et al24,25 

1.3 Linear multi-ferrocenyl systems 

Particularly interesting examples of multinuclear species are the fulvalene systems as 

they contain no bridging groups between the ferrocene units. An interesting and highly studied 

complex of this type is 1,1’’’-biferrocene. Since biferrocene was first obtained in 1959, a 

variety of derivatives have been synthesised. As a result of having a direct covalent bond 

between them, the ferrocene units are close in proximity and there is a high level of 

delocalisation over the entire system. Biferrocene units have been thoroughly studied by 

incorporation into a variety of systems,29–31 examples of such are displayed in Figure 1.4, and 

many more examples extend through to polymeric and dendrimeric systems (not discussed 

here). Such studies indicate that the biferrocene unit can act as a better conductor, and allow 

better communication and/or electron transfer throughout the entire complex, than a single 

ferrocene moiety32,33.  
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Figure 1.4 Examples of biferrocene structures in the literature 34–36 

A recent study of the biferrocene unit, by Wilson et al, explored the synthetic and 

electrochemical effects of various surface binding groups and orientation within a range of 

molecular wire precursors on its redox processes.34 For all biferrocene molecules synthesised 

(Figure 1.4a-b), cyclic voltammetry studies showed two discrete reversible one electron redox 

events, indicative of interaction between the two ferrocene centres. The observed redox events 

are a result of two sequential oxidations; accordingly, a mixed-valence state occurs between 

the two oxidations. Mixed valence states can be characterised according to the Robin-Day 

classification, which defines the effective delocalisation of a system. These systems can be 

classed as II/III showing high levels of delocalisation, and the functionalisation of the 

biferrocene motif, in these circumstances, has little effect on electron transfer and 

delocalisation within the molecule.37 It was also found that introduction of an electron 

withdrawing pyridine attachment increased the energy required for oxidation, in comparison 

to an unsubstituted biferrocene molecule.34  

In unpublished work, a multiferrocenyl system was synthesised, featuring the 

fulvalene-based biferrocene motif as well as two terminal singular ferrocene units (Figure 1.5) 

bridged by an arylethyl linker. Electrochemical studies for this complex showed three separate 

redox events. The first and last events correlate to the sequential one electron oxidations of the 

biferrocene motify, and the central event correlates to the oxidation of both terminal ferrocene 

units, hence relating to twice as many electrons as the other observed events. This evidence 
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was found to concur with similar systems reported in the literature, and indicates that the metal 

centres of the two terminal ferrocene units have very little interaction, due to the meta-

substituted aromatic ring.6,34 

 

Figure 1.5 Unpublished complex from Long et al 

Although some significant headway has been made in the area of linear 1,1’-ferrocenyl 

compounds, development of systems containing more than six directly covalently-bonded 

ferrocene moieties encounter solubility issues.38 Despite this, a family of hexyl-substituted 

1,1’-ferrocenylenes has been synthesised and their electrochemical properties investigated 

(Figure 1.6).39,40 As a control measure, the redox behaviour of the monomeric ferrocene species 

was recorded; given the single redox event, it was established that the monomer acted as a 

single species, despite the availability of numerous isomers. It was therefore, concluded that 

the position of the hexyl groups on the cyclopentadienyl rings did not have considerable effect 

on the energy of oxidation, in comparison to values obtained for ferrocene. Further 

electrochemical studies were only investigated for compounds where n > 4, as studies with 

smaller oligomers were previously carried out by Rausch et al.41 Cyclic voltammetry studies 

of the penta-, hexa- and hepta-ferrocenylenes exhibited the same number of one electron 

reversible redox events as there were ferrocene units within the system.39  

 

Figure 1.6 Substituted, covalently-bonded ferrocene system 

 A number of synthetic routes towards linear, oligomeric metallocene systems have been 

reported, and these are discussed in more detail in chapter 2. 
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1.4 Cyclic metallocene-containing systems 

Following Kekule’s proposal of the alternating single and double bonds in the structure 

of benzene in 1865, and Pauling’s subsequent resonance theory, cyclic structures and electron 

delocalisation have constantly been an area of interest within the scientific community.42,43 

Although several families of organic cyclic structures, including cyclodextrins, calixrenes, and 

pillarenes, are well-known,44 redox-active metallocene-containing systems are less well 

explored since their preparation is met with considerable synthetic challenges.45 In ferrocene, 

the Cp-Fe-Cp axis has a high degree of flexibility, therefore arrangement of ferrocene into 

cyclic structures can be problematic and a large array of structures can form instead. This often 

leads to synthetic challenges, with further synthetic issues arising from the competition 

between polymerisation and cyclisation.46 Hence, systems with a ferrocene appended upon the 

framework, such as those dendrimers described earlier, have been the subject of most studies 

relating to redox-active macrocycles.47–49 However, there are systems that contain the 

ferrocenyl component within the ‘backbone’ of the ring structure.6,14,19 Those systems featuring 

covalent bonds between the metallocene units, or short and/or conjugated organic bridging 

groups are even less prevalent in the literature. As the most progressed study has been of linear 

mixed-valence systems, it is of interest to develop further understanding of the effects of 

electron delocalisation on the electrical properties of cyclic mixed-valence complexes.50 

Large macrocycles often exhibit unusual properties, both physically and chemically, 

that differ from their smaller, or linear, analogues and often form well-defined cavities upon 

cyclisation.51,52 The presence of these cavities provides opportunities for cyclic ferrocene-

containing systems to be applied to supramolecular chemistry as redox-active hosts, for 

example in guest-host reactions. Notably, these cavities may be favourable for enhancing 

catalytic activity and selectivity by employing the ferrocene motif in the catalytic site.21 Cyclic 

ferrocene systems may also find uses in molecular electronic devices and nanotechnology 

given their relevant size and potential for high symmetry, for example as inorganic nanotubes 

or molecular wires.53,54 In addition, the incorporation of molecular receptors into macrocycles 

containing redox-active moieties may allow their application to biological processes,55 

chemical sensing56 and molecular electronics.57 Thus a wide range of studies and structures 

have been developed and investigated.15,20-21 
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1.4.1 Methods of cyclisation 

Although none of the ferrocene-based structures reported in the literature, and within 

this work, are simple to prepare, the most complex by far are macrocyclic systems. As a result 

of high flexibility around the Cp-Fe-Cp axis, arrangement of ferrocene into cyclic structures 

can be problematic. Synthetic challenges are often encountered, which are attributable to the 

diversity of structures that can form. Often, these synthetic issues arise from the competition 

between polymerisation and cyclisation.46 Despite the synthetic challenges, cyclic structures 

containing several ferrocene moieties linked by organic bridges have been successfully 

synthesised and characterised.18-19 

Owing to the difficulties faced when preparing cyclic structures, high regard is given 

to new successful synthetic routes, the products of which are highly valued. For the formation 

of cyclic structures, four main routes are currently utilised. These are (a) cyclo-oligomerization 

(b) intramolecular cyclisation (c) bimolecular coupling and (d) template cyclisation, as 

schematically depicted in Figure 1.7.60 

 
Figure 1.7 Schematic routes towards cyclisation; (a) cyclo-oligomerization, (b) 

intramolecular cyclisation, (c) bimolecular coupling and (d) template cyclisation. 

Each of the routes illustrated above has its own advantages and disadvantages, and the 

method implemented is often chosen based on the structure of the desired product. Although 

cyclo-oligomerization appears to be the simplest pathway, due to the use of the smallest 

monomeric unit and therefore the least preparation, its use often leads to a large array of 

products. In the case of a kinetically controlled reaction, this problem with polymerisation is 

x 3 

x 3 
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exacerbated even further. Hence for this route, the formation structures larger than those 

desired, made up of a greater number of repeating units, is a severe drawback. Similarly, 

templated cyclisation reactions can be performed with the smallest monomeric units of the 

cyclic structure, however, the approach involves pre-organising the precursors. This is 

achieved by using either covalently-linked templates, whereby specific functional groups are 

introduced into the substrates, increasing the number of reaction steps, or by non-covalent 

templates, which takes advantage of the electronic interactions between the substrates, or the 

coordination of a metallic species to the precursors. Both options can help to control the size 

of the macrocycle formed, but it is noted that non-covalent interactions are favourable due to 

their reversibility and ease of template removal. The combination of low reaction 

concentrations, resulting from high-dilution, and increased local concentrations of reaction 

sites, attributed to the preorganisation of the substrates, facilitates the cyclisation process under 

kinetically-controlled conditions, and often improves the yield obtained.60 

Most commonly employed are the bimolecular coupling and intramolecular cyclisation 

methods. Although the precursors required for these routes are often more complex and require 

more synthetic steps to acquire, the increased control over the product formation often allows 

the cyclic systems to be obtained in greater yields. By performing these reactions under high-

dilution (or pseudo high-dilution), it is possible to improve the formation of cyclic products, 

versus linear polymers, by kinetically and entropically favouring the desired cyclic systems, 

thus increasing the yields of macrocyclic structures. However, this technique can only partially 

prevent oligomerisation reactions, and usually requires large amounts of solvents.60 In order to 

overcome the precedent ring/chain equilibrium, investigations into pre-organisation and 

dynamic supramolecular assembly have also been undertaken.21,61,62  

1.4.2 Bridged ferrocene cyclic systems  

The most widely studied ferrocene-containing macrocycles are those which feature 

long organic bridging chains. These organic hydrocarbon chains have been used to connect 

either two Cp rings of the same ferrocene motif, or the Cp rings of two different ferrocene 

units. Several examples of the former, known as ferrocenophanes, have been reported from a 

number of synthetic routes, including via Schiff-base,63 condensation,64,65 ring-closing 

metathesis,66 and peptide-coupling 67–69 reactions.  Some examples of the structures of 

ferrocenophanes are given in Figure 1.8, however, since ferrocenophanes only incorporate one 
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ferrocene unit into the backbone of the macrocycle, details of their preparation are beyond the 

scope of this thesis. 

 

Figure 1.8 Examples of ferrocenophanes prepared within the literature 63,64,68,69 

Additionally, ferrocenophanes have been synthesised with other forms of macrocycle 

incorporated into the organic chain, such as cryptands 68,69 and cyclams.70,71 Often obtained 

from the same reaction pot, under peptide coupling conditions, are macrocycles containing two 

ferrocene units with each of the Cp rings bridged with either a cryptand or cyclam moiety (2+2 

product) (Figure 1.9). Yields obtained for these ferrocene macrocycles are typically around 

25%, and while the 3+3 products have been isolated, their yields are much lower, at around 

5%.69–71 This class of macrocycle, along with ferrocenophanes, are the most widely studied 

systems, due to their relative ease of synthesis and their broad application in fields such as ion 

sensing and guest-host chemistry. 
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Figure 1.9 Examples of ferrocene units bridged by organic macrocycles69,70 

Although macrocycles featuring multiple ferrocene units bridged by long aliphatic 

hydrocarbon chains are reasonably well known,67,72  more pertinent to the area of research 

discussed in this thesis are the examples in which there are several metallocene units linked by 

small organic chains, a single bridging atom or conjugated functionalities. An example of this 

type of macrocycle, featuring three ferrocene motifs, has been reported by Dong et al.73 From 

1,1’-diacetylferrocene dihydrazone, a [3 +3] Schiff-base metal-containing triangular 

macrocycle, in which the ferrocene moieties act as the corners, was prepared. The tri-ferrocenyl 

cyclohelical structure was constructed in an 84% yield using a metal-directed exchange 

reaction of hydrazone groups in a medium of a 1:1 molar ratio of ethanol-acetonitrile, in the 

presence of Co(II) ions (Scheme 1.1).73 

 

Scheme 1.1 Preparation of ferrocene-containing molecular triangle73 

 In the absence of Co(II) ions the reaction of the hydrazine functionality does not occur. 

As such, it was speculated that in the course of the cyclocondensation reaction to give the 

macrocycle, the Co(II) ion acts as both template and catalyst and then drop out from the centre 

of the resulting cyclic structure upon crystallisation.73 Furthermore, in the presence of Ba2+ or 

Mo2+ ions or hydrochloric acid, two molecules of the ferrocenyl starting material react to give 

the [2 + 2] cyclic diazone.74,75 In a similar metal-catalysed transamination reaction to that 

utilised for the [3 + 3] macrocycle discussed earlier, with the liberation of hydrazine, the bi-

ferrocenyl macrocycle was obtained in 87% yield (Scheme 1.2).74,75 

 

Scheme 1.2 Preparation of a [2 + 2] cyclic diazone74,75 
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Another example of a bi-ferrocenyl macrocyle has been reported by Dinnebier et al.76 The 

‘molecular square’ structure was prepared in 85% yield from 1,1‘-Fc[B(Me)NMe2]2 and 2,5-

di(pyrazol-1-yl)hydroquinone under mild conditions, with the liberation of dimethylamine, and 

exploits the facile formation of B-O and B-N bonds (Scheme 1.3).  

 

Scheme 1.3 Preparation of the hydroquinone bridge ferrocenyl macrocycle76 

The resulting species precipitated from the reaction mixture in the form of a yellow 

microcrystalline solid. By analysis of the yellow precipitate by 1H NMR spectroscopy it was 

concluded that the reaction produces either long, insoluble, polymeric chains or cyclic 

molecules, since no signals attributed to the amine-based end groups of short chain oligomers 

were detected. Performance of high-resolution X-ray powder diffraction confirmed the 

structure of the isolated species to be cyclic in nature. The backbone of the macrocycle, which 

is held together only by van der Waals forces, consists of two 1,1‘-disubstituted ferrocenylene 

units, with four chiral boron centres, and two 2,5-di(pyrazol-1-yl)hydroquinone groups. 

Larger ferrocene-containing macrocycles, with more than two ferrocene units, are rarer 

due to the synthetic challenges discussed earlier. Despite this, from the bipyridine promoted 

photolysis of the ring-strained dimethylsilyl-bridged ferrocenophane, macrocycles featuring 

two, five and six ferrocene moieties have been isolated, and the linear polymeric analogues 

were also detected (Scheme 1.4).77 
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Scheme 1.4 Synthetic route towards silane bridged ferrocene-based macrocycles77 

 This ring opening polymerisation reaction using THF as the solvent, is thought to occur 

by initial coordination of the bipyridine to the iron centre of ferrocene and simultaneous ring 

slippage of a Cp ring, such that it become Ƞ3-bound instead of Ƞ5-bound. This is followed by 

dissociation of the same Cp ring from the iron centre, onto the silane motif, although neither 

of these intermediates were observed. The resulting free Cp anion undergoes rapid chain 

propagation to yield the analogous linear oligomers and polymers. The instability of the 

terminal bipyridine coordinated iron centre allows the pendant Cp anion at the other end of the 

chain to attack the iron centre in what is called a ‘backbiting’ reaction.77 From this process, the 

coordinated bipyridine moiety and solvent are released, yielding cyclic oligoferrocenylsilanes 

of various ring sizes.  

In addition, macrocycles larger than the isolated hexamer were also detected by mass 

spectrometry, indicating that the chain propagation reaction is faster than the initiation of the 

starting ferrocenophane, hence allowing larger linear polymeric ferrocenylsilanes to form and 

cyclise. This is also supported by an increased yield of higher order polymers (54% vs 24%) 

when the synthesis was performed at lower temperatures of 5 °C rather than 35 °C.77  

Significantly, the authors proposed that this methodology may also be applicable to other 

analogous strained metallo-rings, featuring alternative metal centres, bridging groups, and 

coordinating ligands.78 Furthermore, similar cyclic systems have been prepared whereby the 

ferrocene units are doubly-bridged, by dimethylsilyl motifs, in 1,2-positions of both Cp rings. 
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This species was furnished from a polygemination reaction i.e., the reaction of a transition 

metal halide, in this case FeCl2, with a biscyclopentadienyl dianion.79  

1.4.3 Alkyne-containing cyclic metallocenyl systems 

The incorporation of alkyne linkers into ferrocene-containing macrocycles is beneficial 

as it introduces a form of rigidity to the systems, which may help to overcome the 

aforementioned synthetic challenges relating to the flexibility and rotation of ferrocene. In 

addition, alkynes increase the extent of conjugation within the molecules, which may in turn 

improve the electron-transfer properties associated with the ferrocene system. Although 

examples of alkyne-containing ferrocenophanes and ferrocenes appended to macrocycles via 

alkynes are known, the preparation of these types of structures is beyond the scope of this 

thesis.66,80,81 One such example, in which both alkynes and a ferrocene motif were incorporated 

into the backbone of a macrocycle has been prepared by White et al.82 From a CuII(OAc)2 

mediated Eglington coupling of an acyclic 1,1’-bis(triazolylalkyne) ferrocene precursor, 

products from both  [2 +2] cyclisation and intramolecular cyclisation reactions were obtained 

in yields 12% and 54% respectively (Scheme 1.5).82 

 

Scheme 1.5 Preparation of the ferrocene bis(triazole) macrocycle (top) and larger 

tetra(triazole) macrocycle (bottom)82 

 The structures of both macrocycles have been confirmed by X-ray crystallographic 

analysis, in which it is evident that the diyne unit enforces some reasonable rigidity into the 

macrocycle. This increased rigidity appears to constrain the pore shape of the smaller 
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macrocycle, whereas the larger [2 + 2] macrocycle allows for a more open structure, and is 

therefore, less influenced by the steric constraint of the diyne unit.82 This structural 

determination further reinforces the proposal that introduction of alkyne units into macrocycles 

will increase the level of rigidity, which may in turn allow some of the structural challenges 

proposed earlier to be overcome.  

 Another example in which the coupling of alkynes allowed for the formation of 

ferrocene-containing macrocycles has been reported by Bunz et al.83 Taking advantage of the 

oxidative coupling of alkynes, the copper-mediated cyclooligomerization of diethynylated 

ferrocenes was performed (Scheme 1.6). The use of a modified classic Eglington system, a 

mixture of CuCl and its dimer, Cu2Cl2, in the presence of pyridine, under pseudo-high dilution 

conditions allowed the formation of two isomeric trimeric macrocycles, as well as a tetrameric 

macrocycle, albeit in fairly low yields of 3-13%. It was found that the choice of coupling 

reagents was crucial to the success of the preparation of such macrocycles; the implementation 

of Hay conditions (Cu2Cl2, acetone, 25 °C, O2) resulted in large amounts of polymerisation, 

meanwhile the use of typical Eglington conditions (Cu(OAc)2, pyridine, 60 °C, N2) led to 

decomposition of the starting material. In addition to the cyclic trimers and tetramers the open 

dimer and a mixture of higher order macrocycles were obtained. It was, however, noted that 

partial oxidative degradation of the initial ferrocene nucleus occurred, attributed to the 

instability of ferrocene toward the conditions of copper-catalysed couplings.83 

 

Scheme 1.6 The preparation of alkynyl ferrocene macrocycles reported by Bunz et al83 

In this case, a 1,2-diethynylferrocene motif was used as the precursor, which is notably 

stable in comparison to the 1,1’-functionalised analogue, hence, circumventing synthetic 

complications originating from the use of 1,1’-diethynylferrocene. Though this represents an 

interesting route to alkynylferrocene-containing cyclic systems, it is not wholly relevant to the 
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work discussed in this thesis, which pertains exclusively to the use of 1,1’-functionalised 

ferrocene systems. 

One example which features the 1,1’-diethynylferrocene moiety within the backbone 

of the macrocycle was recently reported by our group.6 Wilson et al devised a synthetic route 

that surpassed the aforementioned synthetic restrictions by introducing high rigidity and 

conjugation.6 The stepwise assembly utilised a combination of alkyne protecting and 

deprotecting strategies, Sonogashira and Ullmann-like reactions. Following formation of the 

‘open macrocycle’ from the Sonogashira reaction of 1,1’-diiodoferrocene (FcI2) and 3,5-

diethynyl pyridine, cyclisation was achieved in 25% yield using an Ullmann-like coupling of 

the terminal iodide functionalities under high-dilution conditions (Scheme 1.7).6 

 

Scheme 1.7 Preparation of the triferrocenyl macrocycle described by Wilson et al6 

The development of this synthetic route has allowed for the incorporation of the elusive 

and notably unstable 1,1’-diethynylferrocene motif. Hence, establishing the value of 

Sonogashira coupling reactions in the formation of alkynylferrocene-containing macrocycles. 

Of additional interest was the formation of a biferrocenyl motif within the backbone of the 

cyclic system upon cyclisation. Consequently, the synthesis of a symmetrical tetraferrocenyl 

macrocycle, featuring two sets of the biferrocene motif, was developed.6 Utilising the same 

synthetic strategies to those implemented in the preparation of the triferrocenyl system, the 

macrocycle precursor was formed. The desired macrocycle was again furnished by forcing an 
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intramolecular cyclisation over a polymerisation reaction, via a CuTc-mediated Ullmann-like 

coupling under high-dilution conditions.6 The preparation of these macrocycles illustrates the 

efficacy of the Ullman-like coupling in the formation of macrocycles featuring covalently-

bonded metallocene units. 

 

Scheme 1.8 Synthetic route to the tetraferrocenyl macrocycle described by Wilson et al6 

1.4.4 Covalently-bonded ferrocene cyclic systems 

One reason for the fascination with cyclic structures arises from the unusual chemical 

and electrochemical properties observed, which often wildly differ to those observed in the 

linear analogues.84,85 Additionally, it has been shown that the presence of direct connections 

between the metallocene moieties increases the degree of communication between adjacent 

redox centres, hence further altering the electrochemical properties. Metallocene systems in 

which the cyclopentadienyl rings have direct, covalent bonds between them have also been 

found to have high stability in comparison to those linked by supramolecular bonds (e.g. dative 
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interactions) and/or organic linking groups. Flexibility within the ring backbone also alludes to 

the potential application of cyclic metallocene oligomers in synthetic/ supramolecular 

chemistry as pores for small, neutral or charged guests.38 Features such as those mentioned 

above, distinguish these materials from other metallocene oligomers, hence an enticing aspect 

to consider is the design and study of polymeric or mixed metal analogues of the cyclic 

structures.86  

Despite their potential to reveal factors that influence the mechanistic pathway of 

intercomponent electron transfer, for the preparation of cyclic oligoferrocenyl systems the 

implementation of unfunctionalised redox-active metallocene monomer units is practically 

unknown. This is likely due to low yields resulting from complex synthetic routes, and 

restrictions in structures that can be formed.6 Hence, there is a distinct lack of these cyclic 

systems encompassing only metallocene units, and investigative studies pertaining to their 

structure and properties are relatively scarce. To date, the only oligomeric ferrocene 

macrocycles reported are comprised of two, three and six ferrocene units. 

The simplest of cyclic ferrocene oligomers is the 1,1’-ferrocenyl dimer, 

bisfulvalenediiron (BFD) (cyclo[2]) and has been prepared by several methods. The structure 

of cyclo[2] was first definitively confirmed in 1969 by Hedberg and Rosenburg,87 and 

separately by Rausch and Kovar,88 however it was prepared by different methods. Rausch et al 

prepared the cyclic dimer by pyrolysis of polymercuriferrocenylene in yields of 8% (Scheme 

1.9). From this procedure, polyferrocenes of various lengths, ferrocene, and the ‘open’ 

biferrocene were also formed.88 

 

Scheme 1.9 Pyrolysis of polymercuriferrocenylene88 

Meanwhile, Hedberg et al used a modification of the previously established Ullmann 

coupling reaction of haloferrocenes; Ullmann couplings are typically performed in solvent-free 

conditions however the modification utilised a large excess of n-butylferrocene or 

diethylbenzene as solvent. By heating the solution of 1,1’-diiodoferrocene (FcI2), in the 

presence of copper bronze, for three hours at 140-160 oC, cyclo[2] was able to be furnished 

(Scheme 1.10).  Following hot filtration of the reaction mixture, precipitation of the cyclic 
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dimer occurred by addition of the filtrate to hexane, and subsequent recrystallisation from 

benzene.87 Unfortunately, no yield of the desired product was given. 

 

Scheme 1.10 Modified Ullmann coupling used for the preparation of cyclo[2] 

 Due to previous difficulties in purifying FcI2, the cyclic biferrocene has also been 

prepared by a modification of the Ullmann coupling illustrated in Scheme 1.10, whereby 1,1'-

dibromoferrocene (FcBr2) was used in place of FcI2. Owing to the reduced reactivity of the 

bromide functionality in comparison to the iodide functionality, higher temperatures of 190 oC 

were required. Under these conditions, and using biphenyl as the solvent, cyclo[2] was 

furnished in an 18% yield.89 This methodology has been published elsewhere, with reported 

yields of 20-25%.90 More recently, a combination of both of the aforementioned Ullmann 

couplings, utilising FcIBr, allowed the cyclic dimer to be isolated, by sublimation, in yields of 

25-37%.91 

 An alternative synthetic approach used to acquire cyclo[2] was published by Mueller-

Westerhoff et al in 1972, and features the use the preformed fulvalene moiety.92 Following the 

conversion of dihydrofulvalene to the analogous fulvalene dianion, the addition of FeCl2 in 

THF furnished cyclo[2] in yields of 18-22% following work-up (Scheme 1.11). Alongside the 

macrocycle, linear polyferrocenes were also formed, and the species containing one to four 

ferrocene units were isolated.92 This procedure benefits not only from the use of simple, 

commercially available starting materials, but also from the capability of being carried out 

without the isolation of any intermediates. Later publications using this synthetic approach 

reported yields of 20-40%.90 

 

Scheme 1.11 Preparation of cyclo[2] via the fulvalene dianion92 
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 There are currently no reports on the direct synthesis of the analogous 1,1’-ferrocenyl 

trimer, tris(ferrocene-1,1′-diyl) (cyclo[3]), however, in 2014 its crystal structure was reported 

by Shekurov et al.93 The cyclic ferrocene trimer, illustrated in Figure 1.10, was observed as a 

side product during the preparation of (ferrocene-1,1'-diyl)bis(H-phosphonic acids) by reaction 

of 1,1'-dilithioferrocene, FcLi2, with bis(diethylamino)chlorophosphite (NEt2)2ClP in hexane.94 

Upon standing of the phosphonic acids in hexane, the macrocycle was obtained, but no yields 

were reported.93,94 To the best of my knowledge, this preparation has not been developed or 

investigated any further. 

 

Figure 1.10  Tris(ferrocene-1,1’-diyl (cyclo[3]) obtained by Shekurov et al94 

 Alternative analogues of the cyclic ferrocene trimer, cyclo[3], have been prepared in 

the literature, such as the trindenyl (Td)-based cyclic trimetallocene structure, (FeCp)3Td.95 

This structure comprises three ferrocene units covalently bonded to one another in the 1,2-

positions on one of the Cp rings, in a way that a six-membered aromatic ring is present between 

them. However, this structure was not prepared via reactivity of the metallocene units, but 

rather by a method more analogous to the preparation of cyclo[2] from the fulvalene dianion. 

The organic structure, known as trindane (octahydro-1H-trindene) features a benzene ring with 

three five-membered rings attached on alternating C-C bonds of the benzene. Upon formation 

of the lithium or potassium salt of its trianion, addition of a solution of [FeCp(η6-

fluorene)][PF6] and Na[N(SiMe3)2] in THF, followed by moderate heating, furnished a 3/1 

isomer ratio of the triferrocenyl system (Scheme 1.12). While the syn,syn,anti‐[(FeCp)3Td] 

isomer was isolated in 15% yield, the syn,syn,syn‐[(FeCp)3Td] isomer was identified from the 

1H NMR spectra of the mixture.95 The trimeric ferrocene isomers were also reportedly detected 

by mass spectrometry much earlier, in 1977 by Roling et al, however attempts to formally 

prepare and isolate the cyclic species were not made.96 Preparation of the related biferrocenyl-

indacene derivative has also been reported elsewhere.97 
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Scheme 1.12 Preparation of two [(FeCp)3Td] isomers 

 The analogous bis-trindenyl triferrocenyl derivative ([Fe3Td2]) has also been reported, 

though not isolated.98 In a similar manner to that described in Scheme 1.12, the lithium salt of 

the trindene trianion was treated with FeCl2, furnishing only trace amounts of the sandwich 

complex containing three iron atoms, as determined by mass spectrometry. Notably, no 

polymers of the metallocenyl trindene were detected, however the macrocyclic triferrocenyl 

structure was contaminated with large amounts of a number of simpler, lower mass 

impurities.98 Attempts to characterise the triferrocenyl system by 1H NMR spectroscopy were 

unsuccessful. It was also shown that the trindene dianion can be combined with FeCl2 to form 

sandwich molecules containing two iron centres between the Cp moieties.98 

 

Scheme 1.13 Preparation of cyclo(1,1′,2,2′-terferrocene) ([Fe3Td2]) 

Large, cyclic ferrocene systems (n > 3), containing no bridging groups, are practically 

unknown, with no examples published until 2016.38 Inkpen et al proficiently developed a 

simple synthesis to cyclic 1,1’disubstituted ferrocene oligomers and investigated their 

electrochemical properties as a function of ring size. From a one-pot, copper-mediated 

Ullmann-like reaction of diiodoferrocenes, a series of macrocycles consisting only of ferrocene 

units were produced. By employing copper(I) thiophene-2-carboxylate (CuTc) in N-methyl-2-

pyrrolidone (NMP) at room temperature, the linear difunctionalised oligomers containing one 

(FcI2), two (Fc2I2) or three (Fc3I2) ferrocene units could be transformed to cyclic oligomers of 

various sizes (Scheme 1.14). The macrocycles cyclo(1,1′- quinqueferrocene) (cyclo[5]; n = 5), 

cyclo(1,1′-sexiferrocene) (cyclo[6]; n = 6), cyclo(1,1′-septiferrocene) (cyclo[7]; n = 7) and 

cyclo(1,1′-noviferrocene) (cyclo[9]; n = 9) were fully or partially isolated for the first time, 

albeit in low yields of up to 2%, as confirmed by 1H NMR spectroscopy and mass spectrometry. 

The previously prepared 1,1′-biferrocenylene (cyclo[2]; n = 2) can also be formed by this 
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approach, however no evidence for the formation of cyclo[3], cyclo[4] or cyclo[8] (n = 3, 4 or 

8) was obtained.  

 

Scheme 1.14 Synthetic route to cyclo (1,1'-oligoferrocenes) developed by Inkpen et al.38 

Attempts to optimise this synthetic procedure further were largely unsuccessful; 

adjustments in reaction concentration and temperature appeared to increase the formation of 

side products, such as ferrocenyl thiophene-2-carboxylate (FcTc), and generally made the 

purification of cyclic products more challenging. As expected, yields of cyclic products formed 

were diminished at higher reaction concentrations due to the domination of 

oligomerisation/polymerisation reactions. This methodology is a significant development as it 

overcomes the aforementioned synthetic issues and investigative limitations of larger ring 

systems.19 Additionally, cyclo[9] is the largest covalently bound oligomeric ferrocene material 

isolated to date. 

1.5 Molecular electronics 

Over the last few decades, the study of electron transport through molecules has been 

an area of significant interest and has found relevance in a plethora of topics including chemical 

biology, molecular catalysis and materials science, to name just a few. The study of these 

charge transport processes is now widely encompassed by the term ‘molecular electronics’.  

Molecular electronics emerged as a field in the 1970s and is aimed at designing and exploring 

the properties of single, or small groups of, molecules with the intention that they may find 

purpose in electronic devices.16,99–106 Interest in this field is reinforced by Moore’s law, both 

an observation and projection of historic trends, which states that the number of transistors on 

an integrated circuit will double every two years as technology advances. Notably, this 

postulation has held true since its inception in 1965, and as electronic components have reduced 

in size to the nanoscale, device areas have also narrowed and now fall within the range of tens 

of square nanometers.107 Hence, researchers are attempting to transfer electronic components 
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into the nanoscale and eventually compliment/replace current silicon-based integrated 

circuitry.  

Historically, molecules have not played a significant role in electronic components.107 

Within the last ten years, the use of molecules in electronic devices has been significantly 

confined to small molecules such as silanes (SixHy) and germanes (GexHy), which have been 

used in thin-film precursors, etching processes107 and in the study of molecular wires.108 The 

advances in silicon-based electronic technology, especially in the era of  integrated circuits, is 

unmistakable, however, it is now widely recognized that silicon devices will reach their 

fundamental scaling limit in the next decade or so.109 Furthermore, scaling of standard 

electronic materials to the molecular dimension suffers from many drawbacks, including higher 

fabrication costs and the exhibition of non-statistical and unpredictable behaviour.107 Although 

the evolution of silica solid state systems has generated electronic components of less than 5 

nm, molecular systems for the same purpose are only around 1 nm in length.30 Hence, as a 

result of the push toward further miniaturization of silicon-based electronics, molecules are 

increasingly being explored as the active components in electronic circuitry.107  

Recent advances in technology, including the modification of techniques such as atomic 

force microscopy (AFM) and scanning tunnelling microscopy (STM), have facilitated a more 

accurate understanding of the electronic properties of molecules. These advances have allowed 

for more significant headway to be made, since these enabled the accurate and repeatable 

investigation of charge transport through a single-molecule. In addition, the use of theoretical 

formulations to discern electron transport through molecules has developed, such as Green’s 

function, the Landauer formulation and the Simmon model.110–112 This has led to contemporary 

studies of molecular electronics encompassing a diverse range of disciplines, not only in 

fundamental studies of electron transport and surface science, but also extending to the design 

and implementation of thin-films, magnetic materials, single-molecule magnets, spin cross-

over complexes, and the application of quantum effects.113,114  

The application of molecular networks in electronics could perhaps bring advantages 

in cost, efficiency and power consumption.107 In addition to this, molecules present the 

potential to improve conductance and computing speeds and capabilities of devices, as well as 

providing previously inaccessible functionalities.115–117 With this in mind, a multitude of 

organic and inorganic structures have been prepared and examined for their charge-transport 

properties, with conjugated hydrocarbons, nucleic acid strands,118 carbon nanotubes,119 and 
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porphyrins120 all presenting promising opportunities in the fabrication of electronic 

devices.121,122 

Single-molecules have four key properties that are beneficial to their application in 

electronic devices. Firstly, the size of molecules is on the nanometer scale, which allows for 

the synthesis of functional nanostructures with accompanying advantages in cost.107 Secondly, 

molecules can be designed to exhibit specific intermolecular interactions that can be exploited 

to form novel structures by self-assembly, a property which lends itself towards molecular 

recognition, switching and sensing capabilities.107 Additionally, molecules offer the possibility 

of dynamic stereochemistry,107 and since isomers often possess different optical and electronic 

properties, their use in electronic devices may influence properties of the electrical component. 

107 Lastly, changing the composition and geometry of a molecule can drastically vary a 

molecule’s transport, binding, optical and structural properties.107 For example, the unique 

electrical, chemical, photochemical, and magnetic attributes of molecules can alter individual 

electron spins and permit well-defined confinement of electron energy levels,4 in addition to 

facilitating the examination of electronic structure and the resulting intricacies of charge 

transfer processes.10,11 Therefore, at present, molecules in electronic devices have found use as 

switches, rectifiers, transistors, non-linear components, dielectrics, photovoltaics and 

memory.123 

1.5.1 Ferrocenes in molecular electronics 

Over the last several decades a large body of work has been generated, devoted to the 

study of electron transfer in redox-active molecules. This has occurred, in part, because of their 

significance in chemical and biological processes, however more recent interest has been 

focussed on their potential utilisation in molecular components.101,124–126 In the development of 

electronic materials, the ability to tune the properties of a material by varying as many 

parameters as possible is highly desirable.10 In this respect, redox-active, organometallic 

complexes have received great interest, since this tuning of electronic properties, and changes 

in frontier orbital occupation, can be accomplished by altering a number of things, such as the 

metal atom, the oxidation state of the metal and also the identity of external ligands (which can 

act to infer  changes to both the local electronic environment, and the geometry of 

organometallic complexes). In order to measure the conductance and current through redox-

active molecules, molecules are often suspended between two electrodes, a voltage is applied 



 Chapter 1 

25 
 

at one end, and a current is passed through them. This current may subsequently be controlled 

by exchanging the redox state of the molecule using either a third electrode or an electrolyte.127 

Ferrocene is held in particularly high regard for use in molecular electronics 128,129 due 

to its tunable redox chemistry, interesting rotational capabilities and flexibility, and its superior 

physical and chemical stability, when compared with other redox active systems. As well as 

this, the wealth of synthetic chemistry that exists within the ferrocene literature can allow 

access to a wide-range of potentially interesting systems.130 In addition, Cp-rings of ferrocene, 

biferrocene and triferrocene have also been shown to provide a contact site for gold131 and 

graphene132 electrodes allowing their direct integration into molecular junctions.131 The 

combination of impressive redox properties and contact site, as well as ferrocene’s ability to 

behave as a mechanically active component, have allowed  for a broad and extensive 

exploration of ferrocene-based structures within molecular electronics. Hence, the preparation 

of ferrocene derivatives which display a diverse range of structural and electronic properties 

are regularly reported. 6,34,133–135 

Incorporation of ferrocene centres in molecular electronics has shown effects such as 

negative differential resistance (NDR) and high conductance levels, increasing the attraction 

for use in future molecular-based electronic systems.136–138 In 2005, Getty et al compared the 

single-molecule conductance properties of a 1,1-ferrocene-based molecular wire, substituted 

with oligophenylethynyl thiol moieties (Figure 1.11, top), with those of an analogous organic  

oligophenylethylene analogue (OPE). They demonstrated that the bias-dependent molecular 

conductance of the ferrocene-containing wire were two-orders of magnitude greater than those 

for the parent organic molecule.118 This phenomenon has since been documented by others, 

with other ferrocene-based molecules achieving similarly high levels of conductance (Figure 

1.11, bottom).119,136 The demonstrated conductivity increase in these systems has been 

attributed to a combination of factors; the extended conjugation, a reduction in the tunnelling 

barrier for electrons (the energy an electron needs to tunnel through the molecule) and the 

narrowing of the ferrocenyl HOMO-LUMO gap allowing for better alignment of  the HOMO 

with the Fermi level (the energy to which the orbitals of the electrode are occupied) of the 

electrode.136 In highly-conjugated, linear molecules that possess the ability to carry charge, 

such as those studied by Getty et al, when the Fermi level falls between the HOMO-LUMO 

gap a smaller energy difference between the two orbitals is desirable, as this allows for better 

conductance. This is due to the better overlap of the Fermi level with the HOMO and LUMO, 
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which, consequently, allows transport through both molecular orbitals into the electrode, rather 

than just the HOMO.139 

 

Figure 1.11 Examples of ferrocene-containing molecules used in conductance and charge 

transport studies  

Furthermore, the implementation of redox-active centres has also been shown to 

facilitate control over the conductance of a molecule by means of oxidation state manipulation. 

Studies on such properties of ferrocene have revealed fundamental transistor-like and switching 

behaviour.128  For example, Tao et al have reported that in cysteamine-terminated 1,1’-

ferrocene compounds (Figure 1.12),127 an increase in the average conductance was observed 

upon electrochemical oxidation. Following subsequent reduction of the ferrocenium, a 

decrease in conduction was achieved. Within this study, the observed current 

fluctuation/switching has been attributed to the smaller HOMO-LUMO gap of ferrocenium 

when compared to ferrocene.120  

 

Figure 1.12 Cysteamine-terminated ferrocenes investigated by Tao et al127 

Structurally, 1,2-, 1,3- and 1,1’-substituted ferrocenes could be regarded as analogues 

of ortho-, meta- and para-substituted phenylene moieties. However, an increase in the 

conformational degrees of freedom resulting from free rotation of the Cp-rings around a 

ferrocenyl centre often attributes a more complex current-response as a function of electrode 

separation, and hence molecular geometry within a junction,140 than their organic 
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counterparts.135 The combination of a flexible ferrocene motif with groups that can form an 

electrode surface contact, such as diamino moieties (Figure 1.13), within a molecular junction 

has been shown to permit the tuning of charge transport through the molecule, when studied as 

molecular wires. This was achieved by Kanthasamy et al, who demonstrated that mechanically 

elongating or compressing the junction in conjunction with the concurrent rotation of Cp-rings,  

can result in changes in molecular orbital overlap.140 If there was a way to externally control 

the geometry of these systems within a molecular junction, then these molecules, or ones of 

similar structure, could be interesting candidates for molecular switches. 

 

Figure 1.13 A series of 1,1’-ferrocene-based molecular wires140 

 A recent study by Camarasa-Gómez et al further supports the aforementioned claims.141 

Through the use of a scanning tunneling microscopy (STM)-based break-junction (BJ) 

technique, the influence of conformation on the single-molecule junction conductance features 

of two ferrocene systems and an all-organic analogue were measured and compared (Figure 

1.14). The ferrocene molecules present as structural isomers, substituted in either their 1,1’- or 

1,3-positions, with two gold-binding thioanisole moieties. These were compared to an organic 

system containing the same substituents attached in the 1,4-positions of a central benzene unit. 

They first determined that the organic parent molecule gave higher values of conductance, 

about two-orders of magnitude greater than even the largest values shown by either of the 

ferrocene systems. This feature was attributed to the hybridisation of the metal-related d-
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orbitals and the delocalised π-system of the Cp-ligands resulting in destructive quantum 

interference effects. To further probe the electronics of the 1,1’-ferrocene system they first 

form a molecular junction before sequentially decreasing and increasing the distance between 

the STM-tip and substrate by 2.4 Å whilst simultaneously measuring the conductance. They 

demonstrated that as the distance between the tip and the substrate decreased, the conductance 

rises by a factor of 6.7, on average. On the other hand, when the same technique was applied 

to the organic molecule, the conductance only rose, on average, by a factor of 2.6. This data 

supports the postulation that not only do ferrocene systems have greater flexibility than their 

organic counterparts, but that this flexibility has a large influence on the conductance 

demonstrated by these molecules. These complex characteristics have also been attributed to 

interference effects relating to the metal-based d-orbitals, which are not observed in other 

carbon-based species. Additionally, this feature of ferrocenyl-systems implies the promise of 

similar materials finding application in molecular devices as switches; mechanically 

manipulating the conformation or rotation angle of the ferrocene centre in a controlled and 

deliberate manner, can in turn change the electron transport properties.141 

 

Figure 1.14 Analogous molecules studied by Camarasa-Gómez et al141 

SAMs (self-assembled monolayers) of Ferrocene-based structures have also shown to 

lend themselves towards applications as molecular rectifiers in devices, used for converting 

alternating current into direct current.142,143 Nijhuis et al investigated the electronic properties 

of a series of ferrocene molecules suspended between electrodes of Ag and Ga2O3/eGaIn, 

whereby the “conducting” ferrocene moiety serves as a contact to the Ga2O3/eGaIn electrode 

via van der Waals interactions, and is separated from the Ag electrode by thiol-terminated, 

“insulating” alkyl chains (Figure 1.15).144 It was demonstrated that upon application of a 

negative bias the Fermi level of the Ga2O3/eGaIn electrode increases and aligns more closely 

to the energy of the HOMO of the ferrocene.145 This allows charge transport from the Ag 

electrode, through the molecule, to the Ga2O3/eGaIn electrode. The energy an electron needs 

to tunnel through the molecule (the tunnel barrier width) then depends on the length of the alkyl 

chain. When the bias is reversed (positive) the Fermi level of the Ga2O3/eGaIn electrode lowers 
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again and is no longer aligned well enough with the HOMO. 144 The tunnel barrier width is 

now greater and charge transport is hindered since the current must tunnel through the whole 

molecule.145 Additionally, it was illustrated that bending induced by mechanical stress did not 

alter the conduction properties of the mono-layer, demonstrating the promise of fabricating 

functional molecular electronic devices on both rigid and flexible structures.142 

  

Figure 1.15 A schematic of the Ferrocene alkanethiolates containing molecular junctions 

(left) and and energy level diagrams for the system under positive (middle) and negative 

(right) bias 144 

Exploitations of oxidation state have also shown promise in systems containing 

multiple redox centres, which offer access to a wider variety of oxidation states and mixed-

valence states as well as the potential for communication between two distinct redox centres. 

Accordingly, several multi-ferrocenyl systems have been developed, including biferrocene- 

containing materials, with different bridging linkers connecting the redox centres.111 One such 

example, which showed diode-like properties, has been reported by Sita et al, whereby 

oxidation of an asymmetric pyridine bridge between two ferrocenes affected the electronic 

structure, and therefore, communication between the ferrocene moieties (Figure 1.16).112 It was 

proposed that this perturbation may preferentially influence the redox properties of one 

ferrocene unit over the other, however, more data is required to verify this.112 Moreover, Chen 

et al reported that a molecular diode comprised of SAMs of ethynyl-bridged ferrocenes (Fc-

C≡C-Fc) can give especially large rectification ratios by means of elongating the physical 

distance associated with the molecular orbital (the HOMO) aligned with the Fermi level of a 

Ga2O3/eGaIn electrode.146 It was determined that when a negative bias was applied, the multi-

ferrocenyl moiety is oxidised to the dication, decreasing the van der Waals packing and 

allowing the SAM to reorganize so that the electrostatic interaction between the positively 
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charged metallocene unit and the negatively charged electrode is enhanced. Consequently, the 

number of molecules making effective contact with the electrode is increased, driving a large 

rise in current. Conversely, at reverse (positive) bias the contact between the positively charged 

electrode and the neutral ferrocene units is dominated by van der Waals interactions, and thus 

the number of molecules participating in charge transport is reduced, due to the arising disorder 

of the SAM. Hence, the current flow is reduced under positive bias.146 

 

Figure 1.16 Multiferrocenyl systems designed for the exploration of charge transport 

processes 

Integration of a biferrocene motif, in which there is delocalisation across both ferrocene 

units, has also been shown to be beneficial to the investigation of charge transport, and has 

shown its suitability in SAMs and as a bridging unit. 30,32,110 Studies have also shown that 

biferrocene can be more conductive than a single ferrocene. For example, a 1,1’’’-

bis(ethynyl)biferrocene bridge (Figure 1.17) has been shown to facilitate electron transfer 

between two terminal metal centres, by Lohan et al.32 However, the preparation of such systems 

is often hindered by the low-yielding current methodologies. 

 

Figure 1.17 Biferrocene-containing system studied by Lohan et al 32 
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1.6 Chapter synopsis 

The aim of this PhD project is to explore and develop synthetic routes towards branched 

and cyclic organometallic systems containing various metallocene units, including ferrocene, 

biferrocene and ruthenocene, with the intention that they may be applicable in fields such as 

molecular electronics and guest-host chemistry. The chapters of this project will look at the 

following: 

Chapter 2 pursues the synthesis of higher-order diiodoferrocenyl species in greater 

yields, through investigation and variation of reaction conditions. The halogenated ferrocenes 

have been utilised in both Suzuki-Miyaura and Ullmann coupling reactions for the synthesis of 

cyclic metallocene systems. Findings are applied to ruthenocene analogues for the same 

purpose. From the Ullmann-like couplings of both FcI2 and RcI2 a new preparation of oxygen-

substituted metallocenes is reported.  

Chapter 3 seeks to develop the synthesis of the family of metallocenyl thiophene 

carboxylate adducts revealed in chapter 2, through assessing the influence of reaction 

conditions, and reports the electrochemical and optical properties of such systems. A number 

of the adducts have been used in ester hydrolysis reactions to provide an analogous route 

towards metallocenols to that described in the literature; a methodology which improves the 

accessibility of higher order metallocenols. 

Chapter 4 explores the synthesis of alkyne-containing, branched, metallocene-based 

systems, and includes the utilisation of protecting group strategies and Sonogashira coupling 

reactions towards this end. Three organic groups have been utilised in the bridging and terminal 

positions of such systems, for the purpose of incorporating binding groups for use in surface 

chemistry. The prepared systems have also been studied by electrochemical investigations. 

Chapter 5 applies the alkyne protection/deprotection strategies and subsequent 

Sonogashira couplings discussed in chapter 4, as well as the Ullmann-like synthetic 

methodology discussed in chapter 2, to the synthesis of cyclic metallocene-based systems, and 

discusses electrochemical properties of the prepared species. 

Chapter 6 summarises the work in all the chapters and outlines the future prospects of 

this project in relation to both alkyne-containing and metallocene-only systems. 

Chapter 7 includes experimental details for all of the above. 

 



 Chapter 1 

32 
 

1.7 References 

1 G. Wilkinson, M. Rosenblum, M. C. Whiting and R. B. Woodward, J. Am. Chem. Soc., 

1952, 74, 2125–2126. 

2 E. O. Fischer and W. Pfab, Zeitschrift fur Naturforsch. - Sect. B J. Chem. Sci., 1952, 7, 

377–379. 

3 D. R. van Staveren and N. Metzler-Nolte, Chem. Rev., 2004, 104, 5931–5985. 

4 D. Astruc, Eur. J. Inorg. Chem., 2017, 2017, 6–29. 

5 U. T. Mueller-westerhoff, Angew. Chem. Int. Ed., 1986, 25, 702–717. 

6 L. E. Wilson, C. Hassenrück, R. F. Winter, A. J. P. P. White, T. Albrecht and N. J. 

Long, Angew. Chem. Int. Ed., 2017, 56, 6838–6842. 

7 O. Shoji, S. Okada, A. Satake and Y. Kobuke, J. Am. Chem. Soc., 2005, 127, 2201. 

8 A. K. Bar, R. Chakrabarty, G. Mostafa and P. S. Mukherjee, Angew. Chem., Int. Ed., 

2008, 47, 8455. 

9 A. Mishra, S. Ravikumar, S. H. Hong, H. Kim, V. Vajpayee, H. Lee, B. Ahn, M. 

Wang, P. J. Stang and K. W. Chi, Organometallics, 2011, 30, 6343. 

10 J. Heck and M. Dede, in Ferrocenes: Ligands, Materials and Biomolecules, ed. P. 

Štěpnička, John Wiley & Sons, Ltd, 2008, pp. 319–392. 

11 J. Widera, W. H. Steinecker, G. E. Pacey and J. A. Cox, J. Appl. Electrochem., 2003, 

33, 121–124. 

12 V. Hoffmann, L. le Pleux, D. Häussinger, O. T. Unke, A. Prescimone and M. Mayor, 

Organometallics, 2017, 36, 858–866. 

13 W. Kaim, Coord. Chem. Rev., 2011, 255, 2503–2513. 

14 B. Grossmann, J. Heinze, E. Herdtweck, F. H. Kohler, H. Noth, H. Schwenk, M. 

Spiegler, W. Wachter and B. Weber, Angew. Chem. Int. Ed. Engl., 1997, 36, 387–389. 

15 F. S. Arimoto and A. C. J. Haven, J. Am. Chem. Soc., 1955, 77, 6295–6297. 

16 D. Astruc, C. Ornelas and J. Ruiz, Acc. Chem. Res, 2008, 41, 841–856. 

17 R. D. A. Hudson, J. Organomet. Chem., 2001, 637–639, 47–69. 

18 S. Barlow and D. O. Hare, Chem. Rev., 1997, 97, 637–669. 

19 D. E. Herbert, J. B. Gilroy, W. Y. Chan, L. Chabanne, A. Staubitz, A. J. Lough and I. 

Manners, J. Am. Chem. Soc., 2009, 131, 14958–14968. 

20 C. B. Gorman, J. C. Smith, M. W. Hager, B. L. Parkhurst, H. Sierzputowska-gracz and 

C. A. Haney, J. Am. Chem. Soc., 1999, 121, 9958–9966. 

21 L. Xu, Y. Wang, L. Chen and H. Yang, Chem. Soc. Rev, 2015, 44, 2148–2167. 

22 W. A. Amer, L. Wang, A. M. Amin, L. Ma and H. Yu, J. Inorg. Organomet. Polym. 

Mater., 2010, 20, 605–615. 

23 M. Saleem, H. Yu, L. Wang, Zain-ul-Abdin, H. Khalid, M. Akram, M. Abbasi and J. 

Huang, Anal. Chim. Acta, 2015, 876, 9–25. 

24 A. K. Diallo, C. Absalon, J. Ruiz and D. Astruc, J. Am. Chem. Soc., 2011, 133, 629–

641. 



 Chapter 1 

33 
 

25 Y. Yu, A. D. Bond, P. W. Leonard, U. J. Lorenz, T. V Timofeeva, K. P. C. Vollhardt, 

D. Whitener and A. A. Yakovenko, Chem. Commun., 2006, 2572–2574. 

26 R. C. J. Atkinson, V. C. Gibson and N. J. Long, Chem. Soc. Rev, 2004, 33, 313–328. 

27 C. Ornelas, D. Méry, J.-C. Blais, E. Cloutet, J. R. Aranzaes and D. Astruc, Angew. 

Chem. Int. Ed., 2005, 44, 7399–7404. 

28 S. Brydges, L. E. Harrington and M. J. Mcglinchey, Coord. Chem. Rev., 2002, 233–

234, 75–105. 

29 N. Camire, U. T. Mueller-westerhoff and W. E. Geiger, J. Organomet. Chem., 2001, 

637–639, 823–826. 

30 T. Y. Dong, M. Lin, M. Y. N. Chiang and J. Y. Wu, Organometallics, 2004, 23, 3921–

3930. 

31 F. Ding, S. Chen and H. Wang, Mater., 2010, 3, 2668–2683. 

32 M. Lohan, P. Ecorchard, T. Ruffer, F. Justaud, C. Lapinte and H. Lang, 

Organometallics, 2009, 28, 1878–1890. 

33 W. H. Morrison and D. N. Hendrickson, Inorg. Chem., 1975, 14, 2331–2346. 

34 L. E. Wilson, C. Hassenrück, R. F. Winter, A. J. P. White, T. Albrecht and N. J. Long, 

Eur. J. Inorg. Chem., 2017, 496–504. 

35 M. C. B. Colbert, D. Hodgson, J. Lewis, P. R. Raithby and N. J. Long, Polyhedron, 

1995, 14, 2759–2766. 

36 C. Levanda, I. K. Bechgaard, I. D. Cowan and M. D. Rauschib, J. Am. Chem. Soc., 

1977, 99, 2964–2968. 

37 M. B. Robin and P. Day, Adv. Inorg. Chem, 1968, 10, 247–422. 

38 M. S. Inkpen, S. Scheerer, M. Linseis, A. J. P. White, R. F. Winter, T. Albrecht and N. 

J. Long, Nat. Chem., 2016, 8, 825–830. 

39 T. Hirao, M. Kurashina, K. Aramaki and H. Nishihara, J. Chem. Soc., Dalton Trans., 

1996, 14, 2929–2933. 

40 H. Nishiharaa, T. Hiraob, K. Aramakib and K. Aokic, Synth. Met., 1997, 84, 935–936. 

41 G. M. Brown, T. J. Meyer, D. O. Cowan, L. C, F. Kaufman, P. V Roling and M. D. 

Rausch, Inorg. Chem., 1975, 14, 506–511. 

42 M. A. Francl, Nat. Chem., 2015, 7, 6–7. 

43 R. A. Musgrave and I. Manners, Nat. Chem., 2016, 8, 819–820. 

44 J. W. Steed and J. L. Atwood, Supramolecular Chemistry, Wiley- Blackwell, 2nd edn., 

2009. 

45 L. Kaufmann, H. Vitze, M. Bolte, H. W. Lerner and M. Wagner, Organometallics, 

2008, 27, 6215–6221. 

46 J. C. Collins and K. James, Commun., Med. Chem., 2012, 3, 1489–1495. 

47 N. H. Evans, H. Rahman, A. V. Leontiev, N. D. Greenham, G. A. Orlowski, Q. Zeng, 

R. M. J. Jacobs, C. J. Serpell, N. L. Kilah, J. J. Davis and P. D. Beer, Chem. Sci., 2012, 

3, 1080–1089. 

48 A. Caballero, N. G. White and P. D. Beer, CrystEngComm, 2014, 16, 3694–3698. 



 Chapter 1 

34 
 

49 A. Tárraga, P. Molina and D. Curiel, Arkivoc, 2002, 2002, 85. 

50 K. D. Demadis, C. M. Hartshorn and T. J. Meyer, Chem. Res., 2001, 101, 2655–2685. 

51 Q. Meng and M. Hesse, Top. Curr. Chem., 1992, 161, 107. 

52 P. V. Bernhardt and E. G. Moore, Aust. J. Chem., 2003, 56, 239. 

53 W. J. Stark, P. R. Stoessel, W. Wohlleben and A. Hafner, Chem. Soc. Rev., 2015, 44, 

5793–5805. 

54 T. Albrecht, Nat. Commun., 2012, 3, 829. 

55 F. Jäkle, Chem. Rev., 2010, 110, 3985–4022. 

56 N. Sadhukhan and J. K. Bera, Inorg. Chem., 2009, 48, 978–990. 

57 A. S. Perucha, J. Heilmann-Brohl, M. Bolte, H. W. Lerner and M. Wagner, 

Organometallics, 2008, 27, 6170–6177. 

58 H. H. Shah, R. A. Al-Balushi, M. K. Al-Suti, M. S. Khan, C. H. Woodall, A. L. 

Sudlow, P. R. Raithby, G. Kociok-Köhn, K. C. Molloy and F. Marken, Inorg. Chem., 

2013, 52, 12012–12022. 

59 G. Filipczyk, S. W. Lehrich, A. Hildebrandt, T. Rüffer, D. Schaarschmidt, M. Korb 

and H. Lang, Eur. J. Inorg. Chem., 2017, 263–275. 

60 W. Zhang and J. S. Moore, Angew. Chem. Int. Ed., 2006, 45, 4416–4439. 

61 A. K. Yudin, Chem. Sci., 2015, 6, 30–49. 

62 H. B. Yan, A. M. Hawkridge, S. D. Huang, N. Das, S. D. Bunge, D. C. Muddiman and 

P. J. Stang, J. Am. Chem. Soc., 2007, 129, 2120–2129. 

63 M. J. L. Tendero, A. Benito, J. M. Lloris, R. Martínez-Máñez, J. Soto, J. Payá, A. J. 

Edwards and P. R. Raithby, Inorganica Chim. Acta, 1996, 247, 139–142. 

64 A. Tárraga, P. Molina and J. Luis López, Tetrahedron Lett., 2000, 41, 2479–2482. 

65 L. Pisciottani, M. Douarre, B. Bibal, C. Davies, H. Roberts, B. Kauffmann, S. L. 

Horswell, J. H. R. Tucker and N. D. McClenaghan, Supramol. Chem., 2018, 30, 869–

875. 

66 V. Hoffmann, N. Jenny, D. Häussinger, M. Neuburger and M. Mayor, European J. 

Org. Chem., 2016, 2016, 2187–2199. 

67 S. R. Beeren and J. K. M. Sanders, Chem. Sci., 2011, 2, 1560–1567. 

68 C. D. Hall and N. W. Sharpe, J. Photochem. Photobiol. A Chem., 1991, 56, 255–265. 

69 P. J. Hammond, A. P. Bell and C. D. Hall, J. Chem. Soc. Perkin Trans. 1, 1983, 707–

715. 

70 H. Plenio, C. Aberle, Y. Al Shihadeh, J. M. Lloris, R. Martínez‐Máñez, T. Pardo and J. 

Soto, Chem. – A Eur. J., 2001, 7, 2848–2861. 

71 H. Plenio and C. Aberle, Chem. Commun., 1998, 2697–2698. 

72 N. H. Evans, C. J. Serpell, K. E. Christensen and P. D. Beer, Eur. J. Inorg. Chem., 

2012, 2012, 939–944. 

73 G. Dong, H. Gang, D. Chun-Ying, P. Ke-Liang and M. Qing-Jin, Chem. Commun., 

2002, 2, 1096–1097. 



 Chapter 1 

35 
 

74 A. G. Osborne, M. Webba Da Silva, M. B. Hursthouse, K. M. A. Malik, G. Opromolla 

and P. Zanello, J. Organomet. Chem., 1996, 516, 167–176. 

75 M. T. Casey, P. Guinan, A. Canavan, M. McCann, C. Cardin and N. B. Kelly, 

Polyhedron, 1991, 10, 483–489. 

76 R. E. Dinnebier, L. Ding, K. Ma, M. A. Neumann, N. Tanpipat, F. J. J. Leusen, P. W. 

Stephens and M. Wagner, Organometallics, 2001, 20, 5642–5647. 

77 W. Y. Chan, A. J. Lough and I. Manners, Angew. Chem. Int. Ed., 2007, 46, 90969–

9072. 

78 D. E. Herbert, U. F. J. Mayer and I. Manners, Angew. Chem. Int. Ed., 2007, 46, 5060–

5081. 

79 B. Grossmann, J. Heinze, E. Herdtweck, F. H. Köhler, H. Nöth, H. Schwenk, M. 

Spiegler, W. Wachter and B. Weber, Angew. Chem. Int. Ed. Engl., 1997, 36, 387–389. 

80 A. D. Woods, G. Alcalde, V. B. Golovko, C. M. Halliwell, M. J. Mays and J. M. 

Rawson, Organometallics, 2005, 24, 628–637. 

81 P. Tagliatesta, A. Lembo and A. Leoni, New J. Chem., 2013, 37, 3416–3419. 

82 N. G. White and P. D. Beer, Beilstein J. Org. Chem., 2012, 8, 246–252. 

83 U. H. F. Bunz, G. Roidl, M. Altmann, V. Enkelmann and K. D. Shimizu, J. Am. Chem. 

Soc., 1999, 121, 10719–10726. 

84 W. Feng, K. Yamato, L. Yang, J. S. Ferguson and L. Zhong, J. Am. Chem. Soc., 2009, 

131, 2629–2637. 

85 H. Oike, React. Funct. Polym., 2007, 67, 1157–1167. 

86 P. Park, A. J. Lough and D. A. Foucher, Macromolecules, 2002, 35, 3810–3818. 

87 F. L. Hedberg and H. Rosenberg, J. Am. Chem. Soc., 1969, 91, 1258–1259. 

88 M. D. Rausch, R. F. Kovar and C. S. Kraihanzel, J. Am. Chem. Soc., 1969, 91, 1259–

1261. 

89 D. O. Cowan and C. LeVanda, J. Am. Chem. Soc., 1972, 94, 9271–9272. 

90 C. LeVanda, K. Bechgaard, D. O. Cowan, U. T. Mueller-Westerhoff, P. Eilhracht, G. 

A. Candela and R. L. Collins, J. Am. Chem. Soc., 1976, 98, 3181–3187. 

91 R. Breuer and M. Schmittel, Organometallics, 2012, 31, 1870–1878. 

92 U. T. Mueller-Westerhoff and P. Eilbracht, J. Am. Chem. Soc., 1972, 94, 9272–9274. 

93 R. Shekurov, V. Miluykov, O. Kataeva, A. Tufatullin and O. Sinyashin, Acta 

Crystallogr. Sect. E Struct. Reports Online, 2014, 70, m318–m319. 

94 R. P. Shekurov, V. A. Miluykov, D. R. Islamov, D. B. Krivolapov, O. N. Kataeva, T. 

P. Gerasimova, S. A. Katsyuba, G. R. Nasybullina, V. V. Yanilkin and O. G. 

Sinyashin, J. Organomet. Chem., 2014, 766, 40–48. 

95 S. Santi, L. Orian, A. Donoli, A. Bisello, M. Scapinello, F. Benetollo, P. Ganis and A. 

Ceccon, Angew. Chem. Int. Ed., 2008, 47, 5331–5334. 

96 M. D. Rausch and P. V Roling, J. Organomet. Chem., 1977, 141, 195–201. 

97 S. Santi, L. Orian, C. Durante, E. Z. Bencze, A. Bisello, A. Donoli, A. Ceccon, F. 

Benetollo and L. Crociani, Chem. Eur. J., 2007, 13, 7933–7947. 



 Chapter 1 

36 
 

98 T. J. Katz and W. Slusarek, J. Am. Chem. Soc., 1980, 102, 1058–1063. 

99 N. Robertson and C. A. McGowan, Chem. Soc. Rev., 2003, 32, 96–103. 

100 T. Y. Dong, K. Chen, M. C. Lin and L. Lee, Organometallics, 2005, 24, 4198–4206. 

101 R. L. Carroll and C. B. Gorman, Angew. Chem. Int. Ed., 2002, 41, 4378–4400. 

102 A. Coskun, J. M. Spruell, G. Barin, W. R. Dichtel, A. H. Flood, Y. Y. Botros and J. F. 

Soddart, Chem. Soc. Rev., 2012, 41, 4827. 

103 H. Song, M. A. Reed and T. Lee, Adv. Mater., 2011, 23, 1583. 

104 H. Haick and D. Cahen, Prog. Surf. Sci, 2008, 83, 217. 

105 A. Erbe and S. Verleger, Acta Phy. Pol., A, 2009, 115, 455. 

106 N. Weibel, S. Grunder and M. Mayor, Org. Biomol. Chem., 2007, 5, 2343. 

107 J. R. Heath and M. A. Ratner, Phys. Today, 2003, 56, 43–49. 

108 T. A. Su, H. Li, R. S. Klausen, N. T. Kim, M. Neupane, J. L. Leighton, M. L. 

Steigerwald, L. Venkataraman and C. Nuckolls, Acc. Chem. Res., 2017, 50, 1088–

1095. 

109 P. Avouris, Acc. Chem. Res., 2002, 35, 1026–1034. 

110 F. Ding, S. Chen and H. Wang, Mater., 2010, 3, 2668–2683. 

111 A. Hildebrandt and H. Lang, Organometallics, 2013, 32, 5640–5653. 

112 C. Engtrakul and L. R. Sita, Nano Lett., 2001, 1, 541–549. 

113 F. Maya, A. K. Flatt, M. P. Stewart, D. E. Shen and J. M. Tour, Chem. Mater., 2004, 

16, 2987–2997. 

114 D. Brisker, I. Cherkes, C. Gnodtke, D. Jarukanont, S. Klaiman, W. Koch, S. 

Weissman, R. Volkovich, M. C. Toroker and U. Peskin, Mol. Phys., 2008, 106, 281–

287. 

115 Y. Men, K. Kubo, M. Kurihara and H. Nishihara, Phys. Chem. Chem. Phys, 2001, 3, 

3427–3430. 

116 J. M. Tour, A. M. Rawlett, M. Kozaki, Y. X. Yao, R. C. Jagessar, S. M. Dirk, D. W. 

Price, M. A. Reed, C. W. Zhou, J. Chen, W. Y. Wang and I. Campbell, Chem. Eur. J., 

2001, 7, 5118. 

117 D. L. Pearson, L. Jones, J. S. Schumm and J. M. Tour, Synth. Met., 1997, 84, 303. 

118 S. A. Getty, C. Engtrakul, L. Wang, R. Liu, S.-H. Ke, H. U. Baranger, W. Yang, M. S. 

Fuhrer and L. R. Sita, Phys. Rev. B Solid State, 2005, 71, 241401.1-241401.4. 

119 Q. Lu, C. Yao, X. Wang and F. Wang, J. Phys. Chem. C, 2012, 116, 17853–17861. 

120 X. Xiao, D. Brune, J. He, S. Lindsay, C. B. Gorman and N. Tao, Chem. Phys., 2006, 

326, 138–143. 

121 S. Köcher, G. P. M. van Klink, G. van Koten and H. Lang, J. Organomet. Chem., 

2006, 691, 3319–3324. 

122 M. Lohan, F. Justaud, T. Roisnel, P. Ecorchard, H. Lang and C. Lapinte, 

Organometallics, 2010, 29, 4804–4817. 

123 G. Cuniberti, G. Fagas and K. Richter, Introducing molecular electronics: A brief 



 Chapter 1 

37 
 

overview, Springer, Berlin, Heidelberg, 2006, vol. 680. 

124 A. Aviram and M. Ratner, Chem. Phys. Lett., 1974, 29, 277. 

125 A. Nitzan and M. A. R. Science, Science (80-. )., 2003, 300, 1384. 

126 N. S. Hush, A. T. Wong, G. B. Bacskay and J. R. Reimers, J. Am. Chem. Soc., 1990, 

112, 4192. 

127 X. Xiao, D. Brune, J. He, S. Lindsay, C. B. Gorman and N. Tao, Chem. Phys., 2006, 

326, 138–143. 

128 A. R. Garrigues, L. Yuan, L. J. Wang, S. Singh, E. del Barco and C. A. Nijhuis, Dalton 

Trans., 2016, 45, 17153-17159. 

129 A. R. Garrigues, L. Yuan, L. J. Wang, E. R. Mucciolo, D. Thompon, E. del Barco and 

C. A. Nijhuis, Sci. Rep., 2016, 6, 26517. 

130 C. Engtrakul and L. R. Sita, Organometallics, 2008, 27, 927–937. 

131 A. C. Aragonès, N. Darwish, S. Ciampi, L. Jiang, R. Roesch, E. Ruiz, C. A. Nijhuis 

and I. Díez-Pérez, J. Am. Chem. Soc., 2019, 141, 240–250. 

132 P. Song, S. Guerin, S. J. R. Tan, H. V. Annadata, X. J. Yu, M. Scully, Y. M. Han, M. 

Roemer, K. P. Loh, D. Thompson and C. A. Nijhuis, Adv. Mater., 2018, 30, 1706322. 

133 M. S. Inkpen, T. Albrecht and N. J. Long, Organometallics, 2013, 32, 6053–6060. 

134 M. S. Inkpen, A. J. P. White, T. Albrecht and N. J. Long, Dalton Trans., 2014, 43, 

15287–15290. 

135 I. Baumgardt and H. Butenschon, Eur. J. Org. Chem., 2010, 1076–1087. 

136 Y.-Y. Sun, Z.-L. Pen, R. Hou, J.-H. Liang, J.-F. Zheng, X.-Y. Zhou, X.-S. Zhou, S. 

Jin, Z.-J. Niu and B.-W. Mao, Phys. Chem. Chem. Phys., 2014, 16, 2260–2267. 

137 R. A. Wassel, G. M. Credo, R. R. Fuierer, D. L. Feldheim and C. B. Gorman, J. Am. 

Chem. Soc., 2003, 126, 295–300. 

138 C. B. Gorman, R. L. Carroll and R. R. Fuierer, Langmuir, 2001, 17, 6923–6930. 

139 M. Naher, M. Roemer, G. A. Koutsantonis and P. J. Low, in Reference Module in 

Chemistry, Molecular Sciences and Chemical Engineering, Elsevier, 2020. 

140 K. Kanthasamy, M. Ring, D. Nettelroth, C. Tegenkamp, H. Butenschon, F. Pauly and 

H. Pfnur, Small, 2016, 12, 4849–4856. 

141 M. Camarasa-Gómez, D. Hernangómez-Pérez, M. S. Inkpen, G. Lovat, E. D. Fung, X. 

Roy, L. Venkataraman and F. Evers, Nano Lett., 2020, 20, 6381–6386. 

142 H. Jeong, D. Kim, G. Wang, S. Park, H. Lee, K. Cho, W. T. Hwang, M. H. Yoon, Y. 

H. Jang, H. Song, D. Xiang and T. Lee, Adv. Funct. Mater., 2014, 24, 2472–2480. 

143 M. E. Welker, Molecules, 2018, 23. 

144 C. A. Nijhuis, W. F. Reus and G. M. Whitesides, J. Am. Chem. Soc., 2009, 131, 

17814–17827. 

145 C. A. Nijhuis, W. F. Reus and G. M. Whitesides, J. Am. Chem. Soc., 2010, 132, 

18386–18401. 

146 X. Chen, M. Roemer, L. Yuan, W. Du, D. Thompson, E. Del Barco and C. A. Nijhuis, 

Nat. Nanotechnol., 2017, 12, 797–803. 



Chapter 2 

38 

 

Chapter 2 Development and Investigation into the 

Preparation of Cyclic Ferrocenes 

2.1 Introduction 

2.1.1 Importance of diiodoferrocene (FcI2) as a starting material 

Haloferrocenes, in particular iodoferrocenes, are highly useful synthons in the 

preparation of ferrocene-containing systems. They have a broad reactivity profile allowing 

participation of the halide moiety in many reactions, including Suzuki,1 Sonogashira,2,3 

Negishi,4 Stille5 and Ullmann6,7 couplings, Pd-catalysed phosphinations8 and 

carbonylations,9,10 as well as copper-mediated reactions forming ferrocenyl-amines,11 

ethers12,13 and carboxylic acids14, as exemplified in Figure 2.1. In addition, the reactivity of 

such species can be further extended by transformation into other useful functionalities, such 

as acetyl15, azide,16 cyanide15 and Grignard17. A wider range of ferrocenyl systems can also be 

accessed via the lithiated adduct, formed by lithium-halogen exchange reactions, followed by 

quenching with a plethora of electrophiles. An in-depth review of the synthesis and reactivity 

haloferrocenes was recently published by Holger Butenschön, pertaining to this topic.18 

 

Figure 2.1 Examples of direct reactions of iodoferrocenes 
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More specifically to this work, great efforts have been made towards efficient and large 

scale synthesis and isolation of diiodoferrocene (FcI2), since it too has the potential to be 

implemented in all of the reactions described for FcI.19–21 Typically prepared via the two-fold 

lithiation of ferrocene in the presence of TMEDA, followed by quenching with elemental 

iodine, FcI2 can be obtained in good yields. From this reaction, a crude mixture of ferrocene, 

FcI and FcI2 is obtained, after removal of higher order haloferrocenes (Scheme 2.1). Separation 

of FcI2 from the resulting combination of mono-ferrocenyl series, using conventional 

techniques, is often found to be arduous. The difficulty of purification is likely the result of the 

similar polarity and solubility of the ferrocene species, exacerbated by the liquid state of FcI2 

at room temperature, in contrast to FcI, FcBr and FcBr2, which are all solids. 

 

Scheme 2.1 Typical procedure for the synthesis of FcI2 

Recent advances, however, have since allowed the facile purification of FcI2, by taking 

advantage of the difference in oxidation potentials of the ferrocenyl centres. This process, 

known more commonly as ‘oxidative purification’, discussed later in more detail, permits the 

isolation of the diiodo-ferrocenes from their mono-iodo and unsubstituted analogues. The 

process can also be applied to mixtures containing higher order ferrocenyl systems, such as 

biferrocenes and triferrocenes, as well as brominated analogues.19 Despite their potential 

application, and the progress towards FcI2, little attention has been paid to the higher order 

analogues. Indeed, it has been found that under the same conditions, yields of Fc2I2 and Fc3I2 

are variable.22 Hence, an important aim of this project was to probe the formation of the bi- and 

tri-ferrocenyl systems from the aforementioned lithiation-iodination reaction. 

2.1.2 Suzuki-Miyaura coupling reactions of ferrocene 

A powerful constructive protocol for the formation of carbon-carbon bonds can be 

found in the palladium-catalysed cross-coupling of organoboron compounds and organic 

halides or triflates. Commonly known as the Suzuki-Miyaura reaction, this cross-coupling 

reaction has become a key methodology in the preparation of biaryls, yet for the synthesis of 

oligometallocenes this synthetic pathway has yet to be utilised.23–26  
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Ferrocenes were first employed in Suzuki-Miyaura coupling reactions by Knapp et al, 

in 1993.1 In this seminal work, the synthesis 1,1’-bis(phenyl)ferrocenes was developed for 

optimum coupling yields. Utilising both haloferrocenes and ferrocene boronic acids, two 

different reaction conditions were compared (Scheme 2.2) and the effect of the halide moiety 

on yield was investigated.  

 

Scheme 2.2 The synthesis of 1,1’-bis(phenyl)ferrocenes developed by Knapp et al1 (A: 

toluene, 2 M Na2CO3(aq), Pd(PPh3)4; B: DME, 3 M NaOH(aq), PdCl2(dppf)) 

It was found that the best yields (attained from 1H NMR spectroscopic data) were 

obtained when the reaction was performed in 1,2-dimethoxy ethane (DME), in the presence of 

sodium hydroxide and catalytic amounts of PdCl2(dppf) (condition B). Additionally, the 

presence of an iodide moiety was determined to be favourable over bromide and chloride 

functionalities. Under the optimum conditions described, 1,1’-bis(phenyl)ferrocenes could be 

formed in up to 90% yields.1 This study was further extended to include the synthesis of 1,1’-

bis(halophenyl)ferrocenes, in which the benzene derivatives bearing additional halide moieties 

were used, and the diarylated ferrocenes were formed in 70-90% yields (based on 1H NMR 

data).1 Based on these literature findings, it was thought that the reaction medium developed, 

as described above, would be a suitable starting point for the application of Suzuki-Miyaura 

coupling reactions to the synthesis of oligoferrocenes discussed in this thesis. Since this report, 

ferrocenyl halides and boronic acids have been used in numerous Suzuki-Miyaura reactions, 

under varying conditions, with isolated yields ranging between 40 – 90%.27–33 

In 2016, Yasuhara et al reported the inter-metallocene cross-coupling of a series of 

metallocenes, utilising both Suzuki-Miyaura and Negishi coupling reactions.34 Although 

typically Ullmann couplings (discussed later) are used for metallocene coupling reactions, these 

are predominantly used for the homo-coupling of iodometallocenes and are generally found to 

be unsuitable for the preparation of heteronuclear systems. Hence, for this reported work, the 

palladium-catalysed process was applied.34 It should be noted that the conditions presented by 

Yasuhara et al (Scheme 2.3)34 mirror the synthetic protocol utilised in earlier work by Knapp 

et al.1  
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Scheme 2.3 Inter-metallocene cross-coupling reported by Yasuhara et al34 

The reaction between FcI and the boronated ruthenocene under Suzuki-Miyaura 

conditions gave the bimetallocene system, FcRc, in 39% yield, which is an increase when 

compared to the Ullmann coupling, where the desired heteronuclear bimetallocene was isolated 

in 28% yield. Although the overall yield of the Suzuki-Miyaura reaction was a slight 

improvement over yields obtained from the Ullmann-coupling, one key advantage observed 

was the reduction in side-product formation. It was reported that the homo-coupling of FcI to 

give Fc2 (occurring during both methodologies), was definitely decreased under Suzuki-

Miyaura conditions, allowing for greater yields of FcRc. It was also suggested that no homo-

coupling of the ruthenocenyl species, RcI, to give Rc2, occurred under the reported conditions 

because of the absence of Rc2 in the crude product.34 

The Suzuki-Miyaura coupling has several advantageous aspects. Not only is the 

coupling largely unaffected by the presence of water and the reaction conditions quite mild, but 

reagents are usually readily available or easily synthesised. Further contributing to the 

versatility of this reaction is the high tolerance towards functional groups and general regio- 

and stereo-selectivity often reported.24 Although ferrocenyl systems have been implemented in 

Suzuki-Miyaura couplings with organic aromatic systems, in only one case has this been 

advanced to include the cross-coupling of two metallocene species.24 Hence, the Suzuki-

Miyaura coupling between iodo-ferrocenes and ferrocenyl boronic acids was investigated as 

part of this thesis, in the hope that this could be a future alternative route to higher order 

ferrocenyl compounds.  

2.1.3 Linear, oligomeric ferrocenes 

The synthesis of oligo-metallocenes has been a topic of interest for several decades, 

since they permit the study of metal-metal interactions between the linked moieties. Since the 

report of 1,1’-triferrocene in 1963, several routes to trimetallocenyl systems, the simplest of 

oligometallocenes, have been reported.35 It is important to note, that in the field of 

oligometallocenes, numerous examples of 1,1’-heteronuclear trimetallocenyl systems, in which 

the metal centres are not the same, have been reported along with structural isomers of 
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oligometallocenes, such as the 1,2-substituted derivatives.36–42 These topics, however, are 

beyond the scope of this thesis. 

An early publication regarding the synthesis of 1,1’-polyferrocenes, and a follow-up 

report, by Rausch et al claimed that this type of system (‘polyferrocenylene’) can be prepared 

via the thermal decomposition of diferrocenylmercury in the presence of palladium black or 

silver.43,44 Although elemental analysis data is provided, this evidence is questionable as it 

represents only the relative ratios of carbon:hydrogen:iron atoms within the molecules, rather 

than the absolute composition. It is stated that the analysis of the product closely agrees with 

the composition expected for polyferrocenes, but that other characterisation data was not 

obtained due to the poor solubility of the product. Despite the data provided, it is not evident 

that any specific polymer length had been isolated, but merely indicated that polymers had 

formed.44 The electrochemistry of 1,1’-triferrocene, reportedly synthesised by the 

aforementioned route, was later discussed, but no other characterisation data was provided.45 

This synthetic pathway was further elucidated by Izumi et al.46 It was described that the 

reaction between chloromercuriferrocene and 1,1’-bis(chloromercuri)ferrocene, in the presence 

of a palladium (II) salt, lithium chloropalladite, produced a series of linear ferrocene oligomers, 

ranging from two to six ferrocene units (Scheme 2.4). Formation of the cyclic species, 

biferrocenylene (cyclo[2]), was also reported. Although reasonable evidence was given for the 

formation of the longer ferrocene chains (n = 2-4), it was noted that 1H NMR data was 

unobtainable, due to the insolubility of the chains. Additionally, no yields were reported.46 

 

Scheme 2.4 Route towards linear oligomeric ferrocenes reported by Izumi et al46 

In 1998, Kang et al also reported the synthesis of 1,1-triferrocene. The synthetic route 

takes advantage of the high yielding Pauson-Khand reaction, giving a ferrocenyl 

cyclopentenone, which was then converted to the cyclopentadiene moiety.47 This was then 

treated with a lithium reagent and quenched with an iron salt, giving the desired triferrocenyl 

species in 37% yield (Scheme 2.5).47 
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Scheme 2.5 Kang's synthesis of triferrocene47 

Of particular interest, with respect to this work, is the reactivity between organolithium 

and organohalide reagents. Although this chemistry was already well acknowledged for organic 

aromatic systems, the first report of this type of cross-coupling between ferrocene species was 

presented by Neuse et al, in 1978 (Scheme 2.6).48 Haloferrocenes are typically poor substrates 

in nucleophilic substitutions, via addition-elimination, due to the inherent basicity of the 

metallocene nucleus. However, it was proposed, and found, that lithioferrocenes, especially 

those chelated with TMEDA and thus with enhanced nucleophilicity, should function as 

effective nucleophiles in reaction between metallocenyllithium and halometallocenes. Further 

probing of this reaction revealed no significant changes in yield when reagent concentration 

and ratio was increased or decreased. It was, however, noticed that when the reaction 

temperature was increased to around 70 oC the molecular weights detected in each sample also 

increased. In addition, it was observed that reducing the solvent polarity gave distinctly lower 

yields of polymeric materials; a combination of 1,2-dimethoxy ethane (DME) and THF were 

found to give the highest yields. It was even determined that the coordinative assistance of 

DME/THF accelerated the reaction so efficiently that addition of palladium and copper species 

to aid coupling gave no further increase in the degree of polymerisation. 

 

Scheme 2.6 Reaction between FcI2 and FcLi2 investigated by Neuse et al 48 
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Indeed, it was found that this synthetic pathway was remarkably efficient, giving 

polyferrocenyl materials in up to 85% yield, although it is not clear which chain lengths were 

isolated and yields are based on amount of starting materials recovered.48 The study was later 

expanded to include the ruthenocene analogues, however it was found that even with the 

implementation of the polar solvent combination described above overall yields of coupling 

products did not exceed 25%.49 

Some related reactions have also been developed and feature couplings of 

lithioferrocenes and ferrocenyl Grignards, as well as the incorporation of copper, magnesium 

and palladium salts to aid coupling.50–58 Although numerous routes to oligoferrocenes have 

been reported, the most employed of such strategies is the Ullmann coupling between 

ferrocenyl halides.6,7,42,59,60 

2.1.4 Ullmann-like coupling of ferrocenes 

Significant advancement in synthesis of oligoferrocenes came from the utilisation of 

Ullmann couplings, by Nesmeyanov et al, to produce 1,1’-triferrocene.35 Ullmann couplings 

can utilise both mono- and 1,1’-di-haloferrocenes, and an excess of activated copper. This 

copper-induced reductive coupling is widely used and tends to give oligoferrocene systems, 

comprising up to six monomeric units, in high yields; however, these reactions generally 

require high temperatures (>120oC) or long reaction times in addition to the activated 

copper.6,56,59–61 

Further development of Ullmann couplings is largely accredited to Rausch et al. Having 

previously implemented the copper-mediated reaction in the synthesis of biferrocene, 

significant work later went into the development of Ullmann couplings and the synthesis of 

oligometallocenes (Scheme 2.7) .6,7,42,43,53,59,62 In one report, where the reaction between FcI2 

and FcX (X=I, Br, Cl) was studied, it was found that different product ratios were observed 

depending on the haloferrocene used. This trend was accounted for by the known relative 

reactivity of arylhalides.59 Characterisation data obtained was compared with other reports in 

the literature, and it was concluded that a family of ferrocene oligomers, ranging from two to 

six ferrocene units, had been successful isolated, albeit in low yields. 
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Scheme 2.7 Ullmann coupling as explored by Rausch et al59 

In several reports, the low solubility of higher order ferrocene oligomers was often 

reported to lead to difficulties in their isolation and subsequent characterisation. Hence, 

substituted derivatives of haloferrocenes have been employed in the synthesis of oligomeric 

ferrocenes. A family of tri- and tetra- ferrocenes, substituted with either alkyl or ether 

functionalities, was created by Dong et al, and utilised the Ullmann coupling of 

bromoferrocenes (Scheme 2.8).63 The low yields (10-15%) of the triferrocenyl systems 

obtained, however, was attributed to the formation of side products resulting from the presence 

of functional groups and the homocoupling of the mono-halide systems. The electrochemistry 

and Mӧssbauer characteristics of the products were also recorded. 

 

Scheme 2.8 Series of triferrocenyl systems as prepared by Dong et al63 

A later report by the same author again utilised Ullmann coupling to synthesise a 

dicarbaldehyde triferrocene derivative in a similar yield. The product was then incorporated as 

a spacer unit into ruthenium(II) terpyridine complexes for the investigation into its electronic 

properties, with the idea that it may find application as a molecular wire.64 
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2.1.5 Cyclic, multi-metallocene-containing systems 

Until recently, in all coupling reactions of ferrocenes, the only cyclo (1,1’- 

oligoferrocenes) to have been detected were cyclo[2] and triferrocenylene (cyclo[3]). It should 

be noted, however, that a number of cyclo (1,2- oligoferrocenes) have also been isolated. 65–67 

 Ullmann couplings of halogenated metallocenes classically command temperatures of 

120 oC and above, or long reaction times and an activated copper catalyst.6,7,42,59 These 

conditions seem to be unsuitable for forming cyclic ferrocene complexes and so the ambient-

temperature Ullmann-like coupling, reported in 1997 by Zhang et al,68 is of particular interest. 

It was reported that the Ullmann-like reductive coupling of some aryl, heteroaryl and alkenyl 

halides could be performed at ambient temperature in the presence of copper(I) thiophene-2-

carboxylate (CuTc) and using N-methyl-2-pyrrolidone (NMP)  as a solvent.68 However, this 

procedure had not been applied to halogenated metallocenes until it was utilised by Inkpen et 

al in the synthesis of cyclic multi-ferrocenyl systems (Scheme 2.9). From this study, the largest 

covalently bonded oligomeric ferrocene species to date (cyclo[9]) was isolated, and the 

structure comprising six ferrocene units, sexiferrocene (cyclo[6]), was confirmed by X-ray 

crystallography.69 This was a significant development in the synthesis of cyclic ferrocene 

oligomers as it overcomes the synthetic issues and investigative limitations of larger ring 

systems reported in the literature, albeit in low yields.70 

 

Scheme 2.9 New synthetic route to cyclo(1,1'-oligoferrocenes) 

 As expected, the reaction had to be carried out under high dilution conditions to favour 

the intramolecular cyclisation reactions over polymerisation and other potential side 

reactions.69 It was reported that attempts were made to improve the yield of cyclic products 

beyond 1-2% by means of increasing the concentration of the ferrocene starting material using 

pseudo high-dilution, and increasing reaction temperature. These efforts, however, only 

resulted in polymerisation side reactions taking precedence, or an increase in side-product 

formation. In addition to the cyclic systems presented, two side-products were isolated from 
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the reaction, ferrocenyl thiophene-2-carboxylate (FcTc) and cyclo[2]. Although the Ullmann-

like methodology can be applied to FcI2, Fc2I2 or Fc3I2, it was found that the formation of 

cyclo[2] and FcTc was eliminated by use of the trinuclear species, resulting in more facile 

purification and better yields.69 However, use of FcI2 avoids the need for the synthesis of Fc2I2 

or Fc3I2, which have unpredictable yields and are therefore less readily available.  

 Given that more traditional couplings of ferrocene units seem unsuitable for the 

preparation of cyclic metallocene oligomers, this recent Ullmann-like coupling could be 

developed further in order to become synthetically significant in this area of interest. Hence, 

the progression and optimisation of the CuTc-mediated coupling reaction was deemed a 

suitable aim for this PhD project. 

2.1.6 Chapter aims 

An aim of this thesis is to probe and optimise the synthesis of cyclo(1,1'-

oligoferrocenes). If these cyclic species could be isolated in greater yields, their physical and 

electrial properties can be investigated, and they could find application in a range of fields. It 

was reported by Inkpen et al, that the preparation of cyclo[6] from Fc3I2 resulted in an increased 

yield of the desired cyclic species and a reduction in side product formation. Hence, attempts 

to improve the synthetic yields of the triferrocenyl material are discussed herein. The 

techniques discussed include varying different aspects of the typical synthetic methodology 

towards dihaloferrocenes as well as investigating the use of palladium-catalysed reactions for 

the same purpose. Then, the exploration of the CuTc-mediated Ullmann-like coupling of 

diiodoferrocenes is discussed. This includes examination of ligand and solvent effects on the 

reaction. Where possible, similar reactions with ruthenocene analogues are also described. 

2.2 Discussion on the optimisation of the synthesis of multinuclear diiodoferrocenes 

The cyclisation reactions described by Inkpen et al, show that synthesis of cyclo[6] 

from Fc2I2 resulted in the formation of cyclo[2], which proved difficult to remove.69 The 

cyclisation of the trinuclear system, Fc3I2, resulted in more easily removed side products, and 

therefore more facile purification. It is, therefore, proposed that the most effective synthesis of 

cyclo[6] should utilise the triferrocenyl species, Fc3I2  in the Ullmann-like cyclisation 

reaction.69 Unfortunately, the preceding iodination of ferrocene produces many multiferrocenyl 

side-products. As a result, the higher order diiodoferrocene species, Fc2I2 and Fc3I2 (Figure 

2.2), are produced in low yields (7% and 2% respectively), whilst the monoculear species, FcI2, 



Chapter 2 

48 

 

is the major product (16% yield).69 In order to efficiently synthesise cyclo[6], the proposed 

trinuclear starting material needs to be obtained in higher yield. Accordingly, a key area of 

interest in this thesis was the investigation and development of the iodination step to favour 

longer ferrocenyl chains (n>2).  

 

Figure 2.2 The multiferrocenyl systems of interest; Fc2I2 (left) and Fc3I2 (right) 

It should be noted that although there have been routes towards oligomeric ferrocenes 

reported, none of these examples include halide moieties that could be used for further 

functionalisation. As discussed earlier, iodoferrocenes are particularly useful due to their vast 

reactivity profile. In addition, the presence of multiple metallocene centres can bring about new 

electronic properties that are otherwise inaccessible. Hence, the development of the synthesis 

towards higher order mono- and di-iodoferrocenes should be explored further to enable the 

preparation of novel multi-ferrocenyl systems in a more efficient manner.  

2.2.1 The general synthesis of diiodoferrocene (FcI2), diiodobiferrocene (Fc2I2) and 

diiodotriferrocene (Fc3I2) in a one-pot reaction. 

 In order for the application and reactivity of the novel cyclic multiferrocenyl systems to 

be studied, the yields of both the multinuclear precursors and the Ullmann-like coupled 

products needs to be improved. Throughout this project, attempts to optimise and improve the 

synthetic route towards these iodinated materials were carried out, with the intent of using them 

to synthesise the cyclic systems described by Inkpen et al. 

 A series of diiodo-ferrocenyl species were synthesised from ferrocene following 

methodology described in the supplementary material of the report by Inkpen et al (Scheme 

2.10).69 The crude reaction mixture contained many ferrocenyl species with varying numbers 

of ferrocene units. These were separated using column chromatography, with the mono-, bi-, 

and tri- species successfully isolated and identified. The tetraferrocenyl species was also 

identified by mass spectrometry in a fraction from the column; however, it has been unable to 

be fully isolated as of yet. 
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Scheme 2.10 Synthetic route of ferrocene iodination towards the formation of FcxI2 

 Following column chromatography, the (separated) desired mono-, bi- and tri- 

diiodoferrocenyl species were found to contain impurities of the non-halogenated and mono-

halogenated side products. These contaminants were removed by chemical oxidation 

extraction, using FeCl3.
71 

The mononuclear ferrocene species were eluted from the column in n-hexane, and as 

such were contained in the first band removed from the column. The oxidative purification, 

discussed in detail in section 2.2.2, of the mono-ferrocenyl species allows for rapid removal of 

unreacted ferrocene, typically after one wash with FeCl3, but the subsequent oxidation of FcI 

is relatively slow and often requires several washes for complete removal. The 1H NMR 

spectrum of FcI2 (Figure 2.3), as well as higher order diiodoferrocenes, is notably simple, and 

only shows two pseudo-triplet resonances Hα and Hβ. This is typical of symmetrically 1,1′-

disubstituted ferrocenes and, as expected, the protons closest to the halogen are shifted further 

downfield in comparison to those further away.69 

 

Figure 2.3 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 1,1’-diiodoferrocene (FcI2) 
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The binuclear materials were contained in the second band to be eluted (n-

hexane/CH2Cl2 [9:1 v/v]). The 1H NMR spectrum of the crude fraction revealed the main 

component to be diiodobiferrocene, with a relatively small amount of impurities. After washing 

the crude mixture with the chemical oxidant, FeCl3, the 1H NMR spectrum revealed the 

presence of only one ferrocenyl species. However it was noted that the colour of the product 

did not correspond to literature reports.69 Instead of being a deep red colour, the product was 

black; the product was filtered through a silica plug and was recrystallised from n-hexane/ 

CH2Cl2, which revealed the desired deep red crystals. Similarly to FcI2, the 1H NMR spectrum 

of the purified Fc2I2 (Figure 2.4) is reasonably simple and shows four pseudo-triplet peaks. 

Each of these peaks corresponds to four proton environments of the cyclopentadienyl rings. 

The spectrum confirms the symmetric structure of the binuclear species. 

 

Figure 2.4 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 1,1’’’-diiodobiferrocene (Fc2I2) 

The trinuclear systems were eluted in n-hexane/ CH2Cl2 [8:2 v/v]; the mixture was 

oxidatively purified and filtered through a silica plug. The product was recrystallised from n-

hexane/CH2Cl2 to provide Fc3I2 as orange-red needle-like crystals. Analysis of the 1H NMR 

spectrum of the crystals revealed a pure product (Figure 2.5). 
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Figure 2.5 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 1,1''''’-diiodotriferrocene (Fc3I2) 

The halogenation reaction has been carried out with a number of variations, namely, 

stoichiometry of reagents, reaction time and solvent in order to improve the synthesis of Fc2I2 

and Fc3I2. Details on the variations implemented and the resulting observations are discussed 

throughout this chapter. 

2.2.2 Chemical oxidation extraction 

 As previously discussed, following column chromatography the fractions containing 

the mono-, bi- and tri- ferrocenyl species were further purified by a process referred to as 

‘oxidative purification’.71 Initial work has been carried out within the Long group, and further 

modifications were investigated as part of this PhD research. The process works by oxidation 

of the iron centres, by an aqueous solution of FeCl3, and aqueous extraction of the ionic 

contaminants (Scheme 2.11). The order in which the ferrocene species are oxidised is relative 

to their increasing redox potentials; Fc > FcX > FcX2. This trend is also observed for the bi- 

and tri-ferrocenyl systems, although a lower concentration of FeCl3 is required for the higher 

order species than for the mono-ferrocenyl species (0.2 M vs 0.5M respectively) due to the 

lower redox potentials of these systems. 

  The selectivity of the oxidation is greatly dependent on the redox potentials of the 

species. The greater the difference in the E1/2 values of the species, the more efficient the 

process is. If the E1/2 values are too similar then it is not possible to oxidise just one of the 
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species, and the separation will not occur with sufficient selectivity and purity. Column 

chromatography may then be needed. 

 

Scheme 2.11 Oxidative purification of the mono-ferrocenyl species (A− = Cl−, [FeCl3]
− or 

[FeCl4]
−) 

The progress of this process can be monitored by 1H NMR spectroscopy, where the sequential 

disappearance of the peaks corresponding to ferrocene and FcI can be seen, as exemplified in 

Figure 2.6. The same pattern is observed for the oxidative purification of the bi- and tri- 

ferrocenes.  

 

Figure 2.6 1H NMR spectra  (400 MHz, CDCl3, 298 K) demonstrating the order of oxidation, 

starting with the crude mixture (red line), followed removal of Fc (green line), then the 

removal of FcI to give pure FcI2 (blue line). 

 The efficiency of this oxidation process is greatly dependent on the concentration of the 

aq. FeCl3 solution. An increased concentration of the oxidising solution, as expected, allows 

for oxidation of species with higher redox potentials.71  As such, to prevent the oxidation of the 

desired diiodo-ferrocenyl species the concentration of this solution should not be too high. The 
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optimal concentration of FeCl3 for the isolation of FcI2 is reported to be 0.5M, and 0.2M for 

the Fc2I2 and Fc3I2.19 Furthermore, it has been found that the volume of oxidising solution used 

also plays a role in the effectiveness of this purification process, with larger quantities being 

more efficient.71 That being said, it is important not to use too large a volume, as this can result 

in over oxidation and loss of the desired products, particularly with the higher order ferrocenes. 

Although the appropriate volume of oxidant is dependent on the mass of crude material, the 

use of 200 mL of 0.5 M FeCl3 is recommended for the purification of FcI2 synthesised from 21 

g of ferrocene (i.e. a 21 g reaction scale).19 

 To produce repeatable and comparable results when carrying out this process, it was 

important to remain consistent with the concentrations, and volumes, of aq. FeCl3 used. Despite 

this, this process cannot be guaranteed to give consistent results, as some of the desired diiodo-

ferrocenyl species will still be partially oxidised, thus causing a decrease in the yields obtained. 

This discrepancy may be caused by variation in the length of time that the oxidation process is 

carried out for as extended periods of vigorous shaking could result in an increase in the amount 

of oxidation of the desired species. Ideally, the oxidation mixture should be shaken for two 

minutes to allow full oxidation of the undesired products without oxidation of the desired 

dihalogenated species. An optimised method for the oxidative purification of iodoferocenes can 

be found in the experimental section (Chapter 7) of this thesis. 

2.2.3 Varying stoichiometry of the iodination of ferrocene 

 To develop an understanding of the effect of iodine concentration on the formation of 

higher order diiodo-ferrocenyl species, this PhD research has examined both increasing and 

decreasing the number of equivalents of iodine. In a report by Hore et al, it was stated that the 

effect of relative mole ratio of iodine to lithiated ferrocene on the product composition was 

investigated, but no details or conclusions were made.22 Therefore, this was explored in more 

detail here. 

The standard reaction conditions used in this thesis, and also used by Inkpen et al, were 

1.5 equivalents of iodine, with respect to ferrocene, dissolved in diethyl ether, with the reaction 

mixture stirred at room temperature for 1.5 hours after the addition of iodine at -78 oC. 

Following work-up and purification, pure samples of FcI2, Fc2I2 and Fc3I2 were obtained in 

yields of 15.0%, 1.6% and 0.7% respectively.19,69 
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In terms of variation, initially the amount of iodine was increased to two equivalents, 

with respect to ferrocene. After work-up and purification of the ferrocenyl fractions, it was 

found that the yield of FcI2 was increased to 27%, and the Fc2I2 was decreased to 1.3%, with 

only trace amounts of Fc3I2 being detected. This finding concurs with previous research carried 

out within the group, which suggests that increasing the amount of iodine actually favours the 

formation of the mononuclear species.72 This is likely because the presence of lithiated species 

is necessary to allow for the in-situ cross-coupling reaction to occur, as demonstrated in the 

proposed mechanism (Scheme 2.12). Addition of greater amounts of iodine may effectively be 

quenching the lithiated ferrocenes, rendering them unreactive under the circumstances, and 

thus, limiting the formation of higher order ferrocene species. 

 

Scheme 2.12 Proposed mechanism for the formation of iodoferrocenes 

It should be noted that an unusual fraction was removed from the column (n-hexane: 

DCM; 9:1) just before Fc2I2. The 1H NMR spectrum indicated that this fraction contained a 

1,1’-substituted ferrocene species. Recrystallisation of the unknown product from n-hexane and 

DCM, and analysis via X-ray crystallography, revealed the product to be a siloxane-bridged 

ferrocenophane, already known in the literature; this was also confirmed by 1H NMR 

spectroscopy (Figure 2.7).73 The formation of this ferrocenophane is believed to have occurred 

by reaction of dilithioferrocene with grease that may have been washed into the reaction 

mixture during addition of the iodine. As a result, in future reactions, grease was used more 
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sparingly on glassware, and extra care was taken during the addition of iodine. Synthesis of 

this bridged ferrocene species may have also reduced the yield of the desired ferrocene species.  

 

Figure 2.7 1H NMR spectrum (400 MHz, CDCl3, 298 K) of the siloxane-ferrocenophane 

impurity 

The hypothesis that the addition of greater amounts of iodine, with respect to ferrocene, 

increases the yield of the mononuclear ferrocene species, FcI2, is further supported by the 

analogous reaction in which three equivalents of iodine were used. In this reaction, the yield of 

FcI2 was increased to 44.0% and the yield of Fc2I2 was decreased to 0.7%. 

Both of the aforementioned reactions were not repeated with varying solvents or 

reaction times, as it is clear that increasing the concentration of iodine significantly favours 

formation of FcI2. These results are in agreement with previous findings within the group.72 

 As a result of the above findings, reactions with a reduced amount of iodine were also 

carried out. When the amount of iodine was halved, to 0.75 equivalents, it was found that the 

main product formed was the mono-halogenated species, FcI, with only trace amounts of the  

terminated cross-coupled product, Fc2 being identified (Figure 2.8). These findings suggest that 

the amount of iodine used was not great enough for the diiodo-ferrocenyl species to form. 

Furthermore, a large quantity of unreacted ferrocene was recovered, which may also suggest 

that the amount of iodine was so low that only a small portion of ferrocene was actually 

halogenated. Yields of this reaction were, therefore, not obtained. 
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Figure 2.8 1H NMR spectrum (400 MHz, CDCl3, 298 K)  of the terminated cross-coupled 

product, Fc2 

 In order to find the limit at which the di-halogenated species stop forming, the reaction 

was then carried out using one equivalent of iodine, with respect to ferrocene. For this variation, 

a similar trend in yield was observed; it was again found that the main products formed were 

the mono-halogenated species, FcI, and unreacted ferrocene. Trace amounts of FcI2 and Fc2I2, 

were also observed in the 1H NMR spectrum. No further work-up of these species was carried 

out due to the significantly reduced yield observed.  

 The performance of the aforementioned reactions indicates that the stoichiometry used 

in previous work (1.5 equivalents) forms the desired cross-coupled products, Fc2I2 and Fc3I2, 

in the highest yields. 



Chapter 2 

57 

 

Table 2.1 Summary of the reactions featuring varying iodine quantities in ferrocene substitution, 

carried out in diethyl ether 
 

Equivalents of I2, with 

respect to ferrocene Yields 

3 FcI2 = 44.0%; Fc2I2 = 0.7% 

2 FcI2 = 27.0%; Fc2I2 = 1.3%; 

1.5 FcI2 = 15.0%; Fc2I2 = 1.6%; Fc3I 2= 0.7% 

1 Fc & FcI = main products; FcI2 & Fc2I2 = trace amounts 

0.75 Fc & FcI = main products; Fc2 = trace amounts 

   

2.2.4 Varying reaction time of the iodination of ferrocene 

 Having confirmed that using 2 equivalents of iodine is too high, and that using 0.75 

equivalents is too low to form the higher order diiodo-ferrocenyl systems in moderate yield, 

the effect of reaction time on the yields of the desired products was investigated. Analogous 

reactions using 1 and 1.5 equivalents of iodine were carried out, with the reaction time changed 

from 1.5 hours to overnight (~18 hours). 

 When the lithiated ferrocene reaction mixture was reacted with 1.5 equivalents of iodine 

and stirred overnight, it was observed that there was not a great change in the yields of the 

desired cross-coupling products. The yield of FcI2 actually increased from 15.0% to 25.0%, 

while the yields of Fc2I2 and Fc3I2 decreased from 1.6% to 1.0%, and from 0.7% to 0.4% 

respectively. Although the difference in yields of the higher order species is not significant, the 

increase in yield of the mononuclear species may be of note. It suggests that the higher order 

species could be decomposing in solution overnight, or that the formation of FcI2 could be a 

kinetic process. Regardless, it is evident that increasing the reaction time does not increase the 

yield of the desired products. This may be due to the unfavourable entropy of the reaction; in 

order to overcome the entropy barrier, it may be interesting to carry out the reaction at reflux 

for a short time. A similar reaction to this has been carried out in the literature, however it is 

unclear if the yield obtained is a result of the varied solvent, or the increased temperature.74 

This study, however, has not been carried out due to the time constraints and other priorities 

associated with this project. 

 The analogous reaction using only one equivalent of iodine, with respect to ferrocene, 

was also carried out with an increased reaction time. A similar trend in product formation was 
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observed via the 1H NMR spectrum to that of the short reaction time. The main products 

observed were the mono-halogenated ferrocene, FcI, and unreacted ferrocene, while trace 

amounts of the dihalogenated species, FcI2 and Fc2I2, were detected; no formation of the 

triferrocenyl species was observed. No further work-up of these species was carried out due to 

the significantly reduced yields observed. This reaction further confirms that the formation of 

the desired, higher order ferrocene species may not be time dependent. 

Table 2.2 Summary of the ferrocene substitution reactions using variations of reaction time, 

carried out in diethyl ether 

 

It is also interesting to note that during column chromatography of the products, a deep 

red, slow moving band was observed, eluting via a 1:1 mixture of hexane:DCM. The band was 

collected and identified as 1,1’’’-biferrocene dicarboxaldehyde and identified by 1H NMR 

spectroscopy (Figure 2.9). Upon reflection, it is apparent that larger quantities of this 

dialdehyde are formed as the amount of iodine is increased. Although how this product is 

formed is still unclear, it is thought that its formation is likely the result of solvent 

contamination with DMF (dimethyl formamide), as this is a well-established preparation of 

ferrocenyl aldehydes.75 

Equivalents of I2, with 

respect to ferrocene 
Reaction time 

(h) 
Yields 

1.5 1.5 FcI2 = 15%; Fc2I2 = 1.6%; Fc3I2 = 0.7% 

1.5 18 FcI2 = 25%; Fc2I2 = 1.0%; Fc3I2 = 0.4% 

1 1.5 
Fc & FcI = main products; FcI2 & Fc2I2 = 

trace amounts 

1 18 
Fc & FcI = main products; FcI2 & Fc2I2 = 

trace amounts 



Chapter 2 

59 

 

 

Figure 2.9 1H NMR spectrum (400 MHz, CDCl3, 298K) of Fc2(CHO)2  

2.2.5 Varying solvent used for the iodination of ferrocene 

 It is well-known that in lithium halogen exchange reactions, the solvent used can have 

varying effects on the kinetics of the reaction and the products formed; some solvents/solvent 

combinations can cause an increase in side reactions, such as cross-coupling.76 It is unclear, 

however, whether the in-situ cross-coupling that occurs in this lithiation reaction is most 

favourable in the solvent chosen, diethyl ether. In order to investigate the effect of solvent on 

this reaction, an alternative system in n-hexane and THF was chosen, based on the findings of 

Bailey et al.76 

 To allow for an accurate comparison with the previous investigations, the reactions were 

carried out using the standard conditions described earlier (1.5 equivalents of iodine, and a 

reaction time of 1.5 hours at room temperature), with the exception of using a solvent system 

of n-hexane and THF (10% total volume). When compared to the reaction under standard 

conditions, an overall increase in yields of all diiodo-ferrocenyl species was observed. The 

yields of FcI2, Fc2I2 and Fc3I2 were found to be 17.0%, 3.6% and 1.4% respectively. This is 

consistent with the findings of Bailey et al.76 The findings of this reaction may present an 

interesting avenue to investigate further, e.g. exploration of the effect of different percentage 

volumes of THF on the yields of the desired bi- and tri-ferrocenyl species. It can also be 

postulated that the increased yield of the triferrocenyl species, Fc3I2, obtained by Hore et al 

could, in part, be due to the choice of THF as the solvent for the addition of iodine.74 It is likely 
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that not only is the iodine more soluble in THF than in diethyl ether, due to the increase in 

polarity, but that the higher order ferrocene systems are also more soluble. This would lead to 

greater quantities of these systems in solution during the reaction, therefore increasing 

reactivity.48 

 Following on from these results, it was unclear if the amount of iodine and reaction time 

used provide the optimum conditions for the formation of the desired higher order iodinated 

ferrocene species. Therefore, the aforementioned reaction was repeated with varying amounts 

of iodine, and with an increased reaction time.  

 When the reaction time was increased from 1.5 hours to approximately 18 hours, the 

same trend in yield for the analogous reaction in diethyl ether was observed. The isolated yield 

of FcI2 was increased to 21.0%, while the yields of Fc2I2 and Fc3I2 were decreased to 2.9% 

and 1.0%, respectively. This, again, confirms that the formation of these diiodo-ferrocenyl 

species is not time dependent. 

 To investigate whether the optimum amount of iodine remains the same in the 

alternative solvent system, the reaction was repeated with both an increased and decreased 

amount of iodine, with respect to ferrocene. Both of these changes showed the expected results. 

When two equivalents of iodine were used, the yield of the higher order ferrocenyl species, 

Fc2I2, was decreased to 2.1%, whilst the yield of FcI2 was increased to 29.0%, when compared 

to the original reaction in diethyl ether. Although the yield of Fc2I2 was reduced, the yield 

obtained is still higher than that obtained under standard conditions in diethyl ether. This further 

supports the proposition that the cross-coupled products are more favourable in the presence of 

THF. 

 When the amount of iodine was reduced to 1 and 0.75 equivalents, and the reaction was 

carried out in n-hexane and THF, the trend in product formation was as expected. As with the 

corresponding reaction in diethyl ether, the main products recovered are the mono-halogenated 

FcI and unreacted ferrocene. The dihalogenated species, and other cross-coupled products, 

were only formed in trace amounts. As a result, yields for this reaction were not obtained. 

Furthermore, from the reaction with 0.75 equivalents of iodine, triferrocene was also formed, 

as confirmed by 1H NMR spectroscopy (Figure 2.10). This did not occur with the comparable 

reactions in diethyl ether, which further suggests that carrying out the halogenation in the 

presence of THF favours the in-situ cross-coupling process. 
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Figure 2.10 1H NMR spectrum (400 MHz, CDCl3, 298 K) of triferrocene (Fc3) 

 Based on the findings of the previously described reactions, it can be concluded that in 

order to form the higher order diiodo-ferrocenyl species, the optimum amount of iodine is 1.5 

equivalents, with respect to ferrocene, and the ideal reaction time is 1.5 hours. This corresponds 

to the conditions described by Inkpen et al 69; however, a notable improvement was found when 

the solvent system used in the halogenation step was changed from diethyl ether, to n-hexane 

and THF (10%).  

Table 2.3 Summary of data from variations of ferrocene iodination reactions in n-hexane and 

THF 

 

Equivalents of I2, with 

respect to ferrocene 
Reaction time 

(h) 
Yields 

2 1.5 FcI2 = 29.0%; Fc2I2 = 2.1%; 

1.5 1.5 FcI2 = 17.0%; Fc2I2 = 3.6%; Fc3I2 = 1.4% 

1.5 18 FcI2 = 21.0%; Fc2I2 = 2.9%; Fc3I2 = 1.0% 

1 1.5 
Fc & FcI = main products; FcI2 & Fc2I2 = 

trace amounts 

0.75 1.5 
Fc & FcI = main products; Fc2 & Fc3 = 

trace amounts 
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2.2.6 Improved synthesis of higher order ferrocenyl species 

 The previously described method to form higher order ferrocenyl species, via the 

halogenation of the lithiated species, is a process with very little control. It is dependent on the 

reaction of the halogenated species with a dilithiated ferrocene, followed by further reaction 

with iodine, or another halogenated ferrocene. There may be ways to alter the conditions to 

make the synthesis of the bi- and tri-ferrocenes more favourable. However, it was increasingly 

clear that FcI2 will remain the predominant product formed. Therefore, an alternative method 

needed to be investigated. Inspired by the work of Neuse et al, in which the synthesis of 

poly(1,1’-ferrocenylenes) was investigated, the direct coupling of organolithium and 

organohalide reagents was proposed (Scheme 2.13).48 In this reaction, FcI2 was added to 

dilithioferrocene in an attempt to gain more control over the synthesis of higher order species, 

and make their formation more favourable.  

 

Scheme 2.13 Reaction of dilithioferrocene with FcI2 

 The 1H NMR spectrum (Figure 2.11) of the crude reaction mixture indicated that the 

major product was the biferrocene species, Fc2I2. The mono- and di-iodoferrocene species, FcI 

and FcI2, were also present, along with the tri-ferrocenyl species, Fc3I2. This is a significant 

improvement over the previously discussed reactions, where the main products were the 

mononuclear species.  
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Figure 2.11 1H NMR spectrum (400 MHz, CDCl3, 298 K) of the crude product mixture 

resulting from the reaction of dilithioferrocene with diiodoferrocene, with peaks 

corresponding to Fc2I2 highlighted 

 Based on this spectrum, the highest yield obtained is that of Fc2I2. It is also interesting to 

note the presence of the monohalogenated ferrocene species, FcI, which may provide evidence 

that following reaction of a halide species with a lithiated species, the resulting biferrocene 

undergoes a lithium-halogen exchange reaction, forming Fc2I2 (Scheme 2.14). 

 

Scheme 2.14 Proposed mechanism for the formation of Fc2I2 

The isolated yields of FcI2, Fc2I2 and Fc3I2 were found to be 33.0%, 34.0% and 3.4%, 

respectively. This is an appreciable increase in the yields of the bi- and tri-nuclear ferrocenes, 

and therefore, this result provides an interesting avenue to explore. It is important to note that 

these yields were obtained after column chromatography was performed three times, due to the 
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streaking of the biferrocene species. This would have reduced the yields, however, this issue 

could be avoided by using a larger column to allow better separation between the products. 

This reaction also avoided the use of extensive oxidative purification of the higher order 

ferrocenes, which could be purified by filtration in n-hexane. 

Table 2.4 Comparison of data from the reaction of dilithioferrocene with I2 vs reaction with 

FcI2 

 

 

 

2.2.7 Attempted synthesis of higher order ruthenocenyl species 

 Due to the similarity and stability of ruthenocene, compared to ferrocene, it is an 

interesting alternative metallocene for incorporation into large cyclic structures, analogous to 

the ferrocene oligomer, cyclo[6] (Figure 2.12). To enable this, the suitability of ruthenocene 

chemistry was explored here. As with ferrocene, the synthesis of bi- and tri-ruthenocenes 

needed to be attempted, and optimised if possible. To do this, the synthesis of 1,1’-

diiodoruthenocene was performed, and the previously discussed improved synthetic methods 

to form higher order metallocenes carried out. Once the synthesis of the higher order diiodo-

ruthenocenyl species has been improved, work could progress to synthesising analogous cyclic 

systems to the one created by Inkpen et al.69 

 

Figure 2.12 Ferrocene macrocycle, cyclo[6], synthesised by Inkpen et al and the proposed 

analogous ruthenocene macrocycle69 

Ruthenocene (Rc) was synthesised in 30% yield from literature procedures and 

following isolation of the pure metallocene, 1-iodoruthenocene (RcI) and 1,1’-

Species reacted with 

dilithioferrocene 
Yields 

I2 (1.5 equiv) FcI2 = 15.0%; Fc2I2 = 1.6%; Fc3I2 = 0.7% 

FcI2 (2 equiv) FcI2 = 33.0%; Fc2I2 = 34%; Fc3I2 = 3.4% 
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diidoruthenocene (RcI2) were prepared by literature procedures.77 The synthetic route followed 

is described in Scheme 2.15.  

 

Scheme 2.15 Synthetic route towards ruthenocene (Rc), 1-iodoruthenocene (RcI) and 1,1’-

diiodoruthenocene (RcI2) 

In both lithiation reactions attempted, the main species present in the product mixture 

was ruthenocene. In the analogous reactions with ferrocene, ferrocene was detected in the 

product mixure, but to a lesser extent. The aromatic character and reactivity of ferrocene and 

ruthenocene have been studied in detail and it has been shown that although both possess 

aromatic character, the degree of that character and reactivity towards aromatic substitution 

differs substantially between the two metallocenes.78 For example, the deprotonation of 

ruthenocene with butyl-lithium occurs more readily than the reaction with ferrocene, whereas 

electrophilic reactions occur more readily with ferrocene.21,78 This is likely due to the difference 

in electron density and core-metal size differences between the two metallocenes. The 

cyclopentadienyl (Cp) rings are more tightly bound to the metal centre in ruthenocene than in 

ferrocene, which results in lower electron density around the rings and weaker C-C bonds 

between the ring-carbon atoms. This reduction in electron density on the Cp ring accounts for 

the reduced reactivity towards electrophiles, from ferrocene to ruthenocene.79–82 Electrophilic 

substitution of the ring results in more cationic character; since the electron density is reduced, 

as is the stabilisation of this cationic character, resulting in observed reactivity trends. It is 

proposed that the tighter bonding between the metal and Cp rings could result in increased 

resistance, of the metal, to oxidation.78 

  In order to favour the formation of RcI2 and ease purification, following lithiation the 

pale yellow suspension was cooled to 0 oC and washed several times with hexane to remove 

unreacted ruthenocene and the unwanted mono-lithiated species; a solution of iodine, in ether, 
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was then added and the reaction carried out in a similar fashion to the ferrocene analogues. 

Analysis of the crude reaction mixture by 1H NMR spectroscopy indicated that RcI2, RcI, and 

Rc were present in 63%, 32 % and 5% yield, respectively. The yield for the desired 

disubstituted species could be increased by using a larger amine, such as 

pentamethyldiethylenetriamine (PMDETA), rather than tetramethylethylenediamine 

(TMEDA), adding a larger number of equivalents of iodine, or increasing the temperature at 

which the halogenation is carried out. These experiments were not carried out due to time 

constraints. 

 After RcI2 was obtained in reasonable yields, the next challenge was purification. 

Separation of the metallocene mixture was attempted through oxidative purification, as was 

used for FcI2 purification, however this was largely unsuccessful. This is due to the increased 

oxidation potential of ruthenocenes versus ferrocenes, with the Rc/Rc+ redox process occurring 

between  400 and 600 mV higher than that of the Fc/Fc+ redox process; this variability arises 

from the difference in solvents and counterions used.83,84 A more strongly oxidising agent is 

needed for a successful procedure. Ultimately, however, it was decided that this method would 

be too expensive and waste too many precious materials. Purification by column 

chromatography of the mixture was also attempted, using a low polarity eluent, but this resulted 

in co-elution of the products, with minimal separation obtained.  

 Finally, based on the article by Roemer et al, sublimation of the ruthenocene reaction 

mixture was attempted.20 This showed some degree of success, as depicted in Figure 2.13. After 

several rounds of sublimation, under reduced pressure for 18 hours at 35-40 oC, analysis of the 

combined sublimed materials (green line) and the remaining residue (blue line) by 1H NMR 

spectroscopy showed that separation was possible. In the sublimed material, the presence of 

ruthenocene and iodoruthenocene are prevalent, with only minimal amounts of RcI2 detected. 

All the ruthenocene was removed from the remaining residue, as was some of the 

iodoruthenocene. Most of the diiodoruthenocene remained in the residue, and the level of 

contamination with RcI was reduced. 
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Figure 2.13 Stacked 1H NMR spectra (400 MHz, CDCl3, 298K) of the crude reaction mixture 

(red line), the material removed by sublimation (green line), the residue after sublimation 

(blue line), and the final product residue after further purification by sublimation (black line) 

 Further sublimations of the remaining residue, under the same conditions, gave further 

reduction of RcI contamination and allowed RcI2 to be isolated in good yield, with minimal 

loss of materials. It should be noted that analysis of the 1H NMR spectrum of the final residue 

(black line) revealed that diiodoruthenocene was obtained with 5% contamination with RcI. 

Performing even more sublimations could have removed the last remaining RcI, but due to time 

constraints it was decided that this level of purity was sufficient for use in further reactions. 

 It was hoped that the diiodo-, bi- and tri-ruthenocenes could be used in cyclisation 

reactions to form a ruthenocene analogue of the cyclic ferrocene system described by Inkpen 

et al.69 Unfortunately, unlike in the lithiation/iodination reactions of ferrocene, there is no 

evidence of higher order ruthenocene systems forming. If this coupling does occur, it is in 

negligible quantities under the chosen conditions. Hence, using the improved synthetic route 

described earlier, their synthesis was attempted, with less than successful results (Scheme 2.16). 

 

Scheme 2.16 Reaction of RcLi2 with RcI2 in an attempt to form bi- and tri-ruthenocenes 
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Analysis of the 1H NMR spectrum of the crude reaction mixture showed that no 

coupling of ruthenocenes had occurred. Instead, the starting materials had undergone 

disproportionation/lithium halogen exchange to give a mixture of the mono-ruthenocenes. 

These are the same products that form from the iodination of ruthenocene, and so this is not a 

suitable synthetic route towards higher order ruthenocenes. This route was, therefore, not 

investigated further due to time constraints and other priorities. 

2.3 Discussion on the attempted [Pd]-catalysed Suzuki-Miyaura and homo-coupling 

reactions of ferrocenes 

Palladium catalysts are known to show more success in C-C bond forming reactions 

than copper catalysts/mediators, therefore, it was thought that palladium could be a suitable 

alternative to copper. One area of particular interest was the palladium-catalysed Suzuki-

Miyaura reactions, which have shown success in ferrocenyl-aryl C-C bond forming reactions 

of mono-substituted ferrocenes.27,32,33,85–88 Suzuki-Miyaura reactions of disubstituted 

ferrocenes are less prevalent in the literature,89–92 while the coupling of two ferrocenes at the 

Cp rings is not yet reported. By taking advantage of this notable reaction, iodoferrocenes could 

be cross-coupled with ferrocenyl boronic acids derivatives and their coupling could provide an 

alternative route to cyclic ferrocene systems. If multinuclear ferrocene boronic acid oligomers 

could also be synthesised, it may be possible to couple these to diiodoferrocene oligomers and 

enable the synthesis of cyclic systems of a preferred size, in greater yields and with reduced 

side product formation (Scheme 2.17). 

 

Scheme 2.17 The proposed synthetic route towards cyclic ferrocenes via the Suzuki-Miyaura 

coupling reaction 

2.3.1 Synthesis of ferrocene boronic acids 

Ferrocene boronic acid is a commercially available starting material, but ferrocene 

diboronic acid is not. 1,1’-Ferrocene diboronic was therefore synthesised, following literature 

procedures, and isolated in moderate yield (Scheme 2.18).1  
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Scheme 2.18 Reaction scheme towards the formation of ferrocene boronic acids 

The 1H NMR spectrum (Figure 2.14) of some side product removed during purification 

was assigned to triferrocenyl borane-based on a report by Rosenberg and Hedberg.93 This was 

confirmed by the absence of a peak corresponding to the OH group on the boronic acid. The 

absence of this peak could also be confirmed by performing a D2O shake and observing any 

change, or lack thereof, in the spectrum.  

 

 Figure 2.14 1H NMR spectrum (400 MHz, CDCl3, 298 K) of triferrocenyl borane B(Fc)3 

Electrochemical study of triferrocenyl borane has been carried out in the literature, 

however no separation of the redox peaks was observed, indicative of non-communicating 

ferrocene moieties94. Although the triferrocenyl borane is an interesting side product, it is of 

little use in the intended Suzuki-Miyaura coupling reactions. 

An interesting note is that no formation of  biferrocene boronic acid/ diboronic acid was 

observed, and surprisingly there is little mention of it in the literature.93,95 The lack of bi- and 

tri-ferrocene species formed in this reaction shows that boronic esters are likely unable to 

facilitate the in-situ cross-coupling reactions observed with the analogous halogenation 
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reactions. This is due to the leaving group character of iodine, and the ability of lithium-halogen 

exchange to take place. Biferrocene diboronic acid has been synthesised in the literature from 

the brominated derivative via a lithium-halogen exchange, followed by quenching with the 

boron-containing electrophile.96 This provides evidence that these systems are/should be 

accessible, and if their syntheses are successful they could prevail as valuable precursors. 

One aim of the project was to synthesise higher order ferrocene boronic acids, 

analogous to the previously discussed iodinated species, for use in Suzuki-Miyaura couplings. 

Efforts to obtain these species via the route depicted in Scheme 2.19 were tested, but with no 

success; in all cases only starting material was observed in the 1H NMR spectra of the crude 

reaction mixtures. This could imply that the lithiation step is less favourable in a biferrocene 

system than in a mononuclear one, but it is more likely that the electrophilic reaction is 

unfavourable.  

 

Scheme 2.19 Attempted synthesis of biferrocene diboronic acid 

The desired product had been previously synthesised by Tahara et al following a similar 

procedure to that described above, however, the lithiation was performed on the brominated 

derivative and proceeded via lithium-halogen exchange.96 In contrast to the literature study, the 

reaction was repeated several times with the unfunctionalized biferrocene under varying 

reaction conditions, but all variations proved unsuccessful in our hands. The literature report 

provides proof of concept, and a potential future alternative route to the bi- and tri-metallic 

species, but was not followed further due to time constraints. 

2.3.2 Suzuki-Miyaura coupling reactions between iodoferrocenes and ferrocene 

boronic acids 

An investigation into the arylation of disubstituted ferrocenes via Suzuki-Miyaura 

cross-coupling, including the comparison of different halogens, was carried out by Knapp et 

al.1 They found that, when using the reagent system shown in Scheme 2.20, the most efficient 

coupling occurred between boronic acids, and an iodinated species.1  Since this study focussed 

only on the arylation of ferrocenes, it was of interest here to test the same set of reagents and 

conditions on a ferrocene-only system. With this in mind, it seemed logical to start with the 
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simplest system, i.e. the cross-coupling of ferrocene boronic acid (FcB(OH)2)and 

iodoferrocene (FcI).20 For this, FcI was obtained by following the literature procedure.20 

 

Scheme 2.20 Suzuki-Miyaura cross coupling of ferrocene boronic acid and iodoferrocene, 

inspired by Knapp et al 1 

Upon completion of the reaction shown in Scheme 2.21, the 1H NMR spectrum of the 

crude product indicated a surprisingly clean reaction. It showed almost complete consumption 

of the starting material and formation of the linear biferrocene (Fc2) as the main product. This 

reaction provides proof of concept that two ferrocene species can undergo a palladium catalysed 

cross-coupling. As such, attempts to cross-couple the 1,1’-substituted ferrocenes were made. 

 

Scheme 2.21 General scheme for the attempted Suzuki-Miyauara couplings of iodo- and 

borono-ferrocenes 

Following the synthetic procedure as described by Knapp et al, Suzuki-Miyaura 

couplings of disubstituted ferrocenes were attempted (Table 2.5; entries 2 and 3). Surprisingly, 

these reactions were of little success. Analysis of the crude reaction mixtures by 1H NMR 

spectroscopy revealed the major species to be starting materials or products of 

hydrodehalogenation reactions. The presence of ferrocene in the crude reaction mixture could 

be an indication of hydrodehalogenation of FcI or, alternatively, the result of the decomposition 

of ferrocenyl boronic acid.31 Although the reaction between FcI and ferrocene diboronic acid 

(Fc(B(OH2)2)) allowed for some formation of Fc2, this observed conversion was too low to be 

deemed a success. Additionally, it was not clear whether the formation of Fc2 in this reaction 

arises from the Suzuki-Miyaura coupling of the two ferrocenes, or from the homo-coupling of 

the iodides, as in the analogous reaction with diiodoferrocene no coupling was observed. This 

result also throws into question the validity of the coupling described in Scheme 2.20, as this 
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could also be the result of homo-coupling. Occurrence of the suspected homo-coupling reaction 

of FcI under the conditions used is supported by literature findings.34 

Table 2.5 Summary of Suzuki-Miyaura reaction conditions tested (*Fc = ferrocene, SM = 

starting materials, Fc2 = biferrocene, αCuBr2 included as an additive) 

 

The reagent system described by Knapp et al was deemed unsuitable for the 

aforementioned ferrocene cross-coupling reactions, hence, a few alternative conditions were 

trialled, but with little success (Table 2.5, entries 4 and 5).1  

Of note was the work carried out by Inkpen et al, who attempted to optimise the 

Sonogashira cross-coupling of iodo ferrocenes and terminal alkynes.97 The study showed that, 

in this context, the most effective catalyst was Pd(PtBu3)2. Given the vast improvement in yield 

when using this catalyst in Sonogashira reactions, it seemed fitting to examine its efficacy in a 

Suzuki-Miyaura reaction, whilst using the conditions defined by Knapp et al (Table 2.5, entry 

6).1 Analysis of the 1H NMR spectrum of the crude reaction mixture again revealed the main 

products to be starting materials and ferrocene, with the presence of Fc2 detected in minimal 

quantities. 

 In addition, following a lecture given by Prof. Tom Sheppard (UCL), a catalytic system 

was adapted from his group’s work on amine arylation, as described in Table 2.5, entry 7. 98 

Unfortunately, the reaction was unsuccessful, with only starting material and ferrocene 

observed in the 1H NMR spectrum.  

It was considered that the loss of reactivity moving from mono-substituted ferrocenes 

to di-substituted analogues may be the result of increased steric bulk, or the result of oxidative 

Entry C-I C-B(OH)2 [Pd] Base Solvent T 

( oC) 

Product * 

(1H NMR) 

1 FcI FcB(OH)2 PdCl2(dppf) 3M NaOH (aq) DME 85 Fc2 

2 FcI2 FcB(OH)2 PdCl2(dppf) 3M NaOH (aq) DME 85 SM 

3 FcI Fc(B(OH)2)2 PdCl2(dppf) 3M NaOH (aq) DME 85 SM; Fc; Fc2  

4 FcI Fc(B(OH)2)2 PdCl2(dppf) 3M NaOH (aq) DMF 150 SM; Fc 

5 FcI Fc(B(OH)2)2 PdCl2(dppf) 3M K2CO3 (aq) DMF 150 Fc; Fc2  

6 FcI Fc(B(OH)2)2 Pd(PtBu3)2 3M NaOH (aq) DME 85 SM; Fc; Fc2 

7 α FcI Fc(B(OH)2)2 Pd(OAc)2 CsOAc tAmOH 85 SM; Fc 
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addition, to the palladium centre, across both C-I bonds. It is, however, important to note that 

the Suzuki-Miyaura reaction has been utilised for the functionalisation of ferrocenes with large 

substituents, such as biological targets, without prevention of reactivity.86,99,100 In an attempt to 

restore the observed coupling reactivity by increasing the distance between the two iodines, 

analogous reactions with bi- and tri-ferrocenes were carried out. The conditions, as described 

in Scheme 2.22, were chosen as it was thought that use of an aqueous base would promote the 

dehalogenation process, and so a base that was soluble in an organic solvent was required. 

Since caesium carbonate is soluble in DMF, this was a logical combination. Furthermore, the 

homocoupling of aryl-halides, by Hennings et al, was carried out in DMA using caesium 

carbonate as the base, and in the absence of DMA, DMF seemed like a suitable replacement.101 

In order to gain more of a direct comparison between the Suzuki-Miyaura reactions of mono-

ferrocenes and the bi- and tri-ferrocenes, the conditions described by Knapp et al should also 

be tested. This however was not carried out due to time constraints. 

 

Scheme 2.22 Attempted Suzuki-Miyaura reactions of bi- and tri-diiodoferrocenes 

In the case of biferrocene being used, in the attempted synthesis of (a), where n = 2, it 

was found that ferrocene boronic acid (FcB(OH)2) remained unreacted, but all the Fc2I2 had 

been consumed, as confirmed by analysis of the 1H NMR spectrum of the crude mixture (Figure 

2.15). Unexpectedly, biferrocenylene (cyclo[2]) was obtained, in addition to the dehalogenated 

starting material, Fc2.  
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Figure 2.15 Crude 1H NMR spectrum (400 MHz, CDCl3, 298 K) of the attempted Suzuki-

Miyaura reaction between Fc2I2 and FcB(OH)2 

The formation of cyclo[2] in the reaction indicates that both carbon-iodine bonds can 

undergo oxidative addition onto the palladium centre, but it is not clear whether this is 

simultaneous or stepwise. This may explain the failure of the disubstituted mono-ferrocenes to 

react, however, there are several reports in the literature of disubstituted ferrocenes undergoing 

Suzuki-Miyaura couplings with simple aromatics, hence these findings are inconclusive.1,89–92  

When the reaction was carried out using diiodotriferrocene (Fc3I2), similar results to 

those of the reaction with diiodobiferrocene were observed. Analysis of the 1H NMR spectrum 

of the crude reaction mixture showed that the major product was, again, found to be the 

dehalogenated starting material, in this case Fc3. Additionally, the FcB(OH)2 remained 

seemingly unreacted, and there were other peaks indicating a side reaction had occurred. 

Interestingly, these unassignable peaks, at 4.41 and 4.36 ppm, were also present when Fc2I2 

was used as the starting material (indicated by question marks in Figure 2.15) and are therefore 

likely to be related to a side reaction of the FcB(OH)2. No further investigations using 

triferrocenes have been carried out due to low availability of these species. 
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Since the attempted Suzuki-Miyaura reactions of bi- and tri-ferrocenes indicated that 

the higher order ferrocenes show some aptitude towards homo-coupling, it was decided that the 

next step should move on to investigating this reactivity. 

2.3.3 Attempted homo-coupling reactions iodoferrocenes 

Evidence of homo-coupling in Suzuki-Miyaura reactions sparked interest in the use of 

palladium catalysts to cross-couple iodoferrocenes, in particular, diiodobiferrocene. As such, 

palladium-catalysed homo-coupling reactions of Fc2I2 were attempted, with some minor 

successes, and are described in Table 2.6. When carrying out these reactions, work by Hennings 

et al. was considered. In this literature work, the Ullmann-like coupling of both electron rich 

and electron poor aryl iodides was achieved, using hydroquinone as a homogenous reductant 

to aid regeneration of the catalyst; entry 3 in Table 2.6 reflects this procedure in the literature.101  

Table 2.6 Summary of attempted Fc2I2 homo-coupling reactions 

 

 Under all conditions described above, both the dehalogenated biferrocene (Fc2) and 

biferrocenylene (cyclo[2]) were present in the crude reaction mixture, with almost complete 

consumption of the starting material. The 1H NMR spectrum of the crude reaction mixture from 

entry 2 also showed evidence of the mono-halogenated species, Fc2I. This may disprove earlier 

theories that the carbon-iodine bonds undergo oxidative addition simultaneously.  

Although the biferrocene has been shown to undergo intramolecular cyclisation in the 

presence of a palladium catalyst, the competition with the hydrodehalogenation process was 

considered too unfavourable to warrant more investigation. When contemplating the next steps 

with regards to ferrocene-iodide homo-couplings, it would be interesting to test the conditions 

previously used, as described by Knapp et al, in the absence of a boronic acid.1 Although earlier 

results show that there was no reaction under these conditions in the presence of a boronic acid 

(Table 2.6, entry 2), this may change when a biferrocene is applied in place of a monoferrocene. 

Entry [Pd] Base Additive Solvent T 

(oC) 

Product (1H 

NMR) 

1 PdCl2(dppf) Cs2CO3 / DMF 85 [cyclo2]; Fc2 

2 PdCl2(dppf) Cs2CO3 Hydroquinone DMF 85 [cyclo2]; Fc2; Fc2I 

3 Pd(OAc)2 + P(o-tol)3 Cs2CO3 Hydroquinone DMF 85 Fc2; [cyclo2]  
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2.4 Investigation into the Ullmann-like coupling of iodometallocenes 

As mentioned earlier, the synthesis of sexiferrocene, cyclo[6], (Figure 2.16) by Inkpen 

et al was the first example of a cyclic ferrocene system comprised entirely of ferrocene.69 

However, due to the free rotation of the Cp rings in ferrocene, and its, as of yet, unoptimized 

synthesis, its production is limited to yields of 1-2%.  

 

Figure 2.16 The solid state structure of sexiferrocene, cyclo[6]69 

This section details efforts to optimise the synthesis of this novel cyclic species, focussing 

on the Ullmann-like coupling reaction currently employed in the cyclisation step (Scheme 

2.23). 

 

Scheme 2.23 Synthetic route towards the formation of cyclo[6] 

To do this, a ligand screening was first performed, to determine if any known 

copper/ligand systems could be more effective. Secondly the solvent system was investigated; 

it is well-known that nitrogen- and oxygen-containing molecules coordinate to copper, but the 
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role solvents play in this reaction is unclear. N-methyl pyrrolidone (NMP) is often used in 

copper(I)-thiophene-2-carboxylate (CuTc) promoted reactions.86,102–104 Unfortunately, due to 

its toxicity and environmental impact, it is now a candidate for the list of ‘Substances of Very 

High Concern’ (SVHC), and as such NMP is not a sustainable choice of solvent.105,106 

2.4.1 Cyclisation of diiodobiferrocene (Fc2I2) and diiodotriferrocene (Fc3I2) 

In order to synthesise cyclo[6] (Scheme 2.23), an Ullmann-like coupling was carried 

out with both the binuclear and trinuclear materials previously synthesised The methodology 

described by Inkpen et al was repeated, and showed some degree of success69. Cyclo[6] was 

obtained from diiodobiferrocene, and diiodotriferrocene, in 1% and 2% yield, respectively. It 

is important to note that during the work-up of this reaction, all NMP must be removed with 

repetitive washing with brine, as the products degrade in this solvent over time. 

The Ullmann-like coupling was successfully carried out using Fc2I2, and the subsequent 

formation of cyclo[6] was confirmed by 1H NMR spectroscopy. Purifying sexiferrocene from 

the crude mixture proved to be problematic. Despite two attempts at purification by column 

chromatography (alumina- grade V), the presence of an (at the time) unidentifiable contaminant 

remained. The contaminant was initially thought to be biferrocenylene (cyclo[2]), however, 

comparison of 1H NMR spectroscopic data with literature values from the reaction showed this 

was not the only contaminant.69 The 1H NMR spectrum (Figure 2.17) showed several peaks in 

the region of 4 - 5 ppm that did not correspond to the desired product or cyclo[2], as well as 

peaks in the region of 7 - 8 ppm, giving evidence that a contaminant containing an aromatic 

substituent had formed. This side product was later confirmed as a mixture of ferrocenyl 

thiophene carboxylate adducts, described in full later in this chapter.  
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Figure 2.17 1H NMR spectrum (400 MHz, CDCl3, 298 K)  of the Ullmann-like coupling 

reaction of Fc2I2 

 In comparison to the Ullmann-like coupling of the binuclear species, coupling of the 

trinuclear, Fc3I2, system encountered fewer synthetic issues. After successful completion of 

column chromatography, combined fractions believed to contain cyclo[6] were analysed by 1H 

NMR spectroscopy (as seen in Figure 2.18). This revealed the presence of only one major 

ferrocenyl species, cyclo[6], with just minor contamination when compared to the product 

obtained from the reaction of the biferrocene starting material. This indicated that the synthesis 

of cyclo[6] was more efficient when utilising Fc3I2. A yield of 2% was obtained from this 

reaction. The cyclisation of the trinuclear system results in fewer and more easily removed side 

products, and therefore a more facile purification. 
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Figure 2.18 1H NMR spectrum (400 MHz, CDCl3, 298 K) of the Ullmann-like coupling of 

Fc3I2 

These findings correlate with those from Inkpen et al, who found that when forming 

cyclo[6] from Fc2I2 the product was obtained with up to 10% contamination with cyclo[2]. This 

‘closed’ binuclear system is far less likely to form from a trinuclear system. Interestingly, only 

one aromatically-substituted side product is discussed in the literature i.e. ferrocenyl thiophene-

2-carboxylate; the 1H NMR spectroscopy data for which does not match data obtained for any 

of the side products of the cyclisations of Fc2I2 and Fc3I2.69 

2.4.2 Ligand screening reactions for the copper-mediated coupling of iodoferrocenes 

Copper mediated reactions are used frequently within the literature, predominantly for 

use in C-O and C-N bond forming reactions. In order to determine whether copper(I) thiophene-

2- carboxylate (CuTc) was the only copper system that could facilitate the cross-coupling of 

ferrocenes, ligand screening was carried out, as shown in Figure 2.19. For this, the simplest and 

less valuable mono-substituted ferrocene, FcI, was used as the ‘aryl’-halide. A range of ligands 

that have shown the ability to facilitate C-, O- and N- arylation reactions in the literature, 

11,12,107–109 and some readily available analogues, were used to determine whether they showed 

activity in the Ullmann-like homo-coupling of FcI.   
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Figure 2.19 Ligand screening for the Ullmann-like coupling reactions of iodoferrocene; the 

reaction schemes (top) and ligand selection (bottom) are depicted 

This study gave mixed results; most ligands (L2-8) showed no reaction with 

iodoferrocene but some indicated minor success e.g. the use of copper iodide and silver triflate 

in the presence of L1 (Figure 2.19 (b)), which gave the desired biferrocene (Fc2) in trace 

amounts, and ferrocene, as indicated in the 1H NMR spectrum of the crude reaction mixture. 

Remarkably, the use of just copper iodide and silver triflate in acetonitrile (Figure 2.19 (d)), 

resulted in the homo-coupled product being formed in 13% yield, as determined by integration 

of relevant peaks in the 1H NMR spectrum of the crude reaction mixture (Figure 2.20). 

Additionally, a mono-substituted ferrocene impurity was observed in 17% yield; this is 

characterised by two pseudo-triplets and a singlet in the region of 4.0 - 4.5 ppm, there is also a 

singlet at ca. 3 ppm that may correspond to the impurity.  
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Figure 2.20 1H NMR spectrum (400 MHz, CDCl3, 298 K) of the crude reaction mixture 

between FcI, CuI and AgOTf in MeCN  

 Despite the low yield of Fc2 in the reaction discussed above, the reaction was repeated 

with FcI2, to see if similar coupling reaction products formed. Unfortunately, there was no 

reaction and only starting materials were detected in the 1H NMR spectrum of the crude reaction 

mixture. This is further evidence of the difference in reactivity between FcI and FcI2, as 

observed and discussed in section 2.3.2.  

In order to allow for a direct comparison between the CuTc system and those employed 

in the screening, it was important to investigate the efficacy of the reaction when the copper 

mediator was formed in-situ, rather than being added to the reaction as a preformed species. 

Therefore, an Ullmann-like coupling, in which CuTc is expected to form in-situ, was attempted 

(Figure 2.19 (g)). It was found that use of CuI and the free thiophene ligand, in the presence of 

a base, resulted in the formation of ferrocenyl thiophene-2-carboxylate (67%), from FcI. No 

evidence of the homo-coupled product Fc2, was observed. This lies in contrast to results 

obtained when using the preformed CuTc mediator, which resulted in a mixture of the homo-

coupled product, Fc2 (55%), and the thiophene carboxylate adduct, FcTc (45%). This indicates 

that the in-situ formation of the copper mediator results in a loss of activity towards facilitating 

C-C bond forming reactions and this is, therefore, not an appropriate route towards cyclic 

ferrocenes. 

Since all ligand optimisation reactions were carried out in acetonitrile, the reaction 
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between CuTc and FcI was also repeated in acetonitrile, for consistency (Scheme 2.24). The 

outcome was somewhat surprising.  

 

Scheme 2.24 The attempted CuTc-mediated homo-coupling reaction of FcI 

The conditions proved successful in homo-coupling iodoferrocene but in 55% 

conversion compared to 100% in NMP, alongside evidence of another substituted ferrocene. 

Consultation with the literature revealed this side-product, formed in 43% yield, to be  FcTc.69 

It was initially thought that the effect of solvent on the Ullmann-like coupling was marginal 

and that NMP was only used in the literature due to its high boiling point. Acetonitrile was 

chosen for these reactions because it is still an amine-based solvent but has a much lower 

boiling point and is less toxic. This was the first indication that solvent may play a larger role 

in the reaction mechanism than expected.  

Regrettably, although some ligands showed traces of success, no ligands compared 

favourably with the efficacy of the thiophene carboxylate ligand originally used. Consequently, 

this avenue of exploration was abandoned, and instead efforts were focussed on optimising the 

already established system, using CuTc, and investigating the effects of solvent. 

2.4.3 Investigation of solvent effects on the copper mediated coupling of iodoferrocenes 

Since cyclo[6] has, to date, only be synthesised in 1-2% yields, one key objective for 

this project is to optimise the Ullmann-like coupling reaction from which it is synthesised. 

Following a ligand screening and the interesting outcome of the attempted synthesis of cyclo[2] 

in acetonitrile, several solvents/ combinations of solvents were tested.  

2.4.3.1 Reactions in acetonitrile 

With regards to optimising the Ullmann-like coupling, it was considered that the low 

yields of cyclic products could be the result of issues with selectivity rather than reactivity. The 

homo-coupling of the ferrocenyl-halide may be occurring rapidly, but not selectively for 
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macrocycle formation, and therefore their yields are reduced due to competition with oligomer 

and polymer formation. Based on the findings discussed earlier, it was thought that carrying 

out the Ullmann-like coupling in acetonitrile might be slowing this coupling, due to the reduced 

yield of Fc2 detected. Therefore, the reaction of diiodoferrocene with CuTc was carried out in 

acetonitrile, as described in Scheme 2.25.  

 

Scheme 2.25 The reaction of CuTc with FcI2 in acetonitrile 

 The reaction was carried out as described by Inkpen et al, with the exception that 

acetonitrile was used in place of NMP, and it was shown that solvent effects on the reactivity 

of the copper mediator are more than marginal. Analysis of fractions obtained from column 

chromatography by 1H NMR spectroscopy indicated that none contained any cyclic species. 

Instead, thiophene carboxylate substituted ferrocenes were obtained, with varying numbers of 

ferrocene moieties and either one or two thiophene substituents, as shown in Scheme 2.25. All 

thiophene carboxylate adducts described above were obtained in varying isolated yields and 

have been fully characterised by 1H NMR spectroscopy, mass spectrometry and IR 

spectroscopy; they will be discussed in more detail in Chapter Three.  

 At this point, it is still not clear why the thiophene-containing species were formed 

rather than the cyclic products formed when NMP was used, but it does further indicate that 

the solvent may play a greater role in the reaction mechanism than anticipated. There is 

evidence of this in the literature, with several studies indicating that increasing polarity of the 

solvent can increase rates of reaction110–112. One study of note was carried out by Monge et al, 

who proposed that solvents, such as DMSO, could act as a co-ligand by weak coordination to 

the copper centre. Considering nitrogen-containing solvents such as NMP and acetonitrile have 

reasonable affinity for copper, it is rational to propose that the solvents could behave as a co-

ligand for the copper centre, resulting in changes in reactivity and selectivity. Thus, in an 

attempt to use NMP as a coordinating additive to restore the previously established catalytic 

activity to the CuTc system, the reaction was repeated with the addition of 10% and 20% v/v 
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NMP. The crude reaction mixtures were examined by 1H NMR spectroscopy, shown in Figure 

2.21, and although the spectra are difficult to interpret due to the large number of products 

formed, it is evident that the quality of the spectra increased with increasing volumes of NMP. 

This lack of peak resolution is thought to be the result of copper salts precipitating out of 

solution over time; these salts were removed during column chromatography. 

 

Figure 2.21 Comparison of crude 1H NMR spectra (400 MHz, CDCl3, 298 K) of the reaction 

of FcI2 with CuTc in MeCN with no NMP (blue line) 10% v/v NMP (green line) and 20% v/v 

NMP (red line) 

It is possible that smaller quantities of the thiophene carboxylate products are being 

formed; this has been tentatively confirmed by comparison of integration of the area between 

7.5 ppm and 8.1 ppm, which shows that with increasing volumes of NMP, the integration of 

peaks in this range decreases, when compared to the amount of starting material remaining. 

Based on this, it is reasonable to say that the addition of NMP slows/reduces the formation of 

thiophene carboxylate adducts in acetonitrile.  

It would seem as though the selectivity of CuTc towards the homo-coupling and 

oxygen- arylation reactions varies depending on the presence of NMP or acetonitrile. It is 

thought that coordination of acetonitrile and NMP to the CuTc mediator contributes to the 

reaction pathway in different ways. The coordination of each solvent to the copper centre may 

help to stabilise different transition states formed in the reaction, and the varying energies of 

these transition states determine which product is formed. It is likely that acetonitrile stabilises 
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a transition state in the oxygen-arylation mechanism, one which is not stabilised by the presence 

of NMP, which allows for the thiophene carboxylate to transfer from the copper to the 

ferrocene. This reaction also appears to be in competition with the Ullmann-like coupling, as 

indicated by the formation of bi- and tri- ferrocenes from a mono-ferrocenyl starting material.  

 Interestingly, there does not seem to be a noticeable increase in the quantity of higher 

order ferrocenes with increasing volumes of NMP. This may be because NMP does not 

favourably stabilise any transition states relating to the Ullmann-like coupling pathway. 

Alternatively, this could simply be due to too much competition around the coordination sphere 

of the copper centre, when these solvents are used in unison. If NMP binds more strongly to 

copper than acetonitrile, evidence of the formation of cyclic products in the 1H NMR spectra 

would be expected. 

Although these results are thought-provoking, the lack of cyclic ferrocene species 

shows that acetonitrile and acetonitrile/NMP mixtures are not fruitful solvent systems in the 

Ullmann-like homo-coupling of iodoferrocenes. Therefore, several alternative solvent systems 

were explored in an attempt to find a solvent that helps facilitates the Ulmann-like coupling of 

diiodoferrocene (Scheme 2.26), and could be used in place of NMP. Due to the potential effects 

resulting from solvent coordination to the copper centre, both coordinating and non-

coordinating solvents were used, and those that showed success in forming the Ullmann-like 

coupled products were used in further reactions i.e. adding 10% and 20% v/v NMP to observe 

and compare the effect of solvent on the reactivity of the CuTc catalyst (Table 2.7).  

 

Scheme 2.26 The Ullmann-like coupling reaction, probed by variation of solvent 
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Table 2.7 Solvent systems explored for use in the reaction of CuTc with FcI2 
α400 MHz, 

CDCl3, 298 K; βas detected in mass spectrometry (SM= starting material (FcI2), Tc= 

thiophene carboxylate) 

Solvent Products (1H NMR)α Cyclo[6]β 

MeCN 
SM, FcTc, Fc(I)Tc, Fc2Tc, FcTc2, 

Fc2Tc2, Fc3Tc2 
X 

MeCN  (10% NMP 

(v/v)) 

As above in smaller conc; plus cyclo[2] 

and unknown contaminant 
X 

MeCN (20% NMP 

(v/v)) 
As above, in reduced concentrations  X 

DMF SM, FcTc, unknown contaminants X 

Dioxane SM: cyclo[2]~1:2, unknown contaminants X 

Dioxane (10% NMP 

(v/v)) 
SM, many FcxTcy adducts X 

Dioxane (20% NMP 

(v/v)) 
SM, many FcxTcy adducts X 

EtOH SM X 

DME 
SM, Fc2, some FcxTcy adducts, several 

unknown contaminants 
X 

DCM SM, Fc(I)Tc, FcTc2, Fc2Tc2 X 

THF SM: cyclo[2] ~1:1 X 

THF (10% NMP (v/v)) SM, unknown contaminant 
X 

THF (20% NMP (v/v)) SM, unknown contaminant 

Et2O Thiophene-2-carboxylic acid, SM X 

PhMe Fc(I)Tc, FcTc2, Fc2Tc2 X 

PhMe (10% NMP (v/v)) SM, unknown contaminant X 

PhMe (20% NMP (v/v)) SM, unknown contaminant X 

Hexane 
SM, Trace FcxTcy adducts, unknown 

contaminant 
X 

2.4.3.2 Reactions in coordinating solvents 

Some coordinating solvents, such as 1,4-dioxane and THF showed some success, as 

evidenced by the presence of cyclo[2] in the 1H NMR spectra. Both solvents should coordinate 
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weakly to the copper, through the lone pair of electrons on the oxygen atom. The formation of 

cyclo[2] indicates that their coordination may provide similar stabilisation effects to NMP, 

perhaps due to the presence of a ketone moiety in NMP. Based on the ratio of FcI2:cyclo[2] 

dioxane allows the cyclisation to occur more preferably than THF. Interestingly, no other 

products of cyclisation reactions were detected. When dioxane/NMP and THF/NMP mixtures 

were used the products were found to be the thiophene carboxylate adducts, with cyclo[2] 

ceasing to form.  This is in contradiction to the findings from the reactions in acetonitrile, in 

which formation of the thiophene carboxylate species reduced with the addition of NMP. Other 

coordinating solvents tested showed no noticeable success in the attempted cyclisation of FcI2. 

2.4.3.3 Reactions in non-coordinating solvents 

Since it was thought that the coordination of solvents may have some affect on the 

reactivity of the copper catalyst, some non-coordinating solvents were used in the reaction. 

Toluene and DCM gave the thiophene carboxylate adducts as the main products, but hexane 

only gave trace amounts of these species. This suggests that carrying out the reaction in non-

coordinating, or only weakly coordinating solvents allows for the formation of thiophene 

carboxylate species, in varying amounts. This in turn, could indicate that the naturally favoured 

reaction pathway for the CuTc mediator is the route of oxygen-arylation. This is reinforced by 

literature, which shows that copper mediators are most frequently used for N- and O-

arylation.11,12,107–111,113 In this case, the arylation occurs on the thiophene carboxylate ligand. It 

is suggested that carrying out the reaction in NMP suppresses the ability of the copper mediator 

to perform this arylation, and allows the cyclic side products to form. The formation of the 

thiophene carboxylate adducts could be investigated further to determine whether their 

formation is detrimental to the homo-coupling process, or whether this can still occur once a 

thiophene carboxylate moiety has transferred from the copper to the ferrocene. 

Use of NMP as an additive in the reaction in toluene resulted in lesser amounts of the 

thiophene carboxylate adducts being formed. This is consistent with the results obtained from 

the reaction in acetonitrile, confirming the idea that the presence of NMP inhibits the selectivity 

of CuTc for oxygen-arylation reactions. Thus far, however, this investigation has produced no 

conclusive findings, only speculative conclusions, and the role of NMP in the Ullmann-like 

coupling of ferrocenes remains elusive. It is likely that the reaction proceeds via a previously 

unknown reaction mechanism, which is influenced by factors other than the presence of NMP. 

Additionally, the observed solvent effects may not only influence the catalyst, but also the 
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intermediate/transition state formed. Additionally, for most solvents, coordinating and non-

coordinating, it was found that the main species present in the crude reaction mixture was the 

starting material, FcI2.  

After variations in catalyst/ligand and solvent choice, it was shown that the original 

reaction conditions and reagents were the best for the homo-coupling of iodoferrocenes. As 

such, it was decided that a change of solvent may not be the most effective strategy in the 

optimisation of this Ullmann-like coupling. Due to time constraints, this investigation was not 

taken any further. However, once a suitable alternative solvent system is established, 

equivalencies of starting materials can be optimised, and the use of other additives can be 

explored. 

2.4.4 Ullmann-like coupling of iodoruthenocenes 

Since an objective for this PhD project was to synthesise a ruthenium analogue of 

cyclo[6], it was thought appropriate to test whether the copper-mediated coupling, previously 

established, showed any reactivity towards the simplest of iodoruthenocenes, RcI, which was 

prepared via an adapted literature procedure (Scheme 2.27).34,114 

 

Scheme 2.27 Preparation of RcI 

The Ullmann-like coupling of 1-iodoruthenocene (Scheme 2.28) is key to enabling 

further work with ruthenocenyl analogues, as it provides proof of concept, and was found to be 

successful in creating biruthenocene, Rc2, in good yield.  

 

Scheme 2.28 The CuTc-mediated Ullmann-like coupling of RcI to give Rc2 

Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that no 

starting material remained, but the region of 4 - 5 ppm, where peaks corresponding to protons 
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on the ruthenocene Cp rings usually reside, was not well enough resolved to reveal useful 

information about contaminants. Purification of the crude mixture by flash column 

chromatography allowed for biruthenocene to be obtained in 85% yield, with 2% contamination 

with ruthenocene (Figure 2.22). 

 

Figure 2.22 1H NMR spectrum (400 MHz, CDCl3, 298K) of RcI (top) vs Rc2 (bottom) 

With the success of the Ullmann-like coupling of RcI, the complementary reaction with 

RcI2 was carried out, in an attempt to form cyclic ruthenocene systems (Scheme 2.29).  

 

Scheme 2.29 Attempted Ullmann-like coupling of RcI, using CuTc as a mediator 
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This reaction gave similar results to those obtained from the copper-mediated coupling 

of FcI2 attempted in acetonitrile, discussed earlier in this chapter. A series of ruthenocenyl 

thiophene carboxylate adducts were formed, with no observable cyclic ruthenocene species. 

Mono-, bi- and tri-metallic systems, with both one and two thiophene carboxylate substituents, 

were all obtained in reasonable yields and were purified by flash column chromatography. 

These will be discussed in further detail in Chapter Three.  

2.5 Conclusions and future work 

In summary, it has been shown that the synthesis of cyclo[6], when formed from the 

trinuclear species, Fc3I2, results in reduced side product formation, allowing for easier 

purification, in contrast to the analogous reaction from Fc2I2, or indeed FcI2. As such, 

improving the yield of Fc3I2 was attempted. The iodination reaction was investigated, and it 

was found that the higher order ferrocenes were obtained in greater yields when 1.5 equivalents 

of iodine, with respect to ferrocene, were used; both increases and decreases in the amount of 

iodine resulted in more FcI2 and FcI forming, respectively. Additionally, yields of the bi- and 

tri-ferrocenes were higher when the iodination step was carried out in diethyl ether, and if 

shorter reaction times were used. Since all the above alterations to the reaction conditions 

resulted in minimal changes in yield of Fc3I2, FcI2 was used as the electrophile source, rather 

than iodine. The reaction between dilithioferrocene and diiodoferrocenes gave large increases 

in yield of Fc2I2  (1.6% to 34.0%), but only a small increase in Fc3I2 formation (0.7% to 3.4%). 

In the future, this reaction should be investigated to see whether the yield of Fc3I2 increases or 

decreases with varying equivalents of FcI2. 

 Attempts to couple ferrocenes via Suzuki-Miyaura and homo-coupling reactions were 

also made. The reactions between iodoferrocenes and boronoferrocenes were slow, and the 

materials were often subject to hydrodehalogenation reactions. Although coupling of 

ferrocenes was observed, this was only when FcI was used; coupling was not observed in any 

reactions where FcI2 was used. Fc2I2 was also tested, which resulted in its intramolecular 

cyclisation, and recovery of the boronic acid starting material. Based on this finding, the 

palladium-catalysed homo-coupling of Fc2I2 was investigated, however only the products of 

hydrodehalogenation reactions, Fc2, and intramolecular cyclisations, cyclo[2] were formed. 

Although this homo-coupling reaction showed potential to be successful, it was decided that 

competition with the two aforementioned reactions was too great. If more time was available, 
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further exploration would be carried out i.e., a screening of palladium catalysts and solvents, 

followed by investigation of temperature and additive effects. 

In an attempt to improve the Ullmann-like coupling of iodoferrocenes, a ligand 

screening was carried out. Although some ligand/copper systems showed success, with small 

amounts of cross-coupling occurring, none proved to be as successful as the CuTc mediator 

originally used.  As the solvent of choice for the ligand screening was acetonitrile, the reaction 

of FcI in the presence of CuTc in acetonitrile was performed, which gave a mixture of Fc2 and 

FcTc, whereas in NMP, only Fc2 is observed. Therefore, a series of reactions between CuTc 

and FcI2 were carried out in varying solvents. When the reaction took place in acetonitrile, a 

series of ferrocenyl thiophene carboxylate adducts, with the formula FcxTcy, were obtained. 

Upon addition of NMP, these thiophene-containing systems were formed in reduced quantities. 

Similar reactivity was observed when toluene was used. The use of oxygen-based solvents, 

such as dioxane and THF, allowed for some cross-coupling to take place, as indicated by the 

formation of cyclo[2]. Upon the inclusion of NMP in the solvent system, this cyclisation was 

halted, and in the case of dioxane, ferrocenyl thiophene carboxylate adducts started to form. As 

of yet, no clear correlation between solvent use and products formed has been found. In recent 

years, it has been reported that the bio-based solvent, cyrene, acts as a suitable, greener 

replacement for NMP in organic transformations.105,106 In the future, the CuTc reaction should 

be performed in cyrene to explore whether the environmental footprint of this reaction could 

be reduced, without affecting the yield of coupling and cyclisation reactions. 
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Chapter 3 The Synthesis and Characterisation of 

Metallocenyl Thiophene Carboxylate 

Adducts 

3.1 Introduction 

3.1.1 Formation of C-O bonds on ferrocene 

Ferrocenes bearing oxygen atoms directly bonded to the Cp ring represent an important 

class of molecule, as they may find application as redox-switches1–3 or as ligands in the field 

of homogenous catalysis.4–8 Despite their significance, synthetic routes towards this class of 

molecule are severely hindered by the fact that they often require the use of hydroxyferrocene, 

the notably unstable analogue of phenol.9  

First synthesised by Nesmeyanov in 1959, hydroxyferrocene was prepared in two ways, 

by reaction of ferrocene boronic acid with copper acetate (Cu(OAc)2) and then potassium 

hydroxide,10 or by reaction between bromoferrocene (FcBr) and Cu(OAc)2 followed by 

alkaline hydrolysis of the ferrocenyl acetate intermediate (Scheme 3.1).11 The acetate can be 

reformed from hydroxyferrocene in the presence of acetic anhydride or Cu(OAc)2, in 

pyridine.10,12,13 

 

Scheme 3.1 Syntheses of hydroxy ferrocene (FcOH) reported by Nesmeyanov et al 10,11 

 Hydroxyferrocene has since been used in nucleophilic aromatic substitution reactions 

(SNAr) to give ferrocenyl ethers. By deprotonation of the hydroxyl group and subsequent 

reaction with organohalides, several ethers have been prepared, including multiferrocenyl 

systems (Scheme 3.2),14–16 as well as ferrocenyl oxysilanes and ferrocenophanes,17 and 

dialkylferrocenyl phosphates.18 The simplest of these ferroenyl ethers, methoxyferrocene, can 
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be prepared by treatment of hydroxylated ferrocene with diazomethane.12 In the presence of a 

carboxylic acid moiety, however, the ester is formed first followed by the methoxide. 

 

Scheme 3.2 Synthesis of ferrocenyl aryl ethers14 

Hydroxyferrocene can also be reacted with 3,4-dihydro-2H-pyran under acidic 

conditions to give the pyran-protected oxyferrocene, thus facilitating ortho-metallation of the 

Cp ring with BuLi.13 This reactivity allows access to 1,2-disubstituted ferrocenes, and 

formation of the pyran system is reversible, using acid in an ethanolic solution, to give the 

hydroxy moiety.12  

 Owing to the instability of hydroxyferrocene, more stable synthetic equivalents have 

been reported, in the form of ferrocenyl silyl ethers, by Plenio et al (Scheme 3.3).1,9 By reaction 

of cyclopentenones with trialkylsilyltrifluoromethanesulfonic acid esters, the corresponding 

cyclopentadienyl silyl ethers were formed in almost quantitative yields. Synthesis of the 1,1’-

silylated metallocene complex was achieved via a standard reaction sequence, in which the 

cyclopentadiene is deprotonated, in THF, with BuLi and reacted with FeCl2.
9 A further useful 

aspect of this synthesis of ferrocenyl silyl ethers is that they can be prepared in a more 

convenient, one-pot reaction, since isolation of the cyclopentadienyl silyl ether intermediate is 

not necessary. 

 

Scheme 3.3 Synthetic route towards ferrocenyl silyl ethers reported by Plenio et al 1,9 

 Moreover, similarly to their hydroxyl analogues, ferrocenyl silyl ethers can be 

desilylated/deprotected under mild basic conditions, allowing the in-situ functionalisation to 
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form ferrocenyl alkyl ethers (Scheme 3.4).1 This technique can be used to introduce a number 

of functional groups, including alkyl- and crown-ethers, which have found application in areas 

such as molecular switches and metal ion sensing.1,2,19  

 

Scheme 3.4 Preparation of ferrocenyl alkyl ethers from the corresponding silyl ether 1 

 Ferrocenyl silyl ethers can also be synthesised from lithioferrocenes, by quenching with 

a silyl peroxide (Scheme 3.5).7,8,19,20 This method can similarly be used to prepare 1,2-

substituted hydroxyferrocenes via ortho-lithiation.21 Conversion of the silyl ether, specifically 

trimethylsilyl ether, to a hydroxyl moiety is achieved by hydrolysis. 7,8,20 

 

Scheme 3.5 Synthesis of a ferrocenyl silyl ether and its conversion to a hydroxy ferrocene8 

Another significant intermediate in the synthesis of O-substituted ferrocene systems is 

ferrocenyl actetate. In a one-pot reaction, ferrocenyl acetate can be hydrolysed, to reveal the 

potassium salt of the hydroxide, which upon addition of an organohalide gives the 

corresponding ferrocenyl ether (Scheme 3.6).22 This methodology has been applied to 1,1’-

diacetoxy ferrocene to give disubstituted ferrocenyl ethers and ferrocenophanes and to the 

synthesis of bridged bis-metallocenyl systems.22–24 
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Scheme 3.6 Synthesis of ferrocenyl esters from ferrocenyl acetates. 

Similar reactivity to that described above can also be achieved by utilising sodium 

hydride and a crown ether, in a solution of THF, again in the presence of an organohalide. Or 

alternatively, by reaction of ferrocenyl acetate with an organohalide at high temperatures, in 

which the carbonyl moiety is replaced by the organic reagent, to give the corresponding 

ferrocenyl ether.25 

Ferrocenyl ethers have been synthesised from haloferrocenes via alcoholysis of the 

corresponding alcohol and subsequent reaction with the halide moiety, in the presence of UV 

light, in 40-93% yields.26 Organo-tosylates can also be used in the place, and in the presence, 

of organohalides to give the corresponding ferrocenyl ether.3 

As described earlier, ferrocene acetate was first prepared from ferrocene boronic acid 

upon reaction with copper acetate.10,11 However, to access a more diverse range of ferrocenyl 

esters, alternative synthetic methodologies needed to be investigated. As such, Desinov et al, 

has prepared a range of ferrocenyl esters, also from ferrocene boronic acid.27 Catalysed by an 

N-heterocyclic carbene, the reaction between the boronic acid moiety and an aldehyde, in the 

presence of an oxidant, gives the corresponding ferrocenyl ester (Scheme 3.7). The oxidation-

reduction reactions have been shown to give ferrocenyl esters in poor to good yields.27,28 
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Scheme 3.7 NHC-catalysed reaction between ferrocene boronic acid and aldehydes 

 Notably, ferrocenyl esters have also been synthesised from several copper-mediated 

reactions, which are discussed in detail in chapter 3.1.3 

3.1.2 Formation of C-O bonds on ruthenocene 

Another metallocene of interest in this project is ruthenocene. Being a synthetic 

analogue of ferrocene, interest lies in applying and expanding on protocols used for ferrocene 

functionalisation to enable investigation and comparison of properties exhibited by the 

compounds. 

 Similarly to the synthon, ferrocenyl acetate, ruthenocenyl acetate is prepared by 

treatment of bromoruthenocene with cupric acetate, in ethanol. This transformation, reported 

by Nesmeyanov et al, achieves ruthenocenyl acetate in 89% yield (Scheme 3.8, top).29 This 

copper-mediated esterification can also be performed with the disubstituted 1,1’-ruthenocene 

analogues, dibromo ruthenocene, to generate diacetoxyruthenocene in 53% yield (Scheme 3.8, 

bottom).30,31 

 

Scheme 3.8 Preparation of acetoxy- and diacetoxy-ruthenocene29–31 

As is the case with the ferrocene analogue, ruthenocenyl acetate can undergo ester 

hydrolysis, by treatment with alkali metal hydroxides, to give the alkali metal salt. The 

ruthenocenyl alkoxide intermediate has been used to prepare the analogous ruthenocenyl 
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ethers,29 as well as more complex polyoxa- and dioxa-polythia-(1,1’-) ruthenocenophanes.30,31 

The first report of such a reaction was reported by Nesmeyanov et al, who prepared methoxy 

ruthenocene, by reaction of the alkoxide with dimethyl sulfate, in 80% yield (Scheme 3.9).29 

  

Scheme 3.9 Preparation of methoxy ruthenocene by hydrolysis of acetoxy ruthenocene29 

Furthermore, crown ether-like ruthenocenophanes have been prepared, in which the 

ruthenocene unit is included as a member of the ring. Interest in these molecules, and the 

ferrocene analogues lies in the study of the complexing abilities of the ruthenocenocrown ether 

with both transition metal and alkali metal ions, as well as investigating the interaction between 

the metallocene nucleus and the complexed ions.30,31 To achieve the ruthenocenophanes, the 

ruthenocene bisalkoxide is formed, as described above, and heated to reflux for five hours in 

the presence of an electrophile. A number of these ruthenocenophanes have been reported by 

Akabori et al.30,31 The simplest of such systems was formed by treatment of ruthenocene 

bisalkoxide with 1-bromo-2-chloro ethane, in the presence of catalytic amounts of 18-crown-

6, giving 1,1’-bis(3-chloro-1-oxapropyl) ruthenocene and 1,4-dioxa[4]ruthenocenophane 

(Scheme 3.10, top).30,31 Furthermore, a range of ruthenocenocrown ethers of varying sizes were 

synthesised by reaction, under reflux for six hours, of the ruthenocene bisalkoxide with a range 

of dibromopoly(oxyethylene)s, to give the corresponding cyclisation products in 39-45% yield 

(Scheme 3.10, bottom).30,31 It was noted that in the preparation of the latter, different metal 

hydroxides gave varying yields of the ruthenocenophanes, a result which correlates to the size 

of the cavity formed from the ruthenocenocrown ether.30,31 

 

 

Scheme 3.10 Preparation of polyoxaruthenocenophanes30,31 
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1,1’-Bis(3-chloro-1-oxapropyl) ruthenocene was also used as the precursor to a number 

of dioxapolythia-(1,1’-) ruthenocenophanes.30,31 When refluxed in DMF, in the presence of 

sodium sulfide, 1,1’-bis(3-chloro-1-oxapropyl) ruthenocene was converted to 1,7-dioxa-4-

thia[7]ruthenocenophane, in 40% yield (Scheme 3.11, top). When sodium sulfide was 

substituted for the disodium salt of bis(2-mercaptoethyl)sulfide, the larger ruthenocenophane, 

1,13-dioxa-4,7,10-thia[13]ruthenocenophane was formed, in 63% yield (Scheme 3.11, middle). 

Furthermore, when 1,2-ethanedithiolate was used in place of the mercaptoethyl sulphide under 

similar conditions, both 1,10-dioxa-4,7-thia[10]ruthenocenophane and 1,13-dioxa-4,7,10-

thia[13]ruthenocenophane were formed in yields of 25% and 5%, respectively (Scheme 3.11, 

bottom).30,31 

 

Scheme 3.11 Preparation of dioxapolythia-(1,1’-)-ruthenocenophanes30,31 

  Moreover, heterobimetallic systems can also be prepared by utilising similar 

protocols to those described above. Upon hydrolysis of 1,1’-diacetoxy ruthenocene,30,31 

followed by treatment of the alkoxide with dichlorobis(triphenylphosphine)-palladium(II), the 

mono-phosphine complex can be obtained in 28% yield. The same procedure can be used to 

obtain the corresponding ferrocene derivative, also in 28% yield.32 

 An alternative method that has been used to functionalise Cp rings of ruthenocene with 

oxygen atoms features oxidation techniques.33 First, ruthenocene is treated with HCl and FeCl3, 

or with HBr and FeNH4(SO4)2, to obtain halogenation, with chlorine and bromine respectively, 

at the ruthenium centre. The halogenated species is then oxidised with NH4
+PF6

-. The 

cyclopentadienone (CpO) ligand is then formed from a Cp ring, in-situ, which is achieved by 

suspending the PF6
- salts in deionised water, and heating at 50 oC. After extraction of 

ruthenocene, the chlorinated and brominated derivatives of Ru(Cp)(CpO)X (X=Br/Cl) can each 

be formed in 30% yields, along with 37% and 47% yields of ruthenocene respectively.33 From 
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these halogenated ruthenocene-like species, hydroxy-ruthenocene can be prepared, in 22% 

yield, by reaction with zinc in THF (Scheme 3.12).34  

 

Scheme 3.12 Preparation of hydroxyferrocene33,34 

 Furthermore, the reactivity of the ruthenocene-like cyclopentadienone cation with 

nucleophiles has been studied.35 The cation was introduced as the dimeric salt, 

[Ru(Cp)(CpO)]2[PF6]2, and treated with a range of nucleophiles, many of which favoured 

substitution at the ruthenium centre. However, when trimethyl-phosphine or triphenyl 

phosphine were utilised, substitution was found to occur on the Cp ring, with the CpO moiety 

being reduced to a hydroxyl-functionalised Cp ligand (Scheme 3.13). NMR studies indicated 

that, with an equimolar reagent ratio, the reaction was essentially quantitative, however 

recovered yields of the PF6 salt of the product were 50-60%.35 Later studies have extended the 

aforementioned reactivity profile to include tricyclohexaphosphine, and trimethylarsine. The 

PF6 salts of which have also been obtained in 50-60% yields.36 

 

Scheme 3.13 Preparation of phosphine-substituted hydroxyruthenocenes35,36 

3.1.3 Copper-mediated C-O bond forming reactions 

Ullmann-type, copper-mediated O-arylation reactions have been well explored in the 

literature for organic systems, with copper-ligand combinations and functional group tolerances 

investigated. It is likely that, when arylating phenols, the phenol itself serves as a ligand and as 

such several protocols have been published in which no additional ligand is used.37 For 

example, the successful coupling between an arylbromide and phenol was reported by Xing et 

al, using a common copper salt ((CuOTf)2·PhH) and a base (Cs2CO3) in pyridine.38 However, 

in an earlier study, by Marcoux et al, it was found that the addition of equimolar amounts of 

carboxylic acids, such as naphthoic acid, and carrying out the reaction in toluene, gave 
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improved yields (Scheme 3.14).39 For all arylating agents, this methodology has been found to 

give consistently good yields, with the exception of those containing electron-withdrawing 

substituents, which is likely due to their participation in competitive SNAr reactions. Hence, 

this reaction has since been utilised in the synthesis of a number of diaryl ethers, particularly 

in the field of medicinal chemistry.40–42 

 

Scheme 3.14 O-arylation devised by Marcoux et al 

 In another example, the addition of a nickel-aluminium alloy to the copper-mediated 

reaction enabled the facile arylation of sterically hindered phenols, and is even applicable to 

aryl chlorides, which are notably less reactive.43  

 Microwave heating has also been proven to allow for the arylation of phenols in the 

absence of any additives or ligands. Using unactivated aryl halides, catalytic amounts of the 

common copper salt, CuI, effectively facilitated the O-arylation of phenols, in the presence of 

Cs2CO3 and NMP (Scheme 3.15). In just 2 hours of microwave heating, good yields (64-90%) 

were obtained for a variety of phenols, with reasonable yields being obtained for o-substituted 

(65%) and o,o-disubstituted phenols (45%).44 

 

Scheme 3.15 Ligand-free copper-mediated O-arylation promoted by microwave heating44 

 Despite the success reported from ligand-free systems, a number of ligand-assisted 

methods have also been reported and are still being investigated. In 2000, a comprehensive 

ligand screening was performed by Fagan et al, in which various pyridine and quinoline 

derivatives were used for the phenoxylation of a model substrate (Scheme 3.16).45 Using 

catalytic quantities of CuCl, it was found that the best ligand was 8-hydroxyquinoline and its 

esters, though 2-dimethylaminomethyl-3-hydroxypyridine was also successful, lower yields 

were obtained from those reactions.45  
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Scheme 3.16 Copper-mediated O-arylation reaction conditions determined by Fagan et al45 

 Further to this, in the presence of Cs2CO3, phenanthroline and neocuproine complexes 

of copper (CuL(PPh3)Br) have also been proven as effective systems in the arylation of phenols 

by aryl bromides, in toluene.46 This method is tolerant of a range of both electron-donating and 

electron-withdrawing substituents, in o-, m- and p- positions, on both the phenol and aryl halide 

(Scheme 3.17).46 Additionally, when the reactions are performed in NMP, rather than toluene, 

O-arylation can be achieved from electron-rich bromoarenes, in the absence of a ligand.47  

 

Scheme 3.17 Ligand-assisted O-arylation developed by Gujadhur et al46 

 Furthermore, the ligand can also be introduced via the substrate, in the form of o-

substituted haloarenes. To this end, various ortho-coordinating substituents, including 

carboxylic acid, 48–50 nitro,51 azo,52 triazene 53,54 functional groups, just to name a few, have 

been incorporated.  

The use of a plethora of ligands in copper-mediated reactions has been summarised in 

a review by Beletskaya et al, and states that no ‘rational reasoning’ can yet be applied to the 

design of ligands in O-arylation reactions.37 Although we know that chelation is likely 

desirable, other influential factors that define the best choice of ligand remain unknown. Since 

then, great efforts have been undertaken to understand the mechanistic aspects of copper-

meditated reactions, an extensive review on which was provided by Sambiagio et al.55 

Although copper-mediated O-arylation reactions have been well developed for organic, 

aromatic systems, their application to ferrocene systems is noticeably less developed. It should 

also be noted that the synthesis of heteroatom-substituted ferrocenes is limited as the protocols 

traditionally used for benzenes to introduce heteroatoms are not suitable for ferrocenes. 
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Copper-mediated O-arylation reactions of ferrocenes, however, have shown success. The first 

examples of aryloxyferrocenes were reported by Rauch et al in 1961, which were prepared via 

the Ullmann condensation of iodoferrocene and number of potassium aryloxides (Scheme 

3.18).56 

 

Scheme 3.18 Copper-mediated synthesis of aryloxyferrocenes, developed by Rausch et al56 

 After deprotonation of the preceding alcohols, the corresponding potassium salts were 

coupled to iodoferrocene, in the presence of copper bronze, at high temperatures, to give the 

desired ethers in yields of 12-62%.56 This methodology was later improved by an der Heiden 

et al.57 In 2004, they reported a comprehensive investigation of the copper-mediated synthesis 

of ferrocenyl aryl ethers. Several previously established copper systems, in the synthesis of 

biaryl ethers, were evaluated and the different ratios of copper to ligand were explored, as well 

as variations in base and solvent. Ultimately, the optimum conditions for the synthesis of 

ferrocenyl aryl ethers were found to utilise CuI and a dicarbonyl based ligand.57 From such 

reactions, a range of aryloxyferrocenes were isolated, including those from sterically 

demanding arenes, in 22-89% yields, with the exception of where electron deficient arenes were 

implemented. However, the determined Cu(I)/TMHD (2,2,6,6-tetramethyl-3,5-heptanedione) 

system was found to be about half as effective when bromoferrocenes were used.57 This study 

found that use of TMHD as a copper ligand gave better yields than phosphine-based ligands, 

such as triphenyl phosphine, but did not explore these systems in great detail. Hence, in 2015 

Frey et al reported the Cu(I)/phosphine-catalysed O-arylation reactions of FcI, FcBr or 1,1′-

dibromoferrocene (FcBr2) and various phenols in toluene, using Cs2CO3 or K3PO4 as a base 

(Scheme 3.19).58 It was concluded that this Ullmann-type methodology allowed for the high-

yield preparation of ferrocenyl aryl ethers from the less expensive, and less reactive, 

haloferrocenes, FcBr and FcBr2, with the first asymmetric 1,1’-ferrocenyl aryl ether being 

reported.58  
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Scheme 3.19 Cu(I)-phosphine mediated synthesis of ferrocenyl aryl ethers from 

bromoferrocenes 

Copper-mediated reactions of iodoferrocene and aliphatic alcohols, to give ferrocenyl 

alkyl ethers, have also been reported.59 

The key synthetic intermediate, ferrocene acetate, has been prepared from 

iodoferrocene, again highlighting the importance of iodoferrocenes as important starting 

materials, as described in Chapter 2 of this thesis.60,61 In the presence of copper(I)oxide and 

acetic acid, the halide moiety can be converted to the corresponding methyl ester, ferrocenyl 

actetate.60–62 This methodology has been applied, by Akabori et al, to a variety of carboxylic 

acid functionalities, to give a range of ferrocenyl esters (Scheme 3.20).62 The esters prepared 

were isolated in 50-95% yields when the reaction was performed in acetonitrile, but when 

carried out in pyridine considerable amounts of ferrocene were formed. 

 

Scheme 3.20 Synthesis of ferrocenyl esters described by Akabori et al62 

 In 1971, Sato et al reported the copper(I) oxide-mediated condensation reaction of 

haloferrocenes with various carboxylic acids (Scheme 3.21).63 The esters prepared from 

iodoferrocene were obtained in 13-59% yields, depending on the carboxylic acid used. 

However, in almost each case, a considerable amount of the dehalogenation product, ferrocene, 

was also obtained. It was also reported that the character of the carboxylic acid had little effect 

on the product distribution.63 This reactivity of haloferrocenes was found to be in stark contrast 

to the analogous reactions of aryl halides, which only gave products of dehalogenation 

reactions. 
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Scheme 3.21 Copper-mediated reactions of haloferrocenes with carboxylic acids, reported by 

Sato et al63 

 Furthermore, the effect of solvent on the aforementioned reactivity of haloferrocenes 

was probed. It was found that substitution of pyridine with acetonitrile or nitromethane gave 

the ferrocenyl esters in improved yields (89% and 86% respectively, vs 47% in pyridine), and 

the occurrence of dehalogenation was also reduced. On the other hand, when toluene was used 

as the solvent a considerable amount of unreacted FcBr, as well as ferrocene, was obtained. 

The yield of ferrocenyl ester also remained essentially unchanged from the reactions in 

pyridine.63 

 A limited number of oxygen-substituted biferrocenyl systems have been reported in the 

literature, likely due to the low yielding synthetic routes towards such species. To prepare these 

systems, the mono-ferrocenyl synthons must be synthesised. As such, Sato et al treated FcI2 

with stearic acid under reflux, in the presence of copper(I) oxide, to produce 

stearoyloxyferrocene, 1-iodo-1’-stearoyloxyferrocene and 1,l '-bis(stearoy1oxy)ferrocene in 

15%, 16% and 12% yields respectively.64 Complementary reactions were also carried out with 

1,1’-dibromoferrocene to yield the brominated analogues of those descibed above. 1-iodo-1’-

stearoyloxyferrocene and 1-bromo-1’-stearoyloxyferrocene were then used in further Ullamnn 

couplings to obtain 1,1’’’-bis(stearoy1oxy)biferrocene in yields of 75% and 40%, respectively 

(Scheme 3.22).64 

 

Scheme 3.22 Preparation of O-substituted biferrocene64 
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3.1.4 Chapter Aims 

In the previous chapter, the preparation of a new family of multi-metallocene based 

systems was discussed. It was thought that these thiophene carboxylate-substituted 

metallocenes may find application in the synthesis of O-substituted ferrocenes or show 

interesting properties that are useful for charge transport processes. This chapter will, therefore, 

discuss attempts made to probe the reaction mechanism, such as investigating the influence of 

radicals, light, copper source and co-ligands, all of which have shown to be influential in the 

literature. In addition, optimisation of the reaction towards the formation of the thiophene 

carboxylate adducts, prepared from iodoferrocenes and iodoruthenocenes, is discussed. In an 

attempt to prepare a family of metallocenols, comprising one or two ferrocene or ruthenocene 

units, the ester hydrolysis reactions of the thiophene carboxylate adducts were performed and 

are discussed. In order to gain an overview of the properties of the metallocenyl thiophene 

carboxylates, a comprehensive examination of the electrochemical and optical properties, 

through cyclic voltammetry, UV-vis spectroscopy, IR-spectroelectrochemistry and 

UV/vis/NIR-spectroelectrochemistry, is included.  

3.2 Discussion on the optimisation of the synthetic route towards ferrocenyl 

thiophene carboxylates 

Previous findings (discussed in Chapter 2.4.3) showed that in acetonitrile, the copper-

mediated Ullmann-like coupling of FcI2 produced only ferrocene thiophene carboxylate 

adducts, rather than the desired homo-coupled product, cyclo[6] (Scheme 3.23, M = Fe). In this 

case, the thiophene carboxylate ligand from the copper displaces one or two of the iodine 

substituents. This ligand transfer, in combination with the coupling effects of the copper 

mediator, allows for the formation of mono- or di-thiophene-2-carboxylate-substituted 

metallocene chains containing one, two or three metallocene units. In contrast to this, when the 

CuTc Ullmann-type coupling is carried out using NMP as the solvent, little to no thiophene 

carboxylate adducts are formed, with the exception of the ferrocenyl thiophene-2-carboxylate 

reported by Inkpen et al. 65 Interestingly the analogous reaction of RcI2 with CuTc gives the 

thiophene carboxylate adducts with ease when performed in NMP  (Scheme 3.23, M = Ru). 
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Scheme 3.23 The reaction of CuTc with FcI2 or RcI2 in acetonitrile 

 The synthesis of this family of metallocenes can be achieved in a one-pot reaction, at 

room temperature, with FcI2/RcI2 and CuTc, and easily purified by column chromatography. 

The C-O bond forming reactions observed fall in line with literature observations, since copper 

mediators are most frequently used for N- and O-arylation; in this case, with the ‘arylation’ 

occurring on the thiophene carboxylate ligand. 55,66–68  

 To the best of my knowledge, the only other metallocene substituted with a thiophene 

carboxylate moiety is that published by Inkpen et al65 and Desinov et al.27 The interest in this 

family of molecules lies with their potential application as intermediates towards the synthesis 

of largely inaccessible systems, for example, ferrocene diols. Currently, to form hydroxyl 

groups directly on the cyclopentadienyl ring of a ferrocene unit, acetoxy-ferrocene is formed 

(via an Ullmann-type coupling) and then hydrolysed to give the alcohol.60,61 Furthermore, to 

produce O-substituted biferrocenes, a similar protocol is followed and has been used to prepare 

1′,1‴-diacetoxy-1,1″-biferrocene (Fc2(O2Me)2) and 1′,1‴-Dimethoxy-1,1″-biferrocene 

(Fc2(OMe)2).
69 No preparation of hydroxyl substituted bi- or tri-ferrocenes, or mono-, bi-, or 

tri-ruthenocenes has been reported. Thus, the preparation of higher order ferrocenyl and 

ruthenocenyl esters reported herein could represent an efficient route towards such systems. 

 As such, in this chapter, the deliberate synthesis of the ferrocene and ruthenocene 

thiophene carboxylate adducts was investigated and optimised. It was hoped that they could be 

produced in sufficient yields to gain further understanding of the properties of this class of 

compound and allow application in areas such as molecular electronics. The mechanism for 

this type of reaction has been in dispute since the 1990s, with both radical- and redox-based 

mechanisms being proposed, as noted in a review of Ullmann-type chemistry, by Sambiagio et 

al.55 This makes it hard to draw any definitive conclusions, making optimisation of the reaction 

more complex. 
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3.2.1 Investigation and optimisation of the synthesis of ferrocene thiophene-2-

carboxylate (FcTc) 

In the literature, O-arylation reactions are often carried out at elevated temperatures.37,55 

Therefore, the effects of carrying out the reaction at increased temperature should be 

determined. Hence, the CuTc-mediated O-arylation in acetonitrile was performed at higher 

temperatures, and it was found that there was a marginal change in the proportion of coupling 

products to thiophene carboxylate adducts formed, as demonstrated by Scheme 3.24. 

Interpretation of the 1H NMR spectra of the crude reaction mixtures, via integration analysis, 

shows that increasing the temperatures gives an increase in yield, as a percentage of the mixture, 

of Fc2 (57% to 63%) and a decreased yield of FcTc (43% to 37%).  

 

Scheme 3.24 Comparison of CuTc-mediated O-arylation of FcI at 298 K and 353 K 

 Given that increasing the temperature only results in minor changes to yield, and that 

many similar reactions in the literature are carried out under heating conditions, it was decided 

that future investigations of this reaction (Scheme 3.24) would be carried out at 353 K, for 

continuity. In addition to changing the temperature of the reaction, the inclusion of additives/ 

complimentary ligands was considered; those chosen have shown success in copper-mediated 

reactions in the literature and are illustrated in Figure 3.1.37,55  
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Figure 3.1 Structures of co-ligands screened for the synthesis of ferrocenyl thiophene 

carboxylate adducts  

The most successful co-ligand employed was triphenylphosphine. The 1H NMR 

spectrum of the crude reaction mixture revealed that the major product was the desired FcTc, 

with small amounts of ferrocene and trace amounts of the homo-coupled product, Fc2, also 

forming. When bipyridine was used, some success was also seen; the major product was FcTc, 

but a moderate quantity of ferrocene was also present. Upon addition of S,S-dimethyl 

carbonodithioate or N-phenylpicolinamide to the reaction, the major product of reaction was 

ferrocene, with the former leaving some iodoferrocene unreacted. Addition of 

triphenylmethanethiol gave unclear results due to large quantities of co-ligand in the 1H NMR 

spectrum obscuring the visibility of any ferrocenyl peaks. Finally, addition of the pyrrole 

ligand, ethyl 1H-pyrrole-2-carboxylate, resulted in a number of unidentified species being 

formed, as well as the thiophene carboxylate adduct, ferrocene and the homo-coupled product. 

It was decided, based on these results, that should any future employment of co-ligands 

be considered, PPh3 would be the most viable option. It is worth noting that during the 

aforementioned co-ligand screening, hydrodehalogenation of the starting material was 

observed for the first time in our studies. This could be because the reactions were performed 

on an NMR scale in wet, deuterated acetonitrile. 

 A control reaction, to which no additive was introduced, was also carried out, and upon 

comparison of the crude 1H NMR spectrum of this reaction with the spectrum from the reaction 

performed in dry acetonitrile (Scheme 3.24) discrepancies were observed. It was found that the 

yield of FcTc was far greater in wet solvent than in dry (83% vs 37% respectively). Notably 

no hydrodehalogenation reaction was observed. It is now thought that the presence of small 
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amounts of water in the solvent may, in fact, aid the formation of the thiophene carboxylate 

adduct. Two possible reasons for this are proposed. Firstly, the water could be coordinating to 

the active copper species, enhancing its’ solubility and, therefore, reactivity. Alternatively, the 

water might be involved in hydrogen bonding with the thiophene carboxylate, thus ‘activating’ 

it, so that its’ transfer from the copper to the ferrocene becomes possible. Furthermore, the 

solvent used in the ligand screening reactions had not been degassed, and it was unclear whether 

the increase in FcTc formation was due to the presence of oxygen in the solvent. This was, 

however, deemed unlikely as the presence of oxygen should oxidise the CuTc in solution, 

resulting in a Cu(II) species, and reports have indicated that the active species in these types of 

systems may be the Cu(I) species.70–72 

 The influence of oxygen on the reaction therefore needed to be determined. Two 

identical reactions of FcI in the presence of CuTc were performed simultaneously in (wet) 

acetonitrile, except for the fact that one of these reactions was degassed by sparging with 

nitrogen before addition of the copper species. It was discovered that in the presence of oxygen 

the reaction virtually failed to proceed, and FcTc was obtained in trace amounts. In stark 

contrast to this, the degassed reaction gave an almost quantitative yield of FcTc (97%), even 

higher than the yield of the reaction in deuterated acetonitrile discussed earlier (88%). This is 

expected since the solvent used in the additive screening was not degassed. It was understood 

that a large amount of oxygen in the reaction vessel resulted in oxidation of the active Cu(I) 

species, to Cu(II), and thus halted the O-arylation reaction.  

Table 3.1 Summary of solvent conditions trialled in the O-arylation of FcI 

Solvent T (K) FcTc Fc2 

MeCN (dry, degassed) 298 43% 57% 

MeCN (dry, degassed) 353 37% 63% 

MeCN (hydrous, degassed) 353 97% 3% 

MeCN (hydrous, oxygenated) 353 trace 0% 

 

 A summary of the solvent conditions and yield of FcTc formed is given in Table 3.1. 

Based on the two main findings discussed above, it was decided that for future copper-mediated 

O-arylation reactions hydrous, degassed acetonitrile should be used.  
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 For the sake of continuity, the O-arylation reaction using in-situ CuTc formation 

discussed in Chapter 2.4.2 was repeated in hydrous acetonitrile. It was again observed that the 

yield of FcTc was increased, from 67% to 83% (Scheme 3.25). This is a vast improvement on 

current literature procedures, which give yields of up 35%.27 

 

Scheme 3.25 O-arylation of FcI from CuTc, formed in-situ, in hydrous and anhydrous 

acetonitrile 

 It is possible that the presence of water in the reaction allows for the generation of 

hydroxide ions, which could act as a nucleophile at the ferrocene-iodine bond resulting in a 

ferrocenol intermediate. This could, in turn, react with the thiophene-carboxylate (or carboxylic 

acid) moiety to achieve formation of the ester product (Scheme 3.26). It is also plausible that 

when NMP is used as the solvent, any hydroxide nucleophiles present are sequestered by the 

NMP, resulting in a ring opening reaction and, consequentially, hindering the formation of 

FcTc and its derivatives. 

 

Scheme 3.26 Possible mechanism for O-arylation of FcI 

In an attempt to optimise this reaction and investigate its finer mechanistic details a 

number of external variables were tested to determine which had the most important/profound 

effect. Factors investigated were the effect of base, light, electron scavengers and initiators, and 

the presence of a co-ligand on the reaction. These variables were implemented in reactions 

utilising preformed CuTc (Scheme 3.27), and CuTc formed in-situ (Scheme 3.30) to compare 

and contrast the reactivity. It is worth noting that the described investigations were run using 

the Radleys Carousel 12 Plus Reaction Station, which generally gives lower yields in our 
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experience, likely due to difficulties creating a fully oxygen-free atmosphere. As such, control 

reactions were carried out in tandem for all conditions investigated. Following work-up, the 

crude reaction mixtures were analysed by 1H NMR spectroscopy, and yield comparisons were 

based on these controls rather than on earlier reactions. 

 

Scheme 3.27 Series of reactions of FcI and CuTc, investigating the implementation of the 

following conditions; (a) control (no additive), (b) KOtBu, (c) darkness, (d) 

dihydroanthracene, (e) AIBN, (f) PPh3 

 Unfortunately, no usable data could be obtained as the O-arylation of FcI using CuTc 

proceeded smoothly to completion, giving FcTc, in this time frame, and thus no improvement 

or reduction in yield between the condition variations was observed. As it was shown earlier 

that the reaction proceeds more readily when hydrous solvents are used, the reactions were 

repeated using dry acetonitrile in an attempt to slow the reaction down so as to investigate the 

effect of each of the variables described. Analysis of the 1H NMR spectra was not as 

enlightening as first hoped; the reaction still proceeded almost to completion, with very little 

change in reaction efficacy. Under conditions (a), (d), (e) and (f) the reaction was essentially 

quantitative with only trace amounts of FcI detected in the 1H NMR spectra of the crude 

reaction mixtures (Figure 3.2). When the reaction was carried out in the presence of KOtBu 

(condition (b)), a marginal decrease in yield of FcTc was observed, as indicated by more 

unreacted FcI present in the reaction mixture. Strangely, when the reaction was performed in 

the absence of light (condition (c)), additional impurities were observed in the region of 4.0-

4.5 ppm of the 1H NMR spectra. Pseudo-triplets in this region, as observed, are usually 

indicative of a ferrocene-containing product, however the triplets are of different integration 

and there are no singlets (free Cp ring) present. This is in contrast to the expected splitting 

pattern of monosubstituted-ferrocenes and Fc2. Trace amounts of the aforementioned peaks 

were also observed under conditions (f). Additionally, a doublet was observed at 7.67 ppm, 

possibly indicative of a thiophene moiety, however there are no other peaks in the aromatic 

region to support this.  
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Figure 3.2 1H NMR spectra (400 MHz, CDCl3, 298 K) of the crude reaction mixtures under 

conditions (a)-(f) (descending) 

 Based on the efficiency of this reaction to produce ferrocene thiophene-2-carboxylate, 

FcTc, it was decided than no more mechanistic insight could be garnered from this reaction, 

under these conditions, with the techniques available to us. In future work, it is proposed that 

the reaction could be repeated, and aliquots taken and/or with reduced reaction times. This 

would allow further analysis of reaction rate and may allow for observation of any influence 

caused by the variables discussed here. This has not been carried out due to time constraints 

and other priorities within the project. 

It was shown earlier in this section of work that out of the co-ligands screened, triphenyl 

phosphine was the best choice for this reaction. As such, the study of CuTc-mediated O-

arylation reaction conditions was extended to include a preformed triphenyl phosphine copper 

species (Scheme 3.28). 

 

Scheme 3.28 Synthesis of triphenyl phosphine-containing copper species 

Upon addition of 1 equivalent of PPh3 to a suspension of CuTc in acetonitrile, the copper 

species became soluble. Confirmation of phosphine coordination was determined by 31P{1H} 

NMR spectroscopy, in which a broad peak was observed at -1.53 ppm, compared to -5.3 ppm 

for free triphenyl phosphine.73 When 2 equivalents of phosphine were added, the solubility was 
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decreased. It was thought that the increased solubility may aid the O-arylation reaction, 

therefore, the reactions described above, in which a series of variables were investigated, were 

repeated employing the phosphine based copper-mediator (Scheme 3.29).  

 

Scheme 3.29 Reactions of FcI and CuTc, investigating the implementation of the following 

conditions; (a) control (no additive), (b) KOtBu, (c) darkness, (d) dihydroanthracene, (e) 

AIBN, (f) Cs2CO3 

 By analysis of the crude reaction mixtures by 1H NMR spectroscopy, it was observed 

that under all conditions FcTc was produced in essentially quantitative yield. The exceptions 

were the reactions performed under conditions (c), (e) and (f), which were also found to contain 

the ferrocenyl impurities discussed earlier. Due to the proficiency of the phosphine copper-

mediator in the O-arylation of FcI, it was decided not to attempt further investigation of the 

reactivity of this system, under these conditions, due to time constraints. It was hypothesised 

that, again, this reaction could be repeated, and aliquots taken at set intervals for analysis of 

reaction rate and progress to take place. It was also considered that reducing the reaction 

temperature may sufficiently bring down the reaction speed, however, as discussed earlier in 

this section, previous findings indicated that the yield of the thiophene carboxylate adducts 

remained essentially unchanged by reaction temperature. Hence, this variation was not included 

in this investigation. 

Attention was instead turned to the reaction pathway whereby the copper-mediator is 

formed in-situ, and the same variables (as described earlier) were implemented (Scheme 3.30). 

The use of KOtBu in the reaction described in Scheme 3.30 was determined based on findings 

relating to the O-arylation of FcI2, discussed in chapter 3.2.2, where an analogous reaction with 

FcI2 was found to perform best when KOtBu was used as the base. Following work-up, the 

crude reaction mixtures were analysed by 1H NMR spectroscopy, and yield comparisons were 

based on the tandem control reactions performed, rather than yields obtained in earlier 

reactions. 
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Scheme 3.30 Reactions of FcI and CuTc (formed in-situ), investigating the implementation of 

the following conditions; (a) control, (b) darkness, (c) *Cs2CO3, (d) dihydroanthracene, (e) 

PPh3, (f) AIBN. *used in place of KOtBu 

Comparison of the amount of FcTc formed, with respect to unreacted FcI, under 

conditions (a) and (c) showed negligible difference in yield (12% and 13% respectively). 

Limiting exposure of the reaction to UV light (condition (b)) and addition of a radical scavenger 

(condition (d)) resulted in lower observed yields of FcTc (11% and 9% respectively). Addition 

of PPh3 and a radical initiator to reactions resulted in a reduction in formation of FcTc 

(conditions (e) (0%) and (f) (6%) respectively). It is interesting to note that when the Ullmann-

like coupling was attempted with the copper mediator formed in-situ, addition of PPh3 to the 

mixture reduced the formation of FcTc, but when the catalyst was preformed there was no 

observable difference. This may imply that PPh3 blocks the available coordination sites on the 

copper, preventing both the carboxylic acid and the ferrocene from undergoing oxidative 

addition. More investigation of the CuTc-mediated reaction would need to be performed to 

confirm this.  

In addition to unreacted FcI, unidentifiable ferrocenyl side products were detected in 

trace amounts under all reaction conditions. This is shown by the presence of two triplets and 

a singlet in the region of 4-5 ppm of the 1H NMR spectrum. There were also peaks in the 

aromatic region of the spectrum that shared the same splitting pattern as other confirmed 2-

substituted thiophenes. These peaks were found not to be 2-thiophene carboxylic acid, therefore 

suggesting that the carboxylic acid underwent another reaction, in addition to the O-arylation 

reaction. Based on the relative integrations, these two species are thought not to be part of the 

same molecule. It is worth noting that the ferrocenyl side-products were detected under all 

conditions, except when caesium carbonate was used in place of KOtBu. The presence of one 

ferrocenyl contaminant was particularly prevalent when the radical initiator AIBN was 

implemented in the reaction (condition (f)) (Figure 3.3, selected peaks). This side-product was 

first thought to be tbutoxyferrocene (FcOtBu), formed via the copper-mediated transfer of the 
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butoxide rather than the thiophene carboxylic acid, as observed by Schaarschmidt et al.59 

However, no peak with integration corresponding to the t-butyl group is observed.  

 

Figure 3.3 1H NMR spectrum (400 MHz, CDCl3, 298 K) of the crude reaction mixture, under 

conditions (f); with integrated peaks representing impurities discussed. 

3.2.2 Investigation and optimisation of the synthesis of ferrocene (bis)thiophene-2-

carboxylate (FcTc2) 

It has been observed, and discussed in chapter 2.3, that the reactivity of ferrocenes 

changes on going from mono-substituted to di-substituted systems. In previous studies, it was 

also shown that the CuTc-mediated O-arylation reactions of FcI were favoured over the homo-

coupling reactions in hydrous solvents. Consequently, it was necessary to assess the application 

of hydrous solvent to copper-mediated O-arylation reactions of FcI2 (Scheme 3.31). It was 

hoped that, as is the case with FcI, the reaction would proceed cleanly to give FcTc2 in good 

yields. 

 

Scheme 3.31 Representative scheme for the O-arylation reaction being probed 
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 It was gleaned that in dry acetonitrile there were competing O-arylation coupling and 

homo-coupling reactions, which gave mixtures of several ferrocene species of formula FcxTcy 

(x = 1, 2, 3; y = 1, 2). The analogous reaction in hydrous, degassed acetonitrile, however, 

showed no evidence of homo-coupling. The only products observed under these conditions 

were the mono-ferrocenyl systems, Fc, FcTc and FcTc2, with absolute yields of 2%, 54% and 

44%, respectively. Evidence that the O-arylation reaction is more facile in the presence of trace 

amounts of water was shown by the lack of starting material observed in the crude 1H NMR 

spectrum under hydrous conditions. In contrast, the crude reaction mixture under anhydrous 

conditions consisted mostly of starting material. Large quantities of FcTc were also observed, 

indicating that the hydrodehalogenation reaction still occurs in dry solvent, likely as a result of 

heat and adventitious water. An increase in FcTc2 formation was observed when the reaction 

was carried out in wet solvent, compared to reaction in dry solvent. This further substantiates 

the proposal that the presence of water in the reaction aids the formation of O-arylation 

products, likely by aiding the solubility of the copper mediator in acetonitrile.  

 Verification that the O-arylation reaction proceeds more slowly for the disubstituted 

ferrocene than for the monosubstituted derivative is found in the presence of 

hydrodehalogenation products, Fc and FcTc. Under identical conditions, no ferrocene was 

formed from FcI. This reduction in rate of reaction has allowed hydrodehalogenation of some 

of the starting material to occur, to give FcI. This then participates in a mixture of further 

dehalogenation and O-arylation reactions. Alternatively, one O-arylation of FcI2 could occur, 

followed by either a second arylation reaction or a hydrodehalogenation reaction. The presence 

of ferrocene in the reaction implies that the hydrodehalogenation reaction is slightly faster than 

the O-arylation reaction, and so the latter described route to FcTc is less likely. These routes 

are depicted in Scheme 3.32, and it should be noted that no Fc(I)Tc was detected in the crude 

1H NMR spectrum under hydrous conditions, but was formed under anhydrous conditions. In 

the future, this reaction could be followed by 1H NMR to gain further insight into the 

mechanism and reaction rates of the O-arylation vs hydrodehalogenation reaction.  
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Scheme 3.32 Representative scheme for the competing reactions observed in the attempted 

CuTc mediated O-arylation of FcI2  

In a similar study by Sato et al, the mechanism of ferrocenyl ester formation was 

studied.63 By probing the reaction as a function of time, and by varying ratios of reagents, they 

determined that the formation of hydrodehalogenation products was independent of ferrocenyl 

ester formation. Initially, they proposed that the carboxylic acid, in this case benzoic acid, reacts 

with copper(I) oxide to give the active species, which then reacts with the haloferrocene to give 

both dehalogenation and condensation products. This was supported by the change in product 

distribution observed when the molar ratios of reagents were varied.63 From time dependence 

studies, they found that in the first 30 minutes ferrocene and the ferrocenyl ester were formed 

competitively from FcI or FcBr, after which time dehalogenation reactions ceased and the 

formation of the ester continued to increase gradually.63 From this, it was garnered that the 

dehalogenation and condensation reactions actually occurred via different active species rather 

than a step-wise mechanism in which one of the products forms and then reacts further with the 

active species to give another, since ferrocene cannot be prepared from the ferrocenyl ester in 

the presence of Cu2O and benzoic acid.63 Finally, it was concluded that the preparation of 

ferrocene benzoate likely proceeded through a similar mechanism to that of the reaction of a 

haloferrocene with the preformed copper(I) benzoate species, reported earlier.74 

 The mechanism of copper-mediated reactions is a topic of dispute in the literature, with 

the overall consensus being that it is determined by the reagents and conditions used. Although 

some arguments claim that copper-chemistry is dominated by redox processes, there is 

evidence to suggest that, in some cases, radical processes are involved.55 Consequently, it was 

of interest to determine whether radicals play a role in the synthesis of ferrocenyl thiophene 
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carboxylate adducts.  As such, radical initiators and scavengers were employed in the O-

arylation reaction of FcI2, mediated by pre-formed CuTc as described in Scheme 3.33. 

 

Scheme 3.33 General synthetic route for the investigation into the effect of radical processes 

on the O-arylation of FcI2. (a) AIBN (b) 9,10-dihydroanthracene 

 When the Ullman-type coupling was carried out in the presence of AIBN, the reaction 

mixture was found to consist almost entirely of FcI2, indicating little to no reaction had 

occurred. Although there seemed to be evidence of other ferrocenyl species in the mixture, as 

determined by 1H NMR spectroscopy (Figure 3.4), these were in such low concentration that 

no attempts to isolate and characterise the species was made.  

 

Figure 3.4 Crude 1H NMR spectra (400 MHz, CDCl3, 298 K ) of the reactions described in 

Scheme 3.33, with spectra of FcTc2 (purple line) and FcI2 (blue line) for comparison 

 Upon addition of 9,10-dihydroanthracene to the reaction mixture containing the pre-

formed copper-mediator (Scheme 3.33, (a)), it was observed that the O-arylation reaction was 
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far more facile. No peaks indicative of residual FcI2 were present in the crude 1H NMR 

spectrum, confirming that the reaction had gone to completion. Remarkably the reaction 

mixture consisted almost entirely of the desired product FcTc2 (87%), with only small 

quantities of FcTc (13%) detected. This observation suggests that the existence of radicals 

hinders the O-arylation reaction. Furthermore, as discussed in Chapter 2.4, from the reaction of 

FcI2 with CuTc in acetonitrile, a series of ferrocenyl thiophene carboxylate adducts was 

formed, including bi- and tri-ferrocenyl systems (Scheme 3.34). The formation of these higher 

order ferrocenes in the absence of a radical scavenger implies that the cross-coupling of 

iodoferrocenes may be enabled by the presence of radicals. On the other hand, the data from 

the reaction in the presence of a radical initiator does not fully support this. This proposition is, 

however, somewhat supported by a similar investigative report by Sato et al, in which it is 

stated that since the formation of biferrocene, Fc2, was not observed from the reaction of Cu2O 

and benzoic acid with haloferrocenes, it is unlikely that ferrocenyl benzoate forms through a 

radical mechanism.63 Thus suggesting that ferrocenyl esters are not formed via radical 

mechanisms, and that ferrocenyl Ullmann-like cross-couplings do proceed due to the presence 

of radicals. 

 

Scheme 3.34 The reaction of CuTc with FcI2 in acetonitrile in the absence of a radical 

scavenger 

 

 Another interesting comparison to make is between the reaction described in Scheme 

3.39 (a) and the reaction carried out in NMP described earlier (Chapter 2.4.3), illustrated in 

Scheme 3.35. In said case, although most starting material remains unchanged, the proportion 

of products formed was heavily weighted towards the homo-coupled species. It has already 

been noted, in chapter 2.4.2, that the Ullmann-like coupling of FcI in NMP results in 100% 

conversion to Fc2, where as in MeCN the conversion is only 57-63% with FcTc forming also. 

These reactions provide preliminary evidence of the influence of solvent upon the copper-

mediated reactions of ferrocenes. This indicates that the implementation of NMP alters the 
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condition of the copper species, resulting in a reduction of O-arylation and allowing homo-

coupling reactions to take place.  

 

Scheme 3.35 CuTc-mediated homo-coupling reaction of FcI2, performed in NMP 

 To investigate whether NMP aids the stabilisation of radicals in the reaction, and 

whether the presence of radicals improves the homo-coupling of iodoferrocenes, the reaction 

with AIBN was repeated in an NMP medium, as opposed to MeCN (Scheme 3.36). For 

continuity, the reaction in NMP was also performed in the presence of the radical scavenger, 

9,10-dihydro anthracene. 

 

Scheme 3.36 Reaction of FcI2 with CuTc in an NMP medium (a) AIBN  

(b) 9,10-dihydroanthracene 

 Analysis of the two crude reaction mixtures by 1H NMR spectroscopy revealed the 

major component in both mixtures to be the starting material FcI2, with evidence of FcTc2, 

Fc(I)Tc and FcTc in both reaction mixtures, but to varying degrees. In the presence of AIBN 

(0.5 mol%), the least amount of FcI2 was observed (55%), as determined by the integration of 

relevant peaks in the 1H NMR spectrum. In a similar manner, FcTc2, Fc(I)Tc and FcTc were 

formed in 8%, 22% and 15% conversion respectively. Analysis of the 1H NMR spectrum of the 

reaction performed in the presence of 9,10-dihydroanthracene revealed the mixture to be 

comprised of 82% FcI2, with FcTc2, Fc(I)Tc and FcTc being observed in 2%, 12% and 4% 

conversions. It was hoped that the addition of a radical initiator would shed more light on the 

influence of radicals upon the Ullmann-like coupling reported by Inkpen et al, and that perhaps 

the formation of cyclo[6] would be aided by the presence of radicals, stabilised by NMP. Under 

both reaction conditions, the presence of cyclo[6] was not observed by 1H NMR spectroscopy. 
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The mixtures were then analysed by mass spectrometry, however, this did not give any 

evidence of the formation of cyclo[6].  

Similarly to the investigation into the preparation of FcTc from FcI, the influence of 

light on the reaction of FcI2 with CuTc was investigated. The reaction described in (Scheme 

3.37) was performed in the absence of light, along with a control reaction, for comparison.  

 

Scheme 3.37 Reaction of FcI2 with CuTc in an MeCN medium (a) control or (b) darkness  

 Surprisingly, performing the O-arylation reaction in the absence of light reduced its 

efficacy. Comparison of the 1H NMR spectrum of the control reaction (condition (a)) with the 

reaction mixture performed in the dark revealed that reaction mixture (a) comprised of just 49% 

FcI2, whereas under condition (b) 80% FcI2 was observed. Furthermore, Fc(I)Tc was detected 

in both reaction mixtures (a) and (b) in 33% and 18% respectively, further indicating the 

reduced reactivity towards O-arylation, in the dark. 

 In the case of FcI, it was found that the thiophene carboxylate adducts could be formed 

in the presence of CuI, thiophene-2-carboxylic acid and a base (Cs2CO3), presumably by 

forming the CuTc mediator in-situ. Accordingly, an analogous reaction of FcI2 was performed 

using the previously determined optimum conditions i.e. using Cs2CO3 as the base. Less than 

successful results were obtained for this, with only FcTc and Fc(I)Tc being formed in trace 

amounts, indicating that the O-arylation reaction is slow under these conditions allowing 

hydrodehalogenation to take precedent. After consideration that the base used may influence 

the reactivity path of the copper-mediator, a screening of appropriate bases was performed 

(Scheme 3.38). 
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Scheme 3.38 Representative scheme for the attempted O-arylation of FcI2, forming the 

copper mediator in-situ (a) Cs2CO3; (b) K3PO4; (c) KOtBu; (d) KHMDS; (e) KH 

 In most cases, it was observed that reaction was slow; the 1H NMR spectra of the crude 

reaction mixtures were found to be comprised of mostly unreacted FcI2. Under conditions (a), 

(b) and (c) trace amounts of FcTc, Fc(I)Tc and FcI were formed, in approximately equal 

amounts. Based on the relative integrations, the reaction rate of hydrodehalogenation vs O-

arylation are comparable. In the reactions where KHMDS and KH were implemented, (d) and 

(e) respectively, no ferrocenyl thiophene carboxylate adducts were observed in the 1H NMR 

spectrum. Instead a species was produced, presumably via a side reaction, which was difficult 

to identify. From the data obtained in these reactions, it was concluded that the reduced 

formation of thiophene carboxylate adducts was a result of the character of the copper source. 

Accordingly, CuCl replaced the use of CuI, along with the three bases formerly found to 

achieve O-arylation of FcI2 (Scheme 3.39). 

 

Scheme 3.39 Representative scheme for the attempted O-arylation of FcI2, using CuCl as the 

copper source for the formation of CuTc in-situ; (a) Cs2CO3; (b) K3PO4 ; (c) KOtBu 

 In all cases, the major component of the crude reaction mixture was unreacted FcI2, 

making up between 69-80% of the ferrocenyl mixture. No FcTc2 was found in any of the 

reaction mixtures, however a new ferrocene species was detected in the 1H NMR spectra as 

indicated by the four pseudo triplets marked with an asterisk in Figure 3.5. This new species 

was thought to be 1-chloro, 1’-iodoferrocene, however, no additional characterisation data was 

acquired to confirm its identity. Trace amounts of Fc(I)Tc were also detected in the spectra of 

the reactions utilising Cs2CO3 and K3PO4. From these reactions, it was deemed that Cs2CO3 or 

K3PO4 would be the best choice of base for this reaction, since it was thought that the 
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application of KOtBu may result in the occurrence of O-arylation of the tert-butoxide moiety, 

rather than the thiophene-2-carboxylic acid. 

 

Figure 3.5 Crude 1H NMR spectra (400 MHz, CDCl3, 298 K) of the reactions described in 

Scheme 3.39, with spectra of FcTc2 (purple line) and FcI2 (blue line) for comparison 

 The O-arylation of FcI2 was also attempted using Cu2O and Cu(MeCN)4PF6 as the 

source of copper, but no reaction was observed in any of the cases, hence they were deemed 

unsuitable for the O-arylation of FcI2 and were not used any further.  

  Radicals were shown to have a large influence on the formation of FcTc2 when the 

preformed CuTc mediator was implemented, and so it was of interest to determine whether the 

synthetic route discussed above follows similar mechanistic pathways to the preformed CuTc 

mediator. Hence, the analogous radical scavenger/initiator experiments were carried out under 

conditions in which the copper mediator should form in-situ (Scheme 3.40). 
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Scheme 3.40 General scheme for the investigation of radical influence in reactions where the 

copper mediator is formed in-situ; (a) K3PO4, 9,10-dihydroanthracene; (b) K3PO4, AIBN; (c) 

Cs2CO3, 9,10-dihydroanthracene; (d) Cs2CO3, AIBN;  

  In all cases, the main component of the crude reaction mixture was found to be 

unreacted FcI2, with quantities ranging from 64-78%, as determined by 1H NMR spectroscopy 

(Figure 3.6). Where 9,10-dihydroanthrance had been implemented, less FcI2 was present in the 

reaction mixture (64% (a) and 66% (c)) than when AIBN was used (72% (b) and 78% (c)). 

From reactions (a) and (c) it would appear that the reactivity of FcI2 in the presence of a radical 

scavenger is comparable when K3PO4 and Cs2CO3 are used. However, in the presence of the 

radical initiator, the use of Cs2CO3 (reaction (d)) showed reduced reactivity of FcI2 versus when 

K3PO4 was used (reaction (b)).  

 

Figure 3.6 Crude 1H NMR spectra (400 MHz, CDCl3, 298 K) of the reactions described in 

Scheme 3.40, with spectra of FcTc2 (purple line) and FcI2 (blue line) for comparison 

 Although trace amounts of FcTc2 could be detected from reactions (a) and (c), this was 

not in great enough quantity to warrant attempting purification. It is evident from the outcome 

of the reactions described in Scheme 3.40 that utilising preformed CuTc gives far better 

conversion of FcI2 to FcTc2 than forming the copper mediator in-situ. Furthermore, a side-

product was also detected in the reaction mixtures of (a)-(d), as highlighted in Figure 3.6. Upon 

closer inspection, this species was found to be the same side product that was observed in the 
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reaction mixtures described in Scheme 3.39  and highlighted in Figure 3.5. Attempts to isolate 

and characterise this side product were therefore made.  

 Since it was thought ligand coordination to the copper centre could influence the 

reactivity of the copper mediator, the effect of co-ligand was investigated. Based on earlier 

investigations into the use of co-ligands, discussed in Chapter 3.2.1, the reaction of FcI2 with 

CuTc in the presence of triphenyl phosphine was therefore performed (Scheme 3.41). 

 

Scheme 3.41 Reaction of FcI2 with CuTc in the presence of PPh3 

 From analysis of the crude 1H NMR spectra, the reaction was determined to be 

successful, with FcTc2 forming in essentially quantitative yields. As discussed in chapter 3.2.1 

(Scheme 3.28) that the addition of one equivalent of PPh3 to a solution of CuTc in MeCN 

solubilised the copper species, and it was proposed that this solubilisation might aid the 

formation of ferrocenyl thiophene carboxylate adducts. It is therefore likely that the increase in 

yield of FcTc2 is due to the improved solubility of the copper mediator, resulting from 

coordination of triphenyl phosphine to the copper centre. 

In addition, O-arylation reactions of FcI2 were attempted using a pre-formed PPh3-

bearing copper mediator. Using the same strategy as discussed in chapter 3.2.1, the phosphine-

based mediator formed was added to FcI2, and the efficiency of the reaction analysed. 

Analogous reactions implementing radical scavengers and initiators were also carried out 

(Scheme 3.42). 

 

Scheme 3.42 Representative scheme of the reactions performed using a phosphine-based 

copper mediator; (a) no additives; (b) AIBN; (c) 9,10-dihydroanthracene 
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 In all cases, the conversion of FcI2 to FcTc2 was observed, but to varying extent, along 

with the formation of some FcTc, as determined by 1H NMR spectroscopy (Figure 3.7). Where 

no additives were used in the reaction (condition (a)) FcTc and FcTc2 were formed in 18% and 

82% yields respectively. Although slightly less effective than the reaction in which triphenyl 

phosphine was used as an additive (Scheme 3.41), which gave FcTc2 in ~99% yield, these 

reactions are reasonably comparable in efficiency. When AIBN was incorporated into the 

reaction (condition (b)), FcTc formation was increased to 36% yield, reducing the conversion 

of FcTc2 to 64%. In addition to the increased contamination of FcTc2 with FcTc, reaction (b) 

was found to have proceeded less cleanly, as evidenced by the observation of multiple 

ferrocenyl materials in the 1H NMR spectrum. Surprisingly, the yield of FcTc2 (77%) was 

slightly lower when the reaction was performed in the presence of 9,10-dihydroanthracene 

(condition (c)), with an increased formation of FcTc (23%) observed. 

 

Figure 3.7 Crude 1H NMR spectra (400 MHz, CDCl3, 298 K) of the reactions described in 

Scheme 3.42, with spectra of FcTc2 (purple line) and FcI2 (blue line) for comparison 

The efficacy of the phosphine-containing copper-mediated reactions (described in 

Scheme 3.42) has been compared to the analogous reactions in the absence of a phosphine 

ligand described in Scheme 3.33. When no additives were included in the reactions it was found 

that the preparation of FcTc2 was greatly improved with incorporation of PPh3 into the copper 

mediator. Based on molecular composition of the reaction mixtures, an improved yield of 82% 
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FcTc2 was obtained with the phosphine-based catalyst vs 44% yield using just CuTc, as 

described in Scheme 3.31. This suggests that improving the solubility of the copper mediator 

allows the O-arylation reaction to take precedent over the hydrodehalogenation reactions, as 

observed in the absence of the phosphine ligand, which results in larger quantities of FcTc 

forming (54% vs 18% in reaction (a)) and poor yield of the desired product. Furthermore, when 

the radical initiator AIBN was introduced, it was found that FcTc2 could be obtained in 64% 

yield when the phosphine-based copper mediator was used. However, in the absence of the 

phosphine ligand the O-arylation reaction did not proceed. Conversely, when the radical 

scavenger, 9,10-dihydroanthracene, was implemented in the reactions, a 10% reduction in the 

yield of FcTc2 was observed when the phosphine-containing mediator was used (reaction (c)). 

As determined by 1H NMR spectroscopy, 77% and 86% yields of FcTc2 were obtained in the 

presence and absence of the phosphine ligand, respectively. It was therefore concluded that 

solubility of the copper-mediator and the presence of radicals both contribute to the efficacy of 

the O-arylation reaction used to prepare FcTc2 from FcI2.  

3.2.3 Synthesis of multi-ferrocenyl thiophene-2-carboxylate (FcxTcy where x = 2,3; y = 

1,2) 

The synthetic methodology discussed throughout this chapter was then applied to Fc2I2 

in an effort to form higher order metallocenes in a more deliberate fashion. Towards this end, 

Fc2I2 was treated with CuTc and 9,10-dihydroanthracene (Scheme 3.43), and crude product 

purified by passing through a silica plug. 

 

Scheme 3.43 Reaction of Fc2I2 with CuTc 

Of note, was the mixture of products obtained. Separation of the products, and their 

subsequent analysis by 1H NMR spectroscopy revealed the three species to be Fc2 

(contaminated with 9,10-dihydroanthracene), Fc2Tc and Fc2Tc2 (Figure 3.8). Following 
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isolation of the products, by passing the mixture over a silica plug, Fc2, Fc2Tc and Fc2Tc2 were 

obtained in 6%, 15% and 14% yields respectively. The comparative yields of Fc2Tc and Fc2Tc2 

indicates the occurrence of a competing hydrodehalogenation reaction. 

 

Figure 3.8 1H NMR spectra (400 MHz, CDCl3, 298 K) of Fc2, Fc2Tc and Fc2Tc2 (top to 

bottom) 

Reports of the synthesis of mono-substituted bi- and tri-ferrocenes are scarce in the 

literature, likely due to the low-yielding multi-step synthetic routes. To prepare mono-

iodobiferrocene, Fc2I, the Negishi cross-coupling reaction of FcI2 and ferrocenyl zinc chloride 

is performed.75 Further transformations are then required in order to prepare an oxygen-

substituted species. It has been noted that, under favourable conditions, Fc2I is formed during 

the synthesis of FcI2 described in chapter 2.2, along with Fc2I2. However, separation of Fc2I 

from Fc2I2, while preserving all materials, has not yet been reported. Current procedures allow 

for the isolation of Fc2I2 by means of oxidative purification,76 which result in the loss of the 

mono-substituted species, and the non-halogentated biferrocene, Fc2. The same methodology 

can also be used for the isolation of the triferrocenyl analogue, Fc3I2. Hence, the protocol 

described herein represents a simple route towards mono-substituted bi- and tri-ferrocenes, 

which are seldom reported. 

The previously described protocol was then applied to mixtures of iodinated 

biferrocenyl (Scheme 3.44) and triferrocenyl (Scheme 3.45) systems, obtained from the 
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iodination reactions described in chapter 2.2. This allows the preparation of the higher order 

metallocenes to be performed in a more direct manner, in comparison to the one-pot synthesis 

from FcI2 (Scheme 3.34), and with less waste, since Fc2I2 and Fc3I2 were not isolated 

beforehand. 

 

Scheme 3.44 Preparation of Fc2Tc and Fc2Tc2 from a mixture of biferrocenes 

 

Scheme 3.45 Preparation of Fc3Tc and Fc3Tc2 from a mixture of triferrocenes 

Yields of these transformations appear reasonable, however, exact yields cannot be 

calculated due to the mixture of starting materials used. Additionally, the potential for 

hydrodehalogenation to occur hinders the ability for yields to be calculated based on the 

recovered unreacted Fc2. Based on ratios of the starting material composition, and assuming 

full conversion of the halogenated materials to the thiophene carboxylate derivatives, yields of 

Fc2Tc (526%), Fc2Tc2 (10%), Fc3Tc (105%) and Fc3Tc2 (21%) can be tentatively calculated. 

In both cases, a greater yield of the mono-substituted species is observed, with respect to 

molarity and relative percentage. This is indicative of significant hydrodehalogenation of the 

dihalogenated starting materials (Fc2I2 and Fc3I2) as well as an increase in the reactivity of the 

mono-halogenated materials (Fc2I and Fc3I), the relative proportions of which are increased by 

the hydrodehalogenation side reaction. 
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Upon transformation to thiophene carboxylates, the mono-substituted species can be 

easily separated from the di-substituted systems by column chromatography. This is an 

advantage over the preparation of the iodinated materials, of which the diiodo-ferrocenyl 

systems can be isolated in a manner where the mono-iodo materials are lost during the 

purification. Furthermore, as mentioned earlier in this chapter, there are only a few O-

substituted biferrocenyl systems presented in the literature, and no triferrocenyl, or bi-/tri-

ruthenocenyl derivatives. Hence the protocol and thiophene carboxylate adducts reported here 

could find use as viable synthetic intermediates for higher order O-substituted metallocenes. 

3.2.4 Investigation of the synthesis of ruthenocenyl thiophene-2-carboxylate (RcTc) 

Of additional relevance to this chapter is the synthesis of the ruthenocenyl analogues of 

the thiophene carboxylate adducts, and the investigation into how substituting the iron centre 

with a rutheniuim one influences the reactivity of the metallocene towards the copper-mediated 

O-arylation reactions. In order to carry out a comparative study between the ferrocene- and 

ruthenocene-based derivatives the preparation of RcTc from RcI was first examined, owing to 

its relative simplicity and availability of starting materials. In a similar fashion to the ferrocene 

analogues, the effect of the presence and absence of radicals was studied by utilising either 

AIBN or 9,10- dihydroanthracene respectively (Scheme 3.46). For continuity, all reactions 

discussed herein were performed in wet, degassed acetonitrile. 

 

Scheme 3.46 Reaction between RcI and CuTc in the presence of either (a) 9,10-

dihydroanthracene or (b) AIBN 

 As discussed in chapter 3.2.1, under the same conditions, FcTc formation was achieved 

in essentially quantitative conversion, however this is not the case for RcTc. By analysis of the 

relative integrations of peaks associated with ruthenocenyl species in the crude 1H NMR spectra 

(Figure 3.9), the approximate conversion of RcI to the desired product was determined. The 

reactivity between the ruthenocene starting material and CuTc towards O-arylation was found 

to be significantly reduced under both conditions (a) and (b), with only 32% and 15% 

conversion to RcTc achieved, respectively. Furthermore, the presence of unsubstituted 
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ruthenocene in both of the crude mixtures indicates that the occurrence of the competitive 

hydrodehalogenation is increased in comparison to the analogous reaction of FcI. When the 

reaction of RcI was performed in the presence of the radical scavenger, dehalogenation was 

reduced in comparison to the reaction in the presence of a radical initiator, as evidenced by 

crude reaction mixtures comprising 17% and 29% ruthenocene, respectively. Surprisingly, the 

Ullmann-like coupling reaction appeared to be most dominant under the conditions described 

in Scheme 3.46, as indicated by large quantities of Rc2 in the crude reaction mixtures of both. 

Under both conditions sets (a) and (b), comparable amounts of the bimetallocene were observed 

(50% and 56%, respectively) indicating that radicals may not be as important of a factor on the 

efficacy of the Ullmann-like coupling of iodo-metallocenes as first thought, or at least is the 

case for the ruthenocene species. 

 

Figure 3.9 Highlighted Cp-H region of the 1H NMR spectra (400 MHz, CDCl3, 298 K) of 

RcTc, Rc2, crude mixture (a), and crude mixture (b) (from top to bottom). 

 For the synthesis of FcTc, it was shown that the copper-mediator could be formed in-

situ by performing the reaction with copper iodide, thiophene-2-carboxylic acid in the presence 

of a base such as caesium carbonate. From this reaction, FcTc was formed in 83% yields when 

more strictly anaerobic conditions were facilitated by the use of a Schlenk line, in comparison 

to a 13% conversion when a reaction carousel was used. In order to compare this reactivity with 

that of RcI under the same conditions, an analogous reaction was performed using the 
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runthenocenyl starting material (Scheme 3.47). Since the analogous reaction of RcI was only 

performed using a reaction carousel, the latter conversions of FcI to FcTc were used for 

comparison.  

 

Scheme 3.47 Proposed synthesis of RcTc where CuTc is formed in-situ 

 From analysis of the crude 1H NMR spectrum, it was found that the O-arylation reaction 

was more favourable under these conditions for RcI than for the ferrocene derivative, as 

evidenced by the reaction mixture composition which was found to be 82% RcTc. 

Impressively, forming the copper-mediator in-situ gave RcTc in even higher conversion than 

when the pre-formed CuTc was used. Additionally, a reduction in side-product formation was 

observed, with Rc and Rc2 being observed in 9% and 1% conversion, respectively. Although 

the reactivity of RcI appears to be improved under the conditions described above, unreacted 

RcI (8%) was still detected in the reaction mixture, albeit in low quantities, indicating the 

reaction may not be as favourable as first thought. 

3.2.5 Investigation of the synthesis of ruthenocenyl thiophene-2-carboxylate adducts 

(RcxTcy where x = 1,2,3; y = 1,2) 

In the previous chapter, the attempted Ullmann-like coupling of RcI2 in NMP was 

discussed, and the resulting formation of a family of thiophene carboxylate adducts was briefly 

mentioned. Similarly to the analogous reaction of FcI2 in acetonitrile, no cyclic ruthenocene 

species were observed, only a series of mono-, bi- and tri-ruthenocenyl systems, with both one 

and two thiophene carboxylate substituents, were obtained. For comparison, the reaction 

between CuTc and RcI2 was repeated in acetonitrile to see whether this would improve 

consumption of starting material and thereby the yield of the thiophene carboxylate species 

(Scheme 3.48).  
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Scheme 3.48 Preparation of ruthenocenyl thiophene carboxylate adducts in an acetonitrile 

medium 

 From analysis of the crude 1H NMR spectrum of the reaction, it was unclear whether 

the O-arylation occurs more readily in acetonitrile, with a mixture of several products being 

observed. Noticeably, no unreacted RcI2 was observed, indicating full consumption of the 

starting material. The species were then separated and isolated by column chromatography and 

subsequent recrystallisation from ethanol where necessary. Yields of the species with formula 

RcxTcy were found to range from <1% to 39%, with RcTc and RcTc2 being obtained in the 

highest yields (20% and 39% respectively). Based on the large increase in yield of the mono-

metallocenyl species, it was again considered whether the reduction in Ullmann-like coupling 

is caused by the change in solvent from NMP to acetonitrile. However, direct comparisons of 

yields from the reactions in both acetonitrile and NMP is difficult, as all yields in NMP were 

less than 1%. 

 In order to obtain some comparison with the preparation of the ferrocenyl analogues, 

the reaction of RcI2 with CuTc in acetonitrile was repeated in the presence of a radical 

scavenger and a radial initiator (9,10-dihydroanthracene and AIBN, respectively, scheme 

Scheme 3.49). It was also hoped that more insight into the influence of radicals on the 

competitive Ullmann-like coupling and O-arylation reactions could be ascertained.  
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Scheme 3.49 Proposed reaction between RcI2 and CuTc in the presence of either (a) 9,10-

dihydroanthracene or (b) AIBN 

 Surprisingly, the reaction of RcI2 with CuTc in the presence of the radical scavenger, 

9,10-dihydroanthracene (condition (a)), was not as successful as the analogous reaction of FcI2. 

Instead of near quantitative conversion to the disubstituted thiophene carboxylate adduct, 

RcTc2, as is observed for the ferrocenyl derivative, the crude reaction mixture comprised 

almost entirely of unreacted starting material, as determined by 1H NMR spectroscopy. 

Furthermore, it is thought that only trace amounts of RcTc2 and Rc2Tc2 were obtained from 

the reaction, however these were not isolated. This outcome lies in stark contrast to the 

analogous reaction of FcI2, and it is thought that the reduced starting material consumption 

may be due to the introduction of a radical scavenger hindering the cross-coupling, therefore 

slowing down its consumption. This may also indicate that the reactivity of ruthenocene 

towards O-arylation is lower than that of ferrocene, and that perhaps radicals to play a role in 

the synthesis of the ruthenocene analogues. These propositions, however, are speculative, and 

the cause of this reduced reactivity is still unclear at this time. 

 When AIBN was implemented in the reaction between RcI2 and CuTc, again the results 

contradict those obtained for the analogous reaction with FcI2. From analysis of the crude 1H 

NMR spectrum (Figure 3.10), under condition (b), it was found that some reactivity had 

occurred, as indicated by the presence of several ruthenocenyl species. Although conversion 

yields are difficult to ascertain due to the number of ruthenocene species present in the 1H NMR 

spectrum, attempts were made to calculate approximate conversions of the major components, 

using analysis of the integrations of relevant peaks. In the equivalent reaction of FcI2, the 

reaction mixture consisted almost entirely starting material, however, in the case of RcI2, 

RcTc2 was achieved in 44% conversion, along with Rc2Tc2 (12%). Additionally, large 

quantities of unreacted RcI2 also remained (39%), as well as other unidentified ruthenocenyl 

species, the identity of which has not been confirmed and which have not been accounted for 
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in calculated conversion percentages. It is thought that the reduced starting material 

consumption is due to the introduction of a radical scavenger hindering the cross coupling, 

therefore slowing down its consumption, however the cause of this effect is unclear.  

 

Figure 3.10 Highlighted Cp-H region of the 1H NMR spectra (400 MHz, CDCl3, 298 K) of 

Rc2Tc2, RcTc2, RcTc, RcI2, and the crude mixture (from top to bottom). 

 As discussed earlier in this chapter, it was wondered whether the use of NMP in the 

Ulmann-like coupling reactions of metallocenes could stabilise radicals and in turn facilitate 

the coupling. Accordingly, the reaction between RcI2 and CuTc in presence of AIBN was 

repeated in an NMP medium (Scheme 3.50). 

 

Scheme 3.50 Proposed reaction between RcI2 and CuTc in the presence of AIBN, in an NMP 

medium 
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 When compared to the analogous reaction in acetonitrile, an increase in reactivity was 

observed when an NMP medium was utilised. Upon analysis of the crude 1H NMR spectrum it 

was evident that all RcI2 had been consumed in the reaction, whereas in acetonitrile the reaction 

mixture consisted of 39% RcI2. The reaction in NMP was also found to produce Rc2Tc2 and 

RcTc as well as RcTc2, however, the relative ratio of each product was found to differ 

significantly. In the case where acetonitrile was used as the solvent, approximately 47% 

conversion of RcI2 to RcTc2 was observed, as determined by 1H NMR spectroscopy. Using the 

same technique, the analogous reaction in NMP was found to give RcTc2 in just 21% 

conversion, which is a reduction of almost 50%. Furthermore, the conversion of RcI2 to RcTc 

in NMP, via competing O-arylation and hydrodehalogenation reactions, was much higher at 

48%, in comparison to 5% in acetonitrile. Notably, the formation of Rc2Tc2 was also increased 

in NMP, with 30% conversion achieved vs 12% in acetonitrile. 

 It was discussed in chapter 3.2.4 that the formation of RcTc from RcI is more 

favourable when the copper mediator is formed in-situ. Therefore, it was wondered whether 

the same was true for the formation of RcTc2 from RcI2, and to investigate this the analogous 

reaction was performed with RcI2 (Scheme 3.51). 

 

Scheme 3.51 Proposed synthesis of RcTc2 where CuTc is formed in-situ 

 Analysis of the 1H NMR spectrum of the crude reaction mixture (Figure 3.11) indicated 

that this reaction was rather ineffective, with the major component of the reaction mixture being 

unreacted RcI2 (74%). This reduction in reactivity for the disubstituted ruthenocene compared 

to the mono-substituted starting material is not unexpected as this trend is similar to that 

observed for the ferrocenes. Although RcTc2 was only observed in 2% conversion, the O-

arylation reaction was successful.  A new unidentified ruthenocene-based species was found to 

have formed, and analysis of the integrals of relative peaks indicated that the product may be 

the asymmetrically substituted metallocene, Rc(I)Tc (17%). This was later confirmed by mass 

spectrometry, however insufficient quantities were obtained for full characterisation. The 

presence of RcTc in the reaction mixture, albeit in only 7% conversion, is evidence of 



Chapter 3 

141 

 

hydrodehalogenation, however it is not clear whether RcI2 or Rc(I)Tc undergo this process to 

yield RcTc. 

 

Figure 3.11 Highlighted Cp-H region of the 1H NMR spectra (400 MHz, CDCl3, 298 K) of 

RcI2, RcTc2, RcTc, and the crude mixture (from top to bottom), with suspected Rc(I)Tc 

marked with an asterisk. 

3.2.6 Crystallographic data for Metallocenyl thiophene carboxylates 

The structures of several of the ferrocenyl (Figure 3.12) and ruthenocenyl (Figure 3.13) 

thiophene carboxylates were also confirmed by X-ray cryallography, with single crystals grown 

from either ethanol or a hexane/DCM mixture by slow evaporation. 

 

In all of the derivatives characterised by this technique, an eclipsed geometry of the two 

Cp rings on each metallocene is observed, which is consistent with several other metallocenyl 

materials reported in the literature.32,34,77–80 As expected, due to the relative size of the 

ruthenium core in comparison to that of the iron centre, larger Cp-M bond lengths are observed 

for the ruthenocenyl derivatives (2.15-2.22 Å) than for the ferrocenyl analogues (2.02-2.06 Å). 

The Cp-M bond length ranges found for the thiophene carboxylate adducts discussed here 

correspond well with those reported elsewhere.34,78 Furthermore, and also in keeping with 

literature findings, the symmetric bimetallocenyl systems possess a centre of symmetry about 

the Cp-Cp bond between the two metallocene units, with which have bond lengths of 1.459(4) 
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Å and 1.456(8) Å for Fc2Tc2 and Rc2Tc2, respectively.78 Comparing the two Cp-Cp bond 

lengths indicates that although the ruthenium centre is greater in size, this has a negligible effect 

on the bond length of the covalent bridging bond of bimetallocenes. Notably, a large variety of 

orientations are observed for both the thiophene ring and the ester bonds, with respect to the 

plane of the Cp rings, which is indicative of the high degree of flexibility and free rotation 

within this moiety.  

 

 

 

Figure 3.12 Molecular structures of FcTc (top left), FcTc2 (top right), Fc2Tc (bottom left) and 

Fc2Tc2 (bottom right) (with hydrogen atom omitted for clarity) 
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Figure 3.13 Molecular structures of RcTc (top left), RcTc2 (top right) and Rc2Tc2 (bottom 

right) (with hydrogen atom omitted for clarity) 

3.3 Ester hydrolysis reactions of metallocene thiophene carboxylate systems 

As discussed in section 3.1, key synthetic intermediates for the preparation of oxygen-

substituted ferrocenes are acetoxyferrocene and diacetoxyferrocene, which are often 

hydrolysed to give the alkoxide. This is then further reacted to give a range of oxygen-

substituted ferrocenes.22–24 Despite the utilisation of these invaluable synthons, the application 

of this synthetic methodology has been limited to single ferrocene units, with only ferrocenol 

and ferrocenediol having been reported in the literature. Additionally, mono-ruthenocene 

systems with both one and two acetate moieties have been used for a similar purpose, although 

the free alcohols have not yet been reported.30,31 In the same vein, it was thought that the 

prepared thiophene carboxylate adducts, discussed throughout this chapter, may also reveal 

themselves as excellent synthetic intermediates, whilst allowing access to the higher order 
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metallocenes previously hindered by current syntheses. In order to assess their potential as 

viable synthetic intermediates, ester hydrolysis reactions were performed on a selection of both 

ferrocenyl and ruthenocenyl thiophene carboxylate adducts (Scheme 3.52). Herein, the 

preparation of the novel bimetallocene-containing alcohols of both ferrocene and ruthenocene 

is discussed. 

 

Scheme 3.52 General syntheses of metallocenols from thiophene carboxylate adducts 

 The hydrolysis reactions were carried out using a modified literature procedure,22 

whereby lower temperatures are used throughout the reaction, and a reduced concentration of 

both acid and base were used. Following the base-mediated hydrolysis, the alkoxides were 

quenched with acid and, after the removal of all volatiles, the crude mixtures were filtered over 

celite in diethyl ether. Upon analysis of the 1H NMR spectra of the reaction mixtures, 

impressively, most conversions were found to be almost quantitative. Some of the products 

were found to be contaminated with small quantities of 2-thiophene carboxylic acid, 1-17%, 

however no attempts were made to further purify them, and characterisation techniques were 

not hindered by their presence.  

All mono-substituted derivatives, FcOH, Fc2OH, RcOH and Rc2OH, were formed 

with ease, and with relatively little contamination with the thiophene carboxylic acid formed. 

In each case, a change in chemical shift of the metallocenyl protons is observed, along with the 

disappearance of peaks associated with the thiophenyl protons in the aromatic region, as shown 

by the 1H NMR spectra in Figure 3.14. Where peaks are present in the aromatic region of the 
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spectra, such as in the case of Fc2OH, contamination with 2-thiophene carboxylic acid is 

determined by analysis of the integrations of the peaks, and comparison of chemical shift with 

the starting material.  

 

Figure 3.14 IH NMR spectra (400 MHz, CDCl3, 298 K) of Fc2Tc, Fc2OH, Rc2Tc and Rc2OH 

(top to bottom) 

 In comparison to the mono-substituted metallocenes, the diols were more difficult to 

obtain, likely due to the reduced stability of the disubstituted metallocenes in the presence of 

oxygen, hence extra care was needed to ensure an inert atmosphere when handling them. 

Despite their instability, the ester hydrolysis reactions proceeded to form the free alcohols in 

good yields. The bimetallocenyl species Fc2(OH)2 and Rc2(OH)2 were the least facile to 

prepare, and were found to be contaminated with other, unidentified, metallocenyl species as 

well as the thiophenyl carboxylic acid. In order to isolate the diols, more forcing hydrolysis 

conditions were needed to drive the reaction to completion, including increasing the reaction 

temperature from 45 oC to 55 oC as well as utilising longer time periods under hydrolytic 

conditions. With these changes, the bimetallocenyl diols were isolated in better yields with less 

contamination. Again, confirmation of hydrolysis was achieved by analysis of the 1H NMR 

spectra of the diols, in which a change in chemical shift of the metallocenyl protons was 

observed in comparison to the starting materials. Where present, the thiophenyl protons of the 

aromatic region were also shifted with respect to the thiophene peaks of the starting material, 
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indicating the formation of a different thiophenyl species. Since this study was qualitative rather 

than quantitative, where the diols were found to be contaminated, no attempts to further purify 

the products was made as their presence did not hinder the ability to characterise them. 

 

Figure 3.15 IH NMR spectra (400 MHz, CDCl3, 298 K) of Fc2Tc2, Fc2(OH)2, Rc2Tc2 and 

Rc2(OH)2 (top to bottom) 

 Furthermore, since the hydroxyl proton is difficult to observe in 1H NMR spectroscopy, 

all of the metallocenyl alcohols were examined used IR spectroscopy. In the spectra pertaining 

to all of the alcoholic species, a broad peak at around 3200 cm-1 was observed, further indicating 

formation of the hydroxyl group.  

Reactions of ferrocenols often utilise the deprotonation of the alcohols to form the 

alkoxide in-situ, suggesting that the more valuable synthon in this case is the alkoxide. Hence, 

in order to further explore the suitability of the thiophene carboxylate adducts as viable 

synthetic intermediates, and to give additional evidence of formation of the alkoxides, the more 

stable silyl ether synthons were also prepared from FcTc and FcTc2. The respective silyl ethers, 

FcOTMS and Fc(OTMS)2 have previously been prepared via the synthesis of lithio- and 

dilithio-ferrocene, followed by quenching with bis(trimethylsilyl)peroxide.19 FcOTMS has 

also been isolated by the reaction of hydroxyferrocene with butyl lithium, and quenching of the 

lithium salt with trimethylsilyl chloride.17 In our hands, the synthesis of the silyl ethers was 
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achieved by hydrolysis of the thiophene carboxylate adducts, and subsequent reaction of the 

alkoxides with an excess of trimethylsilyl chloride (Scheme 3.53). 

 

Scheme 3.53 Preparation of FcOTMS and Fc(OTMS)2 

 Similarly to the metallocenols, the yields of the silyl ethers were almost quantitative, 

and the products were, again, often found to be contaminated with 2-thiophene carboxylic acid, 

formed from the reaction. Analysis of the 1H NMR spectrum of FcOTMS indicated successful 

formation of the silyl ether, as evidenced by the change in chemical shift of the ferrocenyl 

protons, as well as the presence of a new peak at 0.24 ppm representing the methyl protons. 

The integrations of all peaks were found to match those expected for the desired product, and 

the observed chemical shifts were found to match those reported in the literature. Further 

confirmation of silyl ether formation is provided by comparison of the 1H NMR spectra of 

FcOH and FcOTMS (Figure 3.16), where a similar splitting pattern is observed for the peaks 

representing the ferrocenyl protons, but with these occurring at different chemical shifts.  
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Figure 3.16 IH NMR spectra (400 MHz, CDCl3, 298 K) of FcTc, FcOH, and FcOTMS (top 

to bottom) 

 Following the same protocol as is described for the preparation FcOTMS, the 

preparation of Fc(OTMS)2 was achieved. From analysis of the 1H NMR spectrum of 

Fc(OTMS)2 and its comparison with the spectra belonging to FcTc2 and Fc(OH)2 (Figure 

3.17), formation of the ferrocenyl bis-silyl ether was confirmed. 
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Figure 3.17 IH NMR spectra (400 MHz, CDCl3, 298 K) of FcTc2, Fc(OH)2, and Fc(OTMS)2 

(top to bottom) 

 In order to provide additional evidence for the formation of the silyl ethers, FcOTMS 

and FcOTMS2, the products were analysed by IR spectroscopy. In both cases, the characteristic 

Si-O stretch was observed at around 1250 cm-1, confirming transformation to the desired silyl 

ether. 

Should the silyl ethers and/or the free alcohols wish to be used in further synthetic 

procedures, more efforts would need to be made to achieve purification, such as 

recrystallisation. To the best of my knowledge the preparation of metallocenols has been 

limited to single ferrocene units, hence reported here is the first preparation of 

multimetallocenyl alcohols, the synthesis of which may find application towards other, more 

complex, O-substituted metallocene derivatives. 

3.4 Electrochemical data for ferrocenyl thiophene carboxylates 

In order to gain an idea of the electrochemical behaviour of the ferrocenyl thiophene 

carboxylate adducts, cyclic voltammetry was performed on all species of formula McxTcy (x = 

1,2,3; y = 1,2), in collaboration with Stefanie Breimaier of the Winter group. The oxidation 

potential, scan rate dependence and the reversibility of redox processes were examined, and 

comparisons between the ferrocenyl and ruthenocenyl derivatives were made. For the 
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ferrocene-based molecules, the number of redox processes observed parallels the number of 

ferrocene moieties in the molecule, indicating communication between the metal centres, and 

the redox processes were found to be partially reversible. In order to elucidate the mixed-

valence character of the ferrocene materials, comproportionation constants were calculated and 

assigned according to the Robin and Day classification. Key data concerning the ferrocene-

based derivatives is presented in Table 3.2. 

The mono- and bi-ferrocenyl materials demonstrated close to chemically reversible 

behaviour, as indicated by ipa/ipc ≈ 1. In diffusion-controlled electrochemically reversible 

electron transfer processes, faster scan rates led to a decrease in the size of the diffusion layer 

around the electrode, and as a consequence, higher currents are observed.81 Hence, the relative 

graphs exhibiting ip ∝ Vs1/2 infer that the electron transfer rates of the redox processes of all 

ferrocenyl materials are diffusion controlled. In the case of the triferrocenyl species, chemical 

reversibility was not observed (ipa/ipc ≠ 1), however it should be noted that calculations 

pertaining to the experiential current are complicated due to the close proximity of the peaks. 

On the other hand, it has been reported that extensive electrolysis at potentials high enough to 

generate the tri-cationic species leads to decomposition of the unsubstituted triferrocene, Fc3, 

as well as adsorption following the third oxidation. It is possible that these tribulations are in 

effect for both triferrocenyl-species examined here. In addition, the capacitive current, which 

is responsible for the deviation of the baseline from zero amperes, further complicates these 

calculations. Although this feature is also present in the voltammograms of the biferrocenyl 

species, the greater degree of separation between the peaks allows for determination of a 

tangible baseline. 

In an ideal, fully reversible system, ∆E for the oxidation and reduction processes should 

be ∆E ≈ 59/n mV, where n is the number of electrons associated with the redox process, at 298 

K. This idea of reversibility is used to denote the electron-transfer kinetics between the 

electrode and analyte, during electrochemical oxidation and reduction processes. 

Electrochemical irreversibility is observed when there is an increased energy barrier for 

electron transfer. As these transfer reactions become more unfavourable, more positive 

(negative) potentials are required for oxidation (reduction) resulting in larger ∆E values. 

Deviation from ideal values has been documented in the literature, and can be the result of a 

number of factors, such as ion-pairing, relative instability of the formed ferrocenium cation, 

deposition of the analyte on the surface.82 From examination of ∆E, it is inferred that all 
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ferrocene-based systems are reversible on an electrochemical timescale. For a truly reversible 

process ∆E should be independent of scan rate, however in all systems described in Table 3.2, 

∆E was found to increase with scan rate, indicating there may be resistance effects that were 

not compensated for upon application of resistance corrections obtained from electrochemical 

impedance spectroscopy measurements. 

Table 3.2 CV data for ferrocenyl thiophene carboxylate adductsa 

  
Ea 

(mV) 

Ec 

(mV) 

E1/2 

(mV) 

∆E 

(mV) 
ia/ic 

∆E1E2 

(mV) 

∆E2E3 

(mV) 
Kcom 

FcTc 111 33 72 78 -1.06 / / / 

FcTc2 162 91 126 71 -1.07 / / / 

Fc2Tc (1st) -44 -116 -80 72 -0.93 
390 / 106.59 

Fc2Tc (2nd) 345 276 311 69 -1.16 

Fc2Tc2 (1st) 9 -92 -41 101 -0.93 
374 / 106.32 

Fc2Tc2 (2nd) 378 289 333 89 -1.12 

Fc3Tc (1st) -193 -265 -229 72 -1.30 

272 383 

 

Fc3Tc (2nd) 78 8 43 70 -0.80 104.59 

Fc3Tc (3rd) 453 399 426 54 -0.56 106.47 

Fc3Tc2 (1st) -209 -278 -243 69 -1.24 

377 349 

 

Fc3Tc2 (2nd) 169 98 134 71 -0.91 103.66 

Fc3Tc2 (3rd) 517 448 483 69 0.83 105.90 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ reference 

and have been corrected for solution resistance (iRs) with values obtained from AC impedance 

measurements). 

In the ferrocene-ferrocenium redox couple, the removal and addition of electrons occurs 

largely on the metal-based, non-bonding d-orbitals, and the effect of substituent on the redox 

potential is primarily related to inductive effects resulting from bond polarisation.83 Owing to 

this, electron donating groups stabilise ferrocenium cations, thereby lowering the redox 

potential, and the opposite is true for electron-withdrawing substituents. The redox potential of 

FcTc is lower than that of FcTc2 owing to the fact that there are fewer electron withdrawing 

substituents resulting in a greater energy requirement to remove an electron, and both have a 

higher potential than unsubstituted ferrocene for the same reason.  

A similar trend is observed for the biferrocenyl species, whereby the disubstituted 

system, Fc2Tc2 is more difficult to oxidise than the mono-substituted derivative, Fc2Tc. The 

E1/2 values of the first redox processes of Fc2Tc and Fc2Tc2 are lower than those observed for 
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both FcTc and FcTc2, which is attributed to better delocalisation and stabilisation of the 

positive charge formed upon oxidation resulting from the presence of two ferrocene centres. 

The second redox processes occurring on the biferrocenes are observed at a higher potential, 

owing to the monocationic state of the biferrocene systems, making removal of a second 

electron much harder. In comparison to an unsubstituted biferrocene, Fc2 (E1/2= -60 mV, 324 

mV)78, both redox process of Fc2Tc2 occur at higher potentials, as expected, due to the electron 

withdrawing nature of the thiophene carboxylate moieties. On the other hand, the potentials 

relating to the redox processes associated with Fc2Tc are both less positive than those of Fc2, 

which is likely due to its asymmetric nature. Additionally, there may be other, more complex 

factors that influence the redox potentials of asymmetric biferrocene derivatives, however 

further investigation would be needed to elucidate these factors. It is reported that, when 

considered as a substituent, ferrocene moieties behave as electron donors, hence the oxidation 

of biferrocene occurs at a lower potential than that of ferrocene.84 In principle, if such inductive 

effects, and the resultant electron delocalisation effects, are small and/or additive, so too should 

be the effects of adjacent ferrocenyl groups, when considered as substituents.84 

The difference between the two oxidation potentials of Fc2Tc and Fc2Tc2 were 

determined to be 390 mV and 374 mV respectively, which compare well to the reported redox 

separation of 384 mV for Fc2 under the same conditions.78 The large difference between the 

potentials at which the two redox processes take place (∆E1E2) alludes to the possibility of 

isolating the mixed-valence species of both derivatives, which would have one unpaired 

electron at least partially delocalised over the Cp-rings of the biferrocene. This is supported by 

reports of the isolation of the Fc2 monocation, supported with a PF6
- counter ion,84,85 but would 

need further investigation. Since mixed-valency within molecules is of significant interest in 

the fields of molecular electronics and small molecule magnets, it is possible that both Fc2Tc 

and Fc2Tc2 may find relevance in these fields.  

In symmetrical bifferrocene species, the separation of subsequent redox processes 

(∆E1/2) can be used to infer the charge stabilisation resulting from electronic coupling between 

the two ferrocene centres in the mixed-valence monocation, [FeII-FeIII]+. The stability of the 

monocation can then be surmised from the comproportionation constant (Kcom) relating to the 

equilibrium between the neutral, monocationic, and dicationic species. This is derived from the 

Nernst equation (Equation 1), where F is the Farday constant, R is the ideal gas constant and T 

is the temperature. It should be considered that Kcom is determined by a number of intimately 
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related factors, ranging from electrostatic, inductive and resonance contributions,86 

antiferromagnetic superexchange interactions,87 ion pairing effects,88 to solvation energetics89 

and enthalpic changes.90  

𝑲𝒄𝒐𝒎 = 𝟏𝟎(𝑭∙∆𝑬𝟏/𝟐/𝟐.𝟑𝟎𝟑∙𝑹𝑻)    Equation 1 

Kcom is often used to describe the coupling strength/ communication between redox 

centres in mixed-valence systems, and can allow the mixed-valent character to be assigned by 

the Robin and Day classification.91,92 It is widely accepted that for a class I species, Kcom<102, 

and for class III Kcom>106, with class II species having intermediate values. According to this 

division, both biferrocenyl derivatives are class III, however, it should be considered that the 

asymmetry of the mono-substituted species, Fc2Tc, is likely to influence the observed redox 

potentials of each ferrocene unit. Essentially, ∆E1/2 can no longer be attributed only to the 

coupling of the two ferrocene centres, as it is also influenced by the intrinsic differences in 

redox potential of the two independent redox centres. Analogous assignments of the 

triferrocenyl derivatives are more complex, given the increased number of redox centres and 

their asymmetric environments.  

In the case of the triferrocenyl systems, three redox events were exhibited, which 

corresponds to a system containing three communicating ferrocene moieties, where each of 

which may be oxidized individually. The trend observed for the mono- and bi-ferrocenyl 

derivatives relating the number of electron-withdrawing groups to the redox potential also 

applies to the triferrocenyl analogues, to some extent. For both the second and third redox 

processes, higher redox potentials are observed for Fc3Tc2 than for Fc3Tc; however, with 

regards to the first redox process, the reverse is true, with a higher potential being observed for 

Fc3Tc than for Fc3Tc2. For comparison, a cyclic voltammogram of the unsubstituted 

triferrocene, Fc3, shows three oxidations at -192 mV, 44 mV and 353 mV under the same 

conditions. Surprisingly, the first redox events of both Fc3Tc and Fc3Tc2 occur at lower 

potentials than that of Fc3, indicating that although inductive effects are the primary influence 

on the redox potentials of ferrocene, there may be other, more complex stimuli responsible. 

This theory is also supported by the redox potential of the second event associated with Fc3Tc, 

which is particularly close to that of Fc3. On the other hand, the third redox event fits the trend 

associated with inductive effects, whereby the lowest redox potential occurs on the 

unsubstituted Fc3, and the greatest redox potential occurs on the disubstituted species, Fc3Tc2. 
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It is possible that the observed redox potentials are not only related to the bond 

polarisation effects and may be manipulated by oxidation state isomers.83,84 For the 

triferrocenyl species Fc3Tc and Fc3Tc2 there are three and two chemically different sites, 

respectively, simply considered as Fc-, -Fc- and -FcTc. Owing to this, upon oxidation to the 

monocation species more than one oxidation state isomer can exist, in which the isomers vary 

with respect to the site of oxidation, and as such may differ in free energy.83,84 For the mono 

substituted species, these are three energetically inequivalent isomers, considered to be Fc+-Fc-

FcTc, Fc-Fc+-FcTc and Fc-Fc-FcTc+. With regards to the disubstituted species, the monocation 

can exist as two energetically equivalent isomers, FcTc+-Fc-FcTc and FcTc-Fc-FcTc+, and an 

inequivalent isomer, FcTc-Fc+-FcTc. The free energy differences between the isomeric states 

determines their distribution, and if two isomers differ in energy by more than one kcal the 

measured experimental redox potential will essentially be the half-cell potential pertaining to 

the oxidation isomer of the lower free energy content.83,84 The formation of the discussed 

oxidation state isomers may offer explanation for the deviances observed regarding the trend 

relating redox potential to inductive effects. For a depiction facilitating the comparison of redox 

potentials of all ferrocenyl materials discussed here, the reader is referred to Figure 3.18. 

 

Figure 3.18 Plot of redox potentials of all ferrocenyl thiophene carboxylate derivatives  
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3.5 Electrochemical data for ruthenocenyl thiophene carboxylates 

Unlike ferrocene, ruthenocene is not known for its predictable, reversible one-electron 

redox processes and, as such, the exact nature of the oxidation of ruthenocenes is still debated. 

Ruthenocene was first reported to undergo a quasi-reversible one-electron oxidation by Hill et 

al, who utilised chronoamperometry (a time-dependent technique where a square wave 

potential is applied to the working electrode) and the non-coordinating electrolyte, 

Tetrabutylammonium Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (TBABArF).93 Prior to 

this, it had been postulated that the oxidation of ruthenocene proceeded via a two-electron 

process, and Hill proposed that this net two-electron oxidation could be the result of either rapid 

dimerization of the monocationic species, followed by disproportionation, or alternatively, the 

direct disproportionation of the ruthenocenium ion in the presence of weakly coordinating 

ligands. This theory was later supported by Trupia et al, who confirmed the one-electron redox 

process, where RuII is oxidised to RuIII while reporting that the oxidation is followed by the 

rapid dimerization of the monocationic species to generate a metal-metal bonded, dicationic 

ruthenocenium dimer.94,95 In said dimer, the Cp rings are tilted away from one another and the 

metal-metal bond, minimising steric repulsion,94,95 and is noted to be more favourable than the 

monocation of biruthenocene (Rc2
+).96,97  

The overall ECE mechanism (in which E denotes electrode steps and C refers to 

chemical steps), where the irreversible oxidation of ruthenocene is followed by chemical 

processes and results in further electroactive species, was also suggested earlier by Banks et 

al.98 In a more recent study, by Rogers et al, chronoamperometry infers that n, the number of 

electrons transferred during the redox process, is not equal to one, suggesting the 

electrochemical process observed in not simply one-electron.99 Moreover, it was demonstrated 

that the peak currents were much larger for ruthenocene than for ferrocene when comparing 

cyclic voltammograms under the same conditions and concentrations.99 It was briefly pondered 

whether the oxidation process occurs by direct transfer of two electrons, where RuII becomes 

RuIV, although it was ultimately concluded that this is not the case. Instead, it was determined 

that anions from the electrolytic ionic liquid (X-) act as nucleophiles and attack the 

ruthenocenium monocation (Rc+) formed by a one-electron oxidation, generating a neutral 

species (X-Rc). The formation of this complex then facilitates the transfer of a second electron, 

thereby undergoing a further oxidation to give the final monocationic species ([X-Rc]+). It is 

likely that this ECE mechanism is regularly mistaken for a two-electron redox process as a 
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result of the rapidly occurring intermediate chemical step, which is exceedingly fast on an 

electrochemical timescale. Additionally, the nucleophilic attack is presumed to be anion 

dependent, further complicating the deduction of electrochemical processes. Hence, the overall 

ECE process is often perceived as one two-electron event as opposed to the two independent 

one-electron transfer events. 

 It is thought that the instability of the ruthenocenium ion is the consequence of 

increased Cp-ring separation, relative to that to ferrocene, resulting from the larger size of 

ruthenium. The larger ring separation increases the accessibility of the metal centre, and thus 

the susceptibility of the monocationic species to nucleophilic attack. This theory is supported 

by reports of the quasi-reversible electrochemical oxidation of decamethylruthenocene 

(Ru(Cp*
2)) facilitated by the sufficient steric hindrance of the electrophilic metal centre 

afforded by the methylated Cp rings.100  

As discussed earlier, the ruthenocenium cation formed upon oxidation is a strong 

Lewis-acid capable of coordinating to a multitude of donor solvents and electrolytes, thus 

forming an adduct which reduces at a different potential than the parent ruthenocene. In the 

absence of such solvents or electrolytes, ruthenocenium is even able to abstract fluoride from 

the anions of the supporting electrolyte, for example BF4
- and PF6

-. Consequently, the 

oxidations of ruthenocenes are often rendered chemically irreversible. The presence of electron 

acceptors, such as the thiophene carboxylate moieties, on the Cp rings certainly does not aid in 

improving on this situation. Regardless, cyclic voltammograms of the ruthenocenyl analogues 

were collected, however, due to the instability of ruthenocene cations an alternative electrolyte 

(TBABArF) had to be used, and hence the redox potentials obtained are not fully comparable 

to those of the ferrocene derivatives. The CV data for such experiments can be found in Table 

3.3. 
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Table 3.3 CV data for ruthenocenyl thiophene carboxylate adductsa 

  
Ea 

(mV)  

Ec 

(mV) 

E1/2 

(mV) 

∆E 

(mV) 
ia/ic 

∆E1E2 

(mV) 

RcTc 547 454 501 93 1.02 / 

RcTc2 559 428 493 131 1.29 / 

Rc2Tc 355 271 313 84 0.99 / 

Rc2Tc2 381 279 330 102 0.97 / 

Rc3Tc 1st 192 123 158 69 /  
160 

Rc3Tc 2nd 397 239 318 158  / 

Rc3Tc2 1st 215 130 172 85 / 
173 

Rc3Tc2 2nd 421 270 345 151  / 

(a0.1 M [(nBu)4N][B(C6F5)4]/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt 

wire as reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC impedance 

measurements). 

 The mono- and bi-ruthenocenyl systems all exhibit one redox event, all of which show 

chemically reversible behaviour, as evidenced by ipa/ipc ≈ 1. The exception to this is RcTc2, for 

which ipa/ipc is outside the accepted window of error for reversibility, this could however be the 

result of resistance effects that were not compensated for upon application of resistance 

corrections obtained from electrochemical impedance spectroscopy measurements. On the 

other hand, this value could be a reflection of the chemical instability of the ruthenocenium 

monocation formed upon oxidation discussed earlier. As mentioned, the presence of electron 

withdrawing moieties is likely to increase the Lewis acidic character of the ruthenium centre, 

thus is it logical to suppose that the disubstituted species, RcTc2, is less stable than the 

monosubstituted derivative, RcTc. Additionally, the presence of a second metallocene, which 

can be considered as an electron-donating substituent, as is the case with the ferrocenyl 

derivatives, is likely to stabilise the ruthenocenium cation and allow for better reversibility. The 

observed linear relationship between peak current and the square root of the scan rate (ip ∝ 

Vs1/2) for all mono- and bi-ruthenocenyl species indicates that the electron transfer rates are 

diffusion controlled. From analysis of ∆E, it can be inferred that the mono-substituted 

derivatives RcTc and Rc2Tc are electrochemically reversible since they adhere, within reason, 

to ∆E ≈ 59/n mV. Conversely, the ∆E values associated with the disubstituted analogues, RcTc2 

and Rc2Tc2, lie outside of the widely accepted range and thus can be considered as 

electrochemically irreversible. Taking into consideration the relative instability of the 

ruthenocenium cation and the influence of the electron-withdrawing substituents, this 

observation is foreseeable. On the other hand, deviation from the ideal separation of 59 mV for 
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a one-electron redox event could also be instigated by a number of factors, including ion-pairing 

effects and deposition of the analyte.82 

As expected, for the redox events concomitant to the mono-ruthenocenes an increase in 

potential is observed with respect to ruthenocene, which has a potential of 410 mV under the 

same conditions,94 owing to the presence of the electron-withdrawing substituents. Counter 

intuitively, the potential exhibited by RcTc is higher than that of RcTc2 suggesting that a 

number of complex stimuli may influence the relative potential of the metallocenes. In this 

case, it could be postulated that the increased steric bulk around the ruthenium centre results in 

a more stable cation forming upon oxidation, thus reducing the energy needed for oxidation 

and lowering the observed E1/2 value; however further investigation would be needed in order 

to qualify this.  

Predictably, the redox potentials of the biruthenocenes, Rc2Tc and Rc2Tc2, are both 

lower than that of ruthenocene as a consequence of the additional electron-donating 

metallocenyl moiety increasing the relative electron density of the systems. In comparison to 

the unsubstituted derivative Rc2, which exhibits a reversible redox process at E1/2 = 250 mV 

under the same conditions,95 both Rc2Tc and Rc2Tc2 are more difficult to oxidise. Furthermore, 

the redox potentials demonstrated by the biruthenocenes align closely with the expected trend 

which relates the potential to the electron-withdrawing capabilities of the subsitutents, whereby 

values pertaining to Rc2Tc2 are higher than Rc2Tc. 

The cyclic voltammograms of the triruthenocenyl materials, Rc3Tc and Rc3Tc2, are 

more complex than their mono- and bi-ruthenocenyl counterparts in that two redox processes 

are exhibited, one of which is unequivocally irreversible. At all scan rates the first redox event 

retains the typical ‘duck’-shaped voltammogram expected, however, at increasing scan rates, 

the second redox process loses its reduction wave whilst preserving its oxidation wave, 

rendering it irreversible. It was, at first, wondered whether the second redox process could be 

caused by a contaminant, such as one of the mono- or biruthenocenyl systems. However, this 

was ruled out as all other ruthenocenyl thiophene carboxylate adducts discussed here exhibit 

reversible electrochemical behaviour at all scan rates, and the redox potential of the second 

process does not correspond to any of the aforementioned materials. Furthermore, samples of 

both Rc3Tc and Rc3Tc2 showed little to no evidence of contamination by 1H NMR 

spectroscopy, although it is possible that the contaminant could not be observed. This is 

especially true since the tri-ruthenocenes showed poor stability in chlorinated solvents with 
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very little modification of the 1H NMR spectra. If the aforementioned loss of the reduction 

wave was due to the occurrence of an irreversible, but slow, chemical reaction subsequent to 

the second oxidation one would expect the event to be more reversible at higher scan rates. This 

is because at increased scan rates, the electrochemical timescale competes with the rate of 

chemical reaction, thus less of the oxidised species is consumed before the directionality of the 

potential is reversed.  

From evaluation of ∆E of the tri-ruthenocenyl systems, it can be inferred that, in both 

cases, the first redox events are electrochemically reversible, since the experimental values lie 

within the accepted range. On the other hand, the second redox process are not considered to 

be electrochemically reversible as the peak-to-peak separations are too great. Unfortunately the 

peak currents could not be used to determine the chemical reversibility or character of electron-

transfer processes of the triruthenocene-based materials as the close proximity of the redox 

events made baseline determination unfeasible. For a depiction facilitating the comparison of 

redox potentials of all ferrocenyl materials discussed here, the reader is referred to Figure 3.19. 

 

Figure 3.19 Plot of redox potentials of all ruthenocenyl thiophene carboxylate derivatives  
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3.6 Optical data for ferrocenyl thiophene carboxylates 

The ferrocene-based thiophene carboxylate systems were also characterised by spectro-

electrochemistry in the UV/Vis/NIR (near infrared) region and IR (infrared) regions in the 

hopes of gaining further understanding of their electronic structure and mixed-valence 

character. Attempts to similarly investigate ruthenocene derivatives were made, albeit with no 

success owing to the instability of the ruthenium centre following oxidation. The performance 

of spectro-electrochemistry can provide useful insight into both the spectroscopic and 

electrochemical properties of redox-active materials by allowing simultaneous acquisition of 

both data types in situ in an electrochemical cell. Furthermore, spectro-electrochemical data 

can be used to elucidate information regarding the mixed-valence character of the biferrocenyl 

radical cations. Additionally, the peaks pertaining to the ester C=O vibrations in the IR-spectro-

electrochemical spectrum could prove useful in determining which of the ferrocene units in 

Fc2Tc is oxidised first. Although analysis of spectrochemical data can be useful in determining 

energy transitions within the ferrocenyl molecules, it is difficult to make definitive conclusions 

about the origins of the bands without performing time-dependent density functional theory 

(TD-DFT) calculations. Using the relative data obtained for similar molecules in the literature, 

the likely transitions and their absorbance can be predicted.  Since both ferrocene and thiophene 

derivatives exhibit interesting optical and electronic properties, several investigations have 

been carried out on thiophenyl-ferrocene derivatives.101 

Table 3.4 UV/Vis/NIR spectroscopic properties of all ferrocenyl materials in their accessible 

oxidation states 

λmax [nm] (εmax [103M-1cm-1]) 

FcTc FcTc+ FcTc2 FcTc2
+ Fc2Tc Fc2Tc+ Fc2Tc2+ Fc2Tc2 Fc2Tc2

+ Fc2Tc2
2+ 

249 

(11.8) 

257 

(17.3) 

250 

(22.9) 

253 

(25.2) 

247 

(22.1) 

244 

(24.5) 

257 

(25.6) 

247 

(30.6) 

244 

(25.8) 

243 

(22.5) 

280 

(4.9) 

292 

(9.5) 

281 

(11.2) 

288 

(18.0) 

269 

(16.8) 

292 

(12.9) 

300 

(7.8) 

271 

(23.9) 

283 

(23.7) 

281 

(24.4) 

348 

(0.7) 

319 

(2.2) 

347 

(1.2) 

347 

(2.5) 

298 

(11.5) 

359 

(5.7) 

365 

(5.0) 

299 

(13.5) 

365 

(5.5) 

367 

(5.4) 

 613 

(0.2) 

  327 

(3.0) 

562 

(1.7) 

557 

(1.4) 

328 

(3.1) 

584 

(1.1) 

566 

(1.0) 

    417 

(1.0) 

  384 

(1.8) 
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The spectroscopic changes in the UV/Vis/near-infrared (NIR) region of FcTc, FcTc2, can 

be found in the appendix, and those for Fc2Tc and Fc2Tc2, in the neutral, mono- and di-oxidised 

states are illustrated in Figure 3.20. The electronic absorption data and extinction coefficients 

are summarised in Table 3.4. It should be noted that although efforts to assign the observed 

electron transitions, occurring from one molecular orbital to another, have been made, these are 

preliminary. In order to confirm the proposed energy transitions, TD-DFT calculations should 

be performed, however, this was not carried out due to the time constraints of the project. 

Upon generation of the mono-cations of all four ferrocenyl systems, two strong and sharp 

absorptions with λmax at between 245 and 255 nm as well as between 280 and 300 nm were 

observed to increase in intensity. Additionally, an increase in absorption was observed between 

340 to 365 nm, which was far more pronounced for the biferrocene derivatives. Furthermore, 

a less intense absorption with λmax at between 555 and 585 nm became apparent following 

oxidation of the biferrocene systems, which although was present in the spectra pertaining to 

the mono-ferrocenyl species, was far less pronounced. It is thought, based on literature findings, 

that the absorptions at around 290 nm are related to the ferrocenyl π–π* transitions often 

exhibited by ferrocenyl species, and that the absorptions at around 350 nm correspond to the 

ferrocene-based ligand to metal charge transfer (LMCT). This is in keeping with the ferrocene 

parentage typically reported.78,102–105  
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Figure 3.20 UV/Vis spectro-electrochemical spectra of Fc2Tc (top) and Fc2Tc2 (bottom) 

during the first (left) and second (right) oxidations. 

The higher energy absorptions, at around 600 nm, appear to occur at a longer wavelength 

of around 620 nm in the mono-ferrocenyl systems and may be attributed to the formation of 

the ferrocenium ion. For the biferrocenyl systems, the apparent analogous peaks occur at 

slightly lower energy of around 570 nm, and may be indicative of the inter-valence charge 

transfer characteristics of the molecules.78,104 This hypothesis is supported by the observed 

weakening of this absorption upon formation of the biferrocenyl dicationic species. 

Furthermore, during the oxidations of the biferrocenyl materials, a broad but weak band 

developed at ~1800 nm which was present in neither their neutral nor the fully oxidised states, 

indicating this band may be identified as an intervalence charge transfer (IVCT) band.  

 

 

Fc2Tc 

Fc2Tc2 
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Table 3.5 IR spectroscopic properties of all ferrocenyl materials in their accessible 

oxidation states 

𝝂(CO) [cm-1] 

FcTc FcTc+ FcTc2 FcTc2
+ Fc2Tc Fc2Tc+ Fc2Tc2+ Fc2Tc2 Fc2Tc2

+ Fc2Tc2
2+ 

3676 3676 3676 3676 3679 5327 3678 3679 5327 3678 

3592 3592 3593 3593 3593 3820 3592 3593 3820 3592 

3109 3125 3109 3126 3095 3679 3113 3095 3679 3113 

3099 3114 3099 3114 1729 3593 1746 1729 3595 1746 

1730 1747 3055 3055 1608 3111 1608 1608 3111 1608 

1609 1609 1731 1747 1527 1732 1527 1527 1732 1527 

1524 1524 1609 1609 1356 1608 1356 1356 1608 1356 

1358 1356 1357 1356  1527   1527  

1068 1060    1356   1356  

 1046         

The spectroscopic changes in the infrared (IR) region of FcTc, FcTc2, Fc2Tc and Fc2Tc2, 

in the neutral, mono- and di-oxidised states can be found in the appendix, and IR absorptions 

are summarised in Table 3.5. In the IR spectro-electrochemical spectra of all of the ferrocenyl 

materials, peaks at around 3000 cm-1 are assigned to the C-H stretch of the ferrocene 

protons.106,107 In the case of the mono-ferrocenyl systems, the absorption energy of these bands 

was increased by ~15 cm-1 upon oxidation to the ferrocenium ion. A similar shift was observed 

upon oxidation of Fc2Tc to the monocationic species, whereas for Fc2Tc2 the energy of the 

absorption increased by only 8 cm-1. Following oxidation of the biferrocenyl radical cations to 

their dicationic state, the experimental increases in absorption energy were 2 cm-1 and 4 cm-1 

for Fc2Tc and Fc2Tc2 respectively. The disproportionate shift of the ferrocenyl C-H absorptions 

in Fc2Tc indicate that some asymmetry is present in the biferrocenyl unit following the first 

oxidation, and thus may allude to a mixed-valency material or redox isomerism. 

Correspondingly, following oxidation of the mono-ferrocenyl materials, a ~+15 cm-1 shift 

was also observed for the peaks relating to the C=O vibrations of the ester moiety. In the case 

of the biferrocenyl materials, this shift was reduced to an increase of just 3 cm-1 and 10 cm-1 

following the first oxidation, and an increase of 14 cm-1 and 7 cm-1 upon oxidation to the 

dicationic species, for Fc2Tc and Fc2Tc2, respectively (Figure 3.21). Although in both cases a 

shift of +17 cm-1 was observed for the C=O vibration following complete oxidation, the 
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asymmetric nature of the shift during the first and second oxidations of Fc2Tc may be 

suggestive of the order in which the ferrocene units are oxidised. It can be argued that, since 

the carbonyl vibration is more strongly influenced by the second oxidation than the first, the 

unsubstituted ferrocene is oxidised first to give an asymmetric mixed-valent system. The more 

symmetric nature of the observed shift for the acetyl band in Fc2Tc2 may correspond to a 

strongly delocalised mixed-valent radical cation, where the unipositive charge is equally shared 

between the ferrocenyl units, as observed in other biferrocenium radical cations.78,108 

Meanwhile, it is likely that the peaks exhibited at around 3500-3600 cm-1 may be attributed to 

the C-H vibrations of the thiophene moiety.101 

 

 

Figure 3.21 IR spectro-electrochemical spectra of the carbonyl region of Fc2Tc (top) and 

Fc2Tc2 (bottom) during the first (left) and second (right) oxidations. 

During the first oxidation of both Fc2Tc and Fc2Tc2, an additional peak at 1527 cm-1 arises 

which is not present in either the neutral or dicationic states, which suggests that this absorption 

relates to an intervalence charge transfer (IVCT) band.107 Similarly, both biferrocenyl systems 

exhibit vibration bands at around 5300 cm-1 and 3900 cm-1 (Figure 3.22) which are only present 

in the unipositive species. These bands are attributed to the IVCT and Laporte forbidden ligand 

field (LF) bands respectively, the latter of which suggests that both the ground and excited 

Fc2Tc 

Fc2Tc2 
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states share the same symmetry with respect to the centre of inversion, and correspond well 

with previously reported work.105–107,109  

 

 

Figure 3.22 IR spectro-electrochemical spectra of the IVCT and LF bands of Fc2Tc (top) and 

Fc2Tc2 (bottom) during the first (left) and second (right) oxidations. 

It is possible, by further analysis of the aforementioned IVCT bands, to assign the 

mixed-valency character of both Fc2Tc and Fc2Tc2 according to the Robin and Day 

classification, however further study would be required.91 Additionally, the characteristics of 

the IVCT bands combined with the redox separation of the biferrocenyl materials, as 

determined by cyclic voltammetry, could be used to determine the electronic interaction 

between the redox centres of these materials. Comparison of this data with that of the 

unsubstituted derivative, Fc2, in order to assess the influence of the electron withdrawing 

moieties on the communication between the two ferrocene units.107 Due to the time constraints 

and other priorities of this project, this work could not be undertaken. 

 

Fc2Tc 

Fc2Tc2 
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3.7 Conclusions and future work 

In summary, a family of novel ferrocenyl- and ruthenocenyl-thiophene carboxylate 

species with the formula McxTcy, where x = 1-3 and y = 1,2, has been synthesised via a one-

pot reaction of McI2 with CuTc. This synthetic procedure features two complimentary reaction 

types: the Ullmann-like coupling and O-arylation. The preparation of the mono-ferrocenyl 

derivatives was optimised and preliminary efforts were made towards the improved isolation 

of the higher-order metallocenes. This entailed the use of co-ligands in the O-arylation reaction 

in which these functionalised metallocenes are formed, varying the reaction temperature, and 

observing the effects of radical scavengers and initiators on the product formation. 

Interestingly, the Ullmann-type coupling produced more of the thiophene carboxylate adducts 

when using laboratory grade ‘wet’ solvents than when using anhydrous solvents. It is thought 

that this may be due to hydrogen bonding effects between the thiophene carboxylate moiety on 

the copper mediator and water present in the solvent causing activation of the thiophene 

resulting in easier transfer from copper. Alternatively, the effect may simply be the result of 

increased solubility of the copper mediator. The Ullmann-like coupling of FcI in the presence 

of CuTc was repeated in both oxygenated and degassed (hydrous) acetonitrile to confirm that 

the results observed were a result of the presence of water rather than oxygen. Due to the time 

constraints of this project, no attempts were made to optimise the synthesis of the ruthenocene-

based derivatives. These can, however, like the ferrocenes, be prepared from a one-pot reaction 

of the di-iodinated mono-metallocenyl starting material, RcI2. Hence, future work should entail 

applying the findings of this chapter to higher order ferrocene systems as well as the 

ruthenocene-based systems. Ideally, a methodology should be developed that allows for the 

isolation of higher order iodine-substituted ruthenocenes, such that the thiophene carboxylate 

adducts can be prepared in a more direct fashion. Failing this, the one-pot methodology should 

be investigated further in an effort to favour the formation of higher order metallocenes. 

Additionally, the influence of the thiophene carboxylate moieties on the Ullmann-like coupling 

of iodo-metallocenes should be investigated to determine whether said reaction is still able 

occur following the occurrence of the O-arylation reaction. This may give an indication as to 

the mechanism of the Ullmann-like coupling and whether or not it proceeds via a ligand-

transfer of the carboxylate motif.   

All members of the thiophene carboxylate family were characterised by cyclic 

voltammetry, where typical behaviour was observed for the ferrocenyl derivatives. The cyclic 
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voltammograms of the ruthenocenyl materials, however, were more complex to interpret owing 

to the lack of redox separation and the instability of the ruthenium cation core. Furthermore, 

the ferrocenyl analogues were investigated by spectroelectrochemical techniques where mixed 

valent characteristics were observed, as demonstrated by the presence of IVCT bands. In order 

to investigate the nature of this character, further examination of the spectra is needed, however, 

due to the time constraints and other priorities of this project, this was not performed.  

In an effort to demonstrate the significance of the thiophene carboxylate derivatives as 

synthetic intermediates, preliminary efforts were made to prepare the analogous mono- and bi-

metallocenyl alcohols via basic ester hydrolysis reactions. As such, a series of metallocenols 

were prepared and characterised in good yields. Although this was not done to an analytically 

pure standard the presence of minor impurities did not hinder their characterisation or detract 

from the implication or worth of the syntheses. To further emphasise the formation of the 

alcohol-containing synthons, the protected silyl ether derivatives were prepared from simplest 

ferrocenyl materials. 

This chapter discusses not only the preparation of a family of novel metallocenyl 

thiophene carboxylate derivatives but their corresponding alcohols, of which many are novel. 

Hence, represented is an efficient methodology towards the highly desirable, synthetically 

significant, higher order metallocenyl alcohols. 
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Chapter 4 The Synthesis and Characterisation of 

Redox-active, Branched Metallocene 

Containing Systems 

4.1  Introduction 

The preparation of materials containing more than one metallocene is of significant 

interest owing to their highly tuneable properties allowing their utilisation in a plethora of 

applications, such as molecular electronic devices, photochemical sensing, electron transfer 

mediation and catalysis, just to name a few.1–8 It has been remarked that the intermolecular π-

π stacking of traditional organic based molecular materials causes problems associated with 

device geometry, and the rigidity of such systems often affects inadequate contact between 

electrodes in devices as a result of their fixed length. In this regard, a notable property relating 

to the ‘sandwich’ structure of metallocenes, is the virtually free rotation about the axis of 

symmetry (the Cp-M-Cp bond). In principle, by integrating metallocene units, the π-π stacking 

is limited, owing to the three dimensional structure, and a variety of lengths could be achieved 

as a result of the hinge-like flexibility. As a result, the study of bridged multinuclear 

metallocene complexes has included variation of bridge size, length and properties, as well as 

the number of bridging ligands, with most publications revolving around ferrocene 

derivatives.7,9–14 Accordingly, investigation of systems with varying distances between the 

cyclopentadienyl ligands, via showcasing different metal centres, such as ruthenium, is also an 

area that deserves attention.  

Although numerous preparations have been reported for the isolation of bridged, 

multinuclear ferrocenyl species, many relate to the incorporation of saturated carbon-based 

chains, which are beyond the scope of this thesis. Additionally, extensive research pertaining 

to dendritic and polymeric structures has been published, which is likewise beyond the scope 

of this thesis. Moreover, several reports have been published in which the ferrocenyl moieties 

are connected by heterocyclic,15–17benzyl18,19, fused aromatics 20–22 and alkenyl3,23,24 

functionalities, as well as via coordination of the appended ligand to an additional metal centre, 

such as copper, ruthenium or palladium. The preparation of such complexes are, again, beyond 

the scope of this thesis.25–29 Discussed in this introduction is the synthesis and electronic 
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properties of alkyne-containing branched, ferrocenyl complexes, however, for further 

information regarding the preparation and application of such macromolecular structures not 

discussed here, the reader is referred to the comprehensive reviews by Abd-El-Aziz et al30 and 

Debroy and Roy2.  

4.1.1 Branched ferrocenyl complexes for molecular electronics 

Additional interest in the field of bridged metallocene complexes stems from the ability 

of the redox-active parent metallocene moieties to facilitate charge transfer processes.31–34 By 

incorporating multiple ferrocene units into highly conjugated branched materials, the electronic 

properties can not only be tuned, but extended across the entire complex, resulting in 

communication between the two metal centres. Hence, metal-metal communications have been 

highly investigated as a function of the bridging modality. In order to investigate 

communication between redox centres in multi-ferrocenyl structures and electronic coupling 

in mixed-valence states, a multitude of useful redox-active components, bridging ligands and 

binding groups have been identified.35,36 As a result of these studies, it has been found that 

systems with unsaturated carbon linkers between ferrocene moieties show greater 

communication between the redox-active centres than the saturated analogues, owing to the 

increased degree of conjugation.37–40 Further to this, multiferrocenyl complexes with 

heteroatom linkers have also been electrochemically studied.41–43 In these studies, it was 

observed that linking groups containing elements from the second row in the periodic table 

allow more efficient metal-metal communication than in the analogous carbon bridges.40–42 

Also, only small differences in the extent of communication between metallocenes were 

observed in systems with bridging atoms from lower than row two in the periodic table. These 

findings show that the increase in size and electron density of atoms as you travel down the 

periodic table has varying effects on the electronic interaction between metal centres.  

Additionally, a study by Baer and Neuhauser revealed that conductance through molecular 

wires is dependent on the length of the bridging unit, with shorter wires providing greater 

conductance.44 This dependence on length of connectivity between sandwich-type units with 

respects to intermetallic communication has also been documented.23,45–48 As a result, it can be 

concluded that the extent of electronic interaction between the iron centres is a compromise of 

through-bond and through-space effects. 

While significant energy has been devoted to the synthesis and study of linear 

ferrocenyl systems for molecular electronics,49–53 synthetic procedures towards branched 
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analogues and their properties remain largely uncharted.33 This disproportion is notable when 

taking into account the assortment of transport phenomena that this class of molecule is 

expected to offer. In the study of molecular electronics, highly conjugated, branched, 

disubstituted ferrocenyl materials represent an interesting class of molecule due to the potential 

for each ‘arm’ to act as a well-defined molecular pathway for electron transfer as well as the 

opportunities to study new physical processes provided by the integration of binding groups.34 

It has been proposed that if electron transfer processes within branched systems are dominated 

by a coherent tunneling mechanism, the total conductance may be greater than the sum of the 

conductance of each individual pathway provided by the material (Figure 4.1).54 This 

incongruity can be explained by a constructive-like interference upon recombination of the 

propagating electron waves.55 On the other hand, should electron transfer predominantly occur 

through a hopping mechanism, with the electrons transferred via the redox sites, then local 

gating and electron coupling/correlation effects may need to be considered. In such a case, the 

oxidation state of one redox centre may impact electron transport through the other, which is 

attributed to electrostatics or a modification of the molecules electronic structure, and the extent 

of coupling could determine whether electrons are transferred in pairs (strong coupling) or 

independently (weak coupling).33  

 

Figure 4.1 An illustration of the different charge transport processes33 

Since the rotation of the Cp rings with respects to one another is not completely 

hindered, the permissible rotation allows for additional conformational flexibility, a feature 

which is not commonly provided by other redox-active centres. Moreover, as a result of the 

high degree of freedom, the same branched molecule could be used to bridge a variety of 

nanogap lengths between electrodes, thus increasing the complexity of the junction and 
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potentially reducing the conductance.51,56 Furthermore, the available rotation within branched 

complexes (Figure 4.2), combined with competitive surface coordination, may obscure the 

desired binding orientation within molecular junctions, leading to suboptimal coordination. 

Suggestions to overcome this limitation include the incorporation of dissimilar bridging and 

terminal motifs, in order to favour one coordination mode over another, and steric control to 

further restrict conformation freedom.  

 

Figure 4.2 Modes of rotation available within branched ferrocene-containing complexes 

4.1.2 Preparations of branched, singularly substituted ferrocenyl complexes 

A number of bis-ferrocenyl systems with conjugated bridging groups, such as 

alkenes,3,23,24  alkynes 31,57 and/or aromatic rings,15–22 as well as transition metal bridges,57,58 

have been described in the literature. By bridging two ferrocene moieties with a combination 

of conjugated spacers of varying length and inflexible alkyne connections, the electronic 

communication and, therefore, the charge transfer properties should be enriched. In this 

respect, oligo-phenylethynyl (OPE) moieties have attracted substantial attention. Purely 

organic OPE systems have already shown to be promising candidates in molecules electronics, 

and it is thought that the functionalisation of such materials with electron-donating substituents, 

like ferrocene, would extend the π-system and improve their electronic properties and optical 

non-linearitites. Ferrocenyl derivatives of these oligo-phenylethynyl (OPE) systems allow the 

formation of highly linear and rigid molecular structures which are able to facilitate the 

construction of molecular wires, by forming self-assembled monolayers, as well as exceptional 

long-range intramolecular interactions and nonlinear optical properties.31,57,59 The study of 

ethynylheterocyclic-bridged systems is also of interest for similar reasons,57,58,60 with fused 

heterocyclic systems having shown improved conjugation.60 

The most common starting material utilised in the preparation of ethynylarene-based 

branched ferrocene complexes, where the ferrocene moitey is substituted on only one of the 
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Cp rings, is ethynyl ferrocene, likely due to commercial availability. The utilisation of this 

material, however, hinders the application of such synthetic strategies towards the preparation 

of the disubstituted derivatives. Hence, the isolation and study of branched ferrocenyl 

complexes has been far more concentrated on the monosubstituted systems, such as those 

described here. Examples of such systems are illustrated in Figure 4.3.  

 

Figure 4.3 Examples of branched, singularly substituted, alkynyl ferrocenes31,57,59,60 

In conjunction with ethynyl ferrocene, haloaromatic precursors, are implemented in 

Sonogashira couplings to yield the stepwise intermediates or the final branched products. It has 

been reported that solubility of OPE-based systems reduces with increasing oligomeric length 

of the organic linker, hence, the phenyl modality is often functionalised with alkyl substituents, 

such as alkylether moieties. In cases where the aromatic linker is extended to feature multiple 

aromatic and/or alkynyl moieties, a series of step-wise Sonogashira-couplings and subsequent 

alkyne protection/deprotection strategies are typically implemented for the isolation of the 

bridging modality.61 Although extension of the synthon is usually performed  prior to reaction 

with the ferrocenyl functionality, this elongation of conjugation has also been demonstrated for 

systems already linked to the ferrocene terminus.59 

 The most straightforward route towards this type of branched molecule constitutes the 

two-fold Sonogashira couplings of a range of haloarenes with an excess of ethynylferrocene, 

in a form of ‘end-capping’ process (Scheme 4.1). This methodology been described by a 
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number of authors, and varying yields of 21-90%.58,60,61 Impressively, this protocol has also 

been carried out with the analogous ethynylruthenocene starting material, albeit in lower 

yields.61  

 

Scheme 4.1 Representative scheme of the ‘end-capping’ Sonogashira coupling methodology 

Frequently reported as a side product of these syntheses are the monoferrocenyl 

complexes, generated from singular Sonogashira coupling, Although undesirable, these 

intermediates, in which the bridging arene is functionalised with both ethynylferrocene and a 

deprotected alkyne, have shown themselves to be useful synthons in the stepwise assembly of 

materials with greater length bridging units.58 In addition, the oxidative homocoupling of 

ethynylferrocene to yield the corresponding dimeric species, di(biferrocenyl)ethyne (Figure 

4.4), the synthesis of which has previously been reported by Levanda et al,48 is often described 

as a side reaction.26,59 

 

Figure 4.4 Ethynylferrocene dimer, di(biferrocenyl)ethyne 

One drawback of the mono-substituted branched ferrocenyl materials is the distinct lack 

of two functionalities that can operate as surface binding groups. If analogous systems with at 

least two binding groups could be prepared, and subsequently bound to electrodes, then 

conductance measurements could be studied.35,36,62 Additionally, such molecules could find 

application as molecular components in electronic devices where the mono-substituted 

derivatives may not. Hence, the extension of the aforementioned synthetic strategies to 

disubstituted ferrocenyl derivatives is a topic of interest, and the preparation of such materials 

is discussed next. 

4.1.3 Preparations and properties of branched, 1,1’-substituted ferrocenyl complexes 

 In a study by Inkpen et al, the synthesis and electrochemical properties of a series of 

branched 1,1’-substituted ferrocene complexes were investigated, with the aim of exploring 

their charge transfer processes for molecular electronics.33 The metal centres were linked using 



Chapter 4 

178 
 

m-pyridylethyl spacers and the π-character extended to the terminal arms by incorporation of 

m-pyridyl, tert-butylthiol (StBu), and trimethylsilyl (TMS) functionalities. It was noted that 

routes towards such materials is hindered by the inaccessibility of 1,1′-diethynylferrocene, as 

the typical desilylation of 1,1′-bis(trimethylsilyl)-ethynylferrocene only results in formation of 

alkenyl-ferrocenophanes via a base-mediated intramolecular cyclisation reaction.63 

Furthermore, it has been documented that functionalisation of the second iodo moiety in cross-

coupling reactions of FcI2 is more difficult to achieve than the first,5,9,64 with reported yields 

of 15-37% vs 60-70%.33 Nonetheless, by implementing FcI2 in successive Sonogashira 

couplings with the relative arylethynyl moieties, using an improved methodology,65 the desired 

branched systems were able to be isolated in reasonable yields (15-22%) (Scheme 4.2).33 By 

isolation of the iodine-terminated branched intermediate, the synthesis of materials featuring a 

variety of terminal arylethynyl functionalities could be achieved. Additionally, it was 

emphasised that the choice of stationary phase during column chromatography (alumina grade 

V) of the desired species played a crucial role in their isolation. 

 

Scheme 4.2 Preparation of branched ferrocene-alkyne complexes described by Inkpen et al33 

Cyclic voltammetry of the unsymmetrically substituted 1,1’-(bisarylethynyl) ferrocene 

complexes showed that the complexes demonstrate reversible redox behaviour, with potentials 

greater than that of ferrocene which increased in the order−I≥ −C≡CC5H4N> −C≡CSiMe3≥ 

−C≡CC6H4S
tBu owing to the electron withdrawing capabilities of the substituents.33 Even 

though systems containing multiple chemically identical redox centres can exhibit distinct 1e- 

redox events, as opposed to being superimposed so as to appear as a single process, no such 

separation was initially observed for the bimetallic species. When the counterion of the 

electrolyte was exchanged for a large one in an effort to limit ion-pairing effects, thus 

maximising ΔE1/2, as demonstrated by Barrière and Geiger,66 a small splitting of the redox 

feature was observed and the sequential oxidation processes realized, albeit only for the -StBu 
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and SiMe3 terminated materials. In the case of the -I and -Pyr functionalized derivatives only 

a widening of the peak-peak separation was remarked, attributed to unresolved separation of 

the redox events. Notably, the stabilisation of the mixed-valence state, which allows for 

separation of the redox waves, follows the trend of the relative electron donating capabilities 

of the terminal moiety. Furthermore, it was proposed that steric hindrance of the redox centres 

may facilitate the reduction of ion-pairing interactions of the branched materials, thus 

manipulating E1/2. Therefore, it is fundamental that the electron transport processes which 

occur in branched ferrocene-containing complexes are studied in more detail in order to 

develop greater understanding of how these processes may be beneficial to the field of 

molecular electronics. 

Similar synthetic approaches to those taken by Inkpen et al33 were also implemented 

by Engtrakul et al6 in an earlier study, which aimed to develop the preparation of unsymmetric, 

conjugated, diferrocenyl molecular frameworks for nanoelectronics. Owing to the stability 

issues associated with 1,1’-diethynyl ferrocene, 1-ethynyl-1’-iodoferrocene was chosen as the 

ferrocenyl building block. Though the reduced reactivity of the second iodo-moiety was noted 

as a critical disadvantage, it was demonstrated that this provided an element of selectivity 

towards the Sonogashira cross-couplings with a variety of aryl iodides and reduced the 

occurrence of self-condensation polymerization reactions.6 Attempts made to incorporate a 

benzylthioacetate moiety, which could be used for chemisorption onto a gold (Au) support, 

onto 1-ethynyl-1’-iodoferrocene were successful, however the product failed to react in 

subsequent Sonogashira reactions with 2,5-diethynylpyridine. Therefore, 1-ethynyl-1’-

iodoferrocene units were linked with the pyridyl bridging moiety before successive 

Sonogashira cross-couplings with ethylaryl terminal functionalities. Although these were 

mostly futile, it was established that solubility of such ferrocenyl frameworks was crucial for 

favourable reactivity. Hence, methoxy groups were integrated into the ethylaryl arms and, after 

desilylation, the products were reliable isolated, albeit in admittedly low yields. Following 

isolation of the free-alkyne, subsequent 2-fold Sonogashira cross couplings with 1-iodo-4-

thioacetylbenzene were performed in reasonable yield (Scheme 4.3). Methylation of the 

branched systems, to the pyridinium functionality, was also performed to further impart an 

asymmetric environment to each of the ferrocene units.6 
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Scheme 4.3 Preparation of pyridyl-branched, conjugated ferrocenyl-frameworks containing 

terminal thioactate moieties6 

It was considered that introduction of the electron-donating methoxy groups may 

influence the overall electronic structure of the branched systems, for example, by means of 

donor-acceptor interactions with the pyridine/pyridinium moiety, and thus the rates of electron 

transport. Therefore, the electronic properties of the target branched ferrocenyl species 

prepared by Engtrakul et al were also studied. Electronic spectra of the methylated species 

showed tempered metal-to-ligand charge transfer (MLCT) absorption, and no band 

corresponding to a donor-acceptor interaction between the methoxy and pyridinium motifs, 

and it was understood that the methoxyphenyl ligands actually function as withdrawing 

substituents. The position of the ferrocene units, in relation to the pyridinium nitrogen, was 

also found to influence the nature of the MLCT band and the electronic communication 

between ferrocene centres. A thorough investigation of the electrochemical properties of the 

branched materials, and related systems, which further supported this finding, was also 

performed. Under the chosen conditions, the pyridine-bridged derivative was shown to undergo 

a single reversible redox process, attributed to the unresolved redox events of each ferrocene 

unit, indicating that the asymmetry of the bridging unit does not preferentially manipulate the 

electronic structure of either ferrocene. Conversely, upon methylation of the bridging 

substituent, the pronunciation of asymmetry significantly differentiates the environments of the 

ferrocene units resulting in a large separation of the two redox events associated with each 
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ferrocene. In this case, it was shown that the redox event of the ferrocene in an ortho position, 

relative to the pyridinium cation, was more greatly shifted to a higher potential than that of the 

ferrocene in the meta position. 

 The principle of ferrocene-containing branched complexes, where the ferrocene units 

act as molecular hinges, has also been investigated by Ma et al67 who prepared 

diethynylphenylene linked analogues of those reported by Inkpen et al33, and report the first 

examples of wire-like structures containing two ferrocene hinges. Similarly, a series of 

Sonogashira coupling reactions were implemented to yield the desired tert-butylthiol 

enthynylphenylene terminated derivatives. However, an alternative synthetic pathway to that 

discussed by Inkpen et al was utilised, and a superior protocol was described.33,67 In 

concurrence with the work by Engtrakul et al,6 the incorporation of methoxy functionalities 

was reported to be advantageous for the solubility of such materials and, in addition, the 

sensitivity of the thioacetyl terminus to Sonogashira couplings was also noted. As depicted in 

Scheme 4.4, the ferrocene unit was functionalized with the terminal ligand, prior to reaction 

with the bridging modality. Under traditional Sonogashira coupling conditions, the desired 

branched systems were obtained in 24-26% yields, however, when microwave synthesis was 

utilized the yield was increased to 26-29%.67 For the diethynylazobenzene bridged derivative, 

only microwave heating was used, generating the branched product in 39% yield. 

Scheme 4.4 Preparation of phenyl-bridged ferrocenyl-frameworks containing terminal tert-

butyl thiol moieties67 
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  Cyclic voltammograms of the methoxy-substituted and azobenzyl derivatives were 

also collected, where a single, almost reversible, redox event was observed at a greater potential 

than that of ferrocene; a remark which lies in agreement with the derivatives discussed earlier.67 

It was concluded that the two ferrocene units are in equivalent environments and that the 

observation is congruent with charge delocalization between the metallocenes.67 

 The first examples of a branched ferrocene-based material that featured three ferrocenyl 

hinges were reported by Baumgardt and Butenschӧn in 2010.68 For this study, the central 

ferrocene moieties were prepared by Negishi couplings of ferrocenyl zinc chloride and 1-iodo-

4-(trimethylsilyl)ethynylarenes under microwave irradiation in good yields. The deprotected 

alkynyl derivatives were revealed using standard base/fluoride-facilitated protiodesilylation 

reactions and were subsequently utilised in two-fold Sonogashira couplings with 1-tbutyl 

sulfanyl(4-ethynyl)benzene,1’-iodoferrocene (Scheme 4.5). The generated tri-ferrocenyl 

materials were isolated in moderate yields, along with the mono-substitution product and the 

recovery of large amounts of starting materials.68  

 

Scheme 4.5 Triferrocenyl materials described by Baumgardt and Butenschӧn68 
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The electrochemical properties of the triferrocenyl materials prepared by Baumgardt 

and Butenschӧn were also investigated. Both products displayed two quasi-reversible redox 

processes at greater potentials than ferrocene, on account of the electron-withdrawing 

substituents. Comparatively, the redox events of the thiophene-based derivative occurred at 

greater potentials than the phenyl analogue, which does not agree with trends pertaining to the 

relative electron densities, as thiophenes are considered to be more electron-rich than benzene. 

Consequently, it is likely that there are other influential factors that should be considered in the 

design of such materials, such as variances in polarity and conformation, with respect to 

coplanarity with the Cp rings. The two processes were assigned to the ferrocene/ferrocenium 

redox couples, with the first process relating to the central ferrocene moiety and the second 

corresponding to the two outer ferrocenyl functionalities. This was also supported by the 

significantly great peak currents of the second events in comparison to the first, indicative of 

the presence of two ferrocene moieties.  

4.1.4 Chapter Aims 

The study of ferrocene containing redox-active molecules for charge transfer processes 

has been well explored for linear molecules, but investigation of branched species is considered 

far less. Since ferrocene is a popular choice of redox-active centre for the study of molecular 

electronics, one aim of this project was to develop the preparation of branched metallocene-

based systems, of which the electron-transport and conductance properties could be 

investigated. As such, the synthesis of several families of branched systems was investigated. 

For charge transfer studies, it is necessary to incorporate organic bridging groups, containing a 

group capable of binding to gold, in this case, sulfur or nitrogen. This chapter explores and 

compares various related synthetic routes towards the synthesis of these branched metallocene 

oligomers, all utilising a series of alkyne protection and deprotection strategies and subsequent 

Sonogashira coupling reactions towards this end. The incorporation of single ferrocene units 

into branched systems containing alkynyl-aromatic linkers and terminating groups is the 

primary focus of this work, with multi-ferrocene and ruthenocene-containing systems being 

briefly described (Figure 4.5). Three organic groups, pyridine, bipyridine and thiophene, have 

been utilised in the bridging and terminal positions of such systems, for the purpose of 

incorporating binding groups for use in surface chemistry and conductance studies. The 

prepared systems have also been studied by electrochemical investigations. It is thought that 



Chapter 4 

184 
 

the comparison of such branched systems may facilitate the investigation and comparison of 

electron-transport properties with their linear counterparts. 

 

Figure 4.5 General structure of target molecules described in this chapter 

4.2 Discussion on synthetic route 1 

Inspired by the work of Inkpen et al (exemplified in Scheme 4.6), in which a family of 

branched bis-ferrocenyl systems were synthesised, it was hoped that a similar family of 

molecules could be created, and the influence of binding moiety and position of binding atom 

on the molecules redox properties could be explored.33 

 

Scheme 4.6 General methodology described for synthetic route 1 

A family of organic ‘ligands’, featuring gold binding groups, were prepared using a 

modified literature procedure.69,70 The synthesis features two Sonogashira couplings, in 

tandem, with a silyl protected alkyne, to give the bis-trimethylsilyl alkyne species, followed by 

deprotection to give the bis-alkynyl species as described in Scheme 4.7. 



Chapter 4 

185 
 

 

Scheme 4.7 General synthetic route towards the desired organic bridging ligands 

The symmetric TMS-protected pyridyl products (1a and 1b), after an aqueous 

extraction, were found to be essentially pure by 1H NMR spectroscopy and were therefore used 

in the deprotection without further purification. Product formation is indicated by the presence 

of a doublet and a triplet in the aromatic region of the spectrum, and a singlet at 0.24 ppm; in 

both cases, integrations of these peaks matches those expected for the desired product. 

Following deprotection with a fluoride-nucleophile, the final products were purified by column 

chromatography, and their structure confirmed by 1H NMR spectroscopy. Full deprotection of 

the alkynes in both pyridyl species was confirmed by the absence of the peak at 0.24 ppm, and 

its replacement with a peak at 3.24 ppm for 3,5-diethynyl pyridine, and 3.16 ppm for 2,6-

diethynyl pyridine; integrations of peaks also match those expected. Both pyridyl species were 

isolated as off-white solids, although it was found that exposure to light resulted in the slow 

degradation of the alkynyl species to an unidentified yellow substance. 

 Similar attempts to synthesise 3,4-diethynyl thiophene and 2,5-diethynyl thiophene (1c 

and 1d respectively), for use in Sonogashira couplings with iodinated ferrocenes, were made.  

The functionalisation of 3,4-dibromo thiophene with TMS-acetylene was found to be less 

favourable than the equivalent 2,5-dibromo thiophene system. This corresponds with findings 

in the literature; Arnanz et al stated that positions 2 and 5 on a thiophene ring are more suitable 

for oxidative addition, and since this is a critical step in the catalytic cycle it explains the 

discrepancies in reactivity.71 As such, reactions with the 3,4-substituted thiophene were carried 

out at higher temperatures and for longer, and second additions of palladium and copper were 

made to the reaction mixture after ~18 hours. When these alterations to the synthesis were not 

made, a mixture of starting material, mono-substituted thiophene and di-substituted thiophene 

was obtained from the Sonogashira coupling. Similar reactivity was observed with the 2,5-

substituted thiophene when ratios of reagents were unfavourable for formation of the diethynyl 

species. 
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The synthetic route described in Scheme 4.7 was used for the preparation of 1c with the 

exception that 0.5 M KOH was used for the deprotection step.  Upon completion of the 

Sonogashira reaction, the TMS- protected thiophenes were purified by column 

chromatography, and deprotected after purification. This differs to the synthesis of the pyridine 

species as the deprotected ethynyl groups are less stable on thiophenes and decompose on 

silica. Due to the increased electron density in a thiophene versus a pyridine their stability is 

reduced and the deprotected ethynyl moieties have a higher tendency to polymerise. This 

destabilisation resulted in a more challenging synthesis and work up, when compared with the 

preparation of the pyridine analogues. Further evidence of the lower stability of the thiophenes 

can be found in the deprotection step, which, if carried out for too long, resulted in 

decomposition/further reaction of the product, hence lower concentrations of base were 

implemented. Despite the synthetic challenges faced, the TMS-protected thiophenes were 

isolated in good yields, and their structure confirmed by 1H NMR spectroscopy. Isolation and 

full characterisation of the deprotected bis-alkynyl thiophenes proved difficult due to the 

aforementioned issues with stability; however, 3,4-diethynyl thiophene was able to be 

accessed, in moderate yield, and used immediately in subsequent Sonogashira reactions. The 

analogous 2,5-diethynyl thiophene was not obtained due to reasons discussed later in this 

chapter.  

Following the deprotection and isolation of the pyridyl bridging groups, further 

Sonogashira couplings with FcI2, to produce the branched systems, were attempted. It was 

intended that the branched metallocene species would be used as precursors in the synthesis of 

both the cyclic and branched molecules.33 First attempts at synthesising branched species were 

carried out using 3,5- diethynyl pyridine as the ligand; FcI2 was reacted with an excess of the 

ligand, with less than successful results (Scheme 4.8). 

 

Scheme 4.8 Reaction of diiodo ferrocene with an excess of 3,5- diethynyl pyridine 
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Purification of the reaction mixture proved to be more complicated than first perceived. 

Although the 1H NMR spectrum indicated the presence of a newly formed ferrocene species, 

after several attempts at purification, the species was still contaminated. Additionally, no 

evidence of alkynyl protons were found in the spectrum pertaining to the desired product. 

Attempts to recrystallise the unidentified ferrocene species also proved unsuccessful.  

It was thought that the mixture comprised of polymerisation products of both the 

desired product and 1a starting material. It has been seen in the Long group that alkynes can 

homo-couple in the absence of a halide, and this is evidenced by the presence of broad, 

unresolved peaks in the crude 1H NMR spectrum. Further evidence of this homo-coupling of 

alkynes can be found in the literature, the often unwanted copper-catalysed oxidative 

homocoupling of terminal alkynes is often referred to as a Glaser coupling.72 This type of 

coupling is made possible by the presence of a base such as diisopropylamine, electron 

deficient alkynes and the low activation energy barrier for such a reaction. Although the Glaser-

Hay reaction mechanism has yet to be fully elucidated, one of the most detailed mechanisms 

put forth to explain the formation of such 1,3-diyne products was suggested by Bohlmann et 

al, and is illustrated in Scheme 4.9.73  

 

Scheme 4.9 Glaser coupling of 4-ethynylpyridine as proposed by Bohlmann73 (B is 

diisopropylamine)  
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In the proposed mechanism, the π-coordination of a copper (I) species to the alkyne 

triple bond promotes the activation of the terminal C−H, facilitating abstraction of the proton 

by an external base such as diisopropylamine. The 1,3-diyne product is formed by reductive 

elimination from a dinuclear copper (II) acetylide species. 

It has previously been found that mono- and di-alkynes can be reacted under 

Sonogashira conditions in the presence of an excess of FcI2 to favour mono-substitution at the 

ferrocene centre. This method is favourable as it has been shown to yield the ferrocenyl species 

in around 60-70% per C-I bond, with the unreacted starting material being easily recovered by 

column chromatography.33 Additionally, this route reduces the number of steps to reach the 

desired product as the alkynyl ferrocenes can be reached in just one reaction, rather than from 

three, via 1-ethynyl-1′-iodoferrocene. As such, to reduce the occurrence of Glaser couplings of 

the pyridyl ligand, 1a, an analogous reaction using an excess of FcI2, shown in Scheme 4.10 

was performed and the branched ferrocene system, 2, obtained in 56% yield. 

 

Scheme 4.10 Reaction of 3,5- diethynyl pyridine with FcI2, yielding 2 

 Analysis by 1H NMR spectroscopy of the crude reaction mixture revealed the reaction 

to have proceeded with little side product formation. Following column chromatography, 2 was 

obtained as free-flowing orange solid.  

 Of interest was another fraction obtained from the column chromatography of 2. Upon 

analysis of the sample by 1H NMR spectroscopy, the species, 2a (Figure 4.6), was found to be 

an oligomeric structure, formed via extended Sonogashira couplings during the aforementioned 

preparation of 2. Following solvent removal, 2a was obtained as an orange-red solid in 7% 

yield, with respect to diethynyl pyridine. 
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Figure 4.6 Side product formed from preparation of 2 (2a) 

The identity of branched ferrocene-containing complexes can be elucidated from the 

Cp–H region of 1H NMR spectra. In particular, the splitting pattern and number of peaks 

observed can provide valuable insight into the number and substitution of ferrocene centres. In 

ferrocene, the protons of the Cp rings, which rotate rapidly, are equivalent, giving rise to just 

one singlet. Upon introduction of a substituent to one of the Cp rings, for example FcI, the 

remaining protons become inequivalent and give two pseudo-triplet resonances accounting for 

two protons each. A singlet resonance is still present, but now integrates to the five protons for 

the unsubstituted ring. When both rings are substituted with the same moiety, such as in FcI2, 

only two pseudo-triplets are observed, with each integrating for four protons, due to restoration 

of chemical equivalence between the rings (and fast rotation). However, when both Cp rings 

are substituted with different functional groups the protons are chemically inequivalent, 

resulting in four pseudo-triplet resonances, each integrating for two protons. The typical 

pseudo-triplet pattern observed for ferrocene protons is in fact the result of incomplete 

resolution of a doublet of doublets’ splitting motif. Although the two protons in each A/A’ and 

B/B’ environments are chemically equivalent, they are magnetically inequivalent. For that 

reason, A(A’) couples differently to B(B’) and B’(B), and B(B’) couples differently to A(A’) 

and A’(A), as depicted in Figure 4.7. 

 

 

  

Figure 4.7 Magnetic inequivalence of Cp-R protons (left) resulting in pseudo-triplet 

resonances (right) 
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To create a family of comparable molecules, 3,5-diethynyl pyridine was also coupled 

to both diiodobiferrocene (Fc2I2) and diiodotriferrocene (Fc3I2) via Sonogashira reactions, as 

described in Scheme 4.11. Although a fairly straightforward reaction, the work up and isolation 

of these products proved more complex than first expected, compared to the mono-ferrocene 

analogue.  

 

Scheme 4.11 Sonogashira coupling of 3,5-diethynyl pyridine with Fc2I2 (n = 2; 3) and Fc3I2 

(n = 3; 4) 

 Product formation was confirmed by 1H NMR spectroscopy of the crude reaction 

mixtures, with both showing the formation of new asymmetrically substituted bi- and tri- 

ferrocenes. To purify these products, column chromatography on silica was used.  However, 

the low solubility of these molecules resulted in the need for more polar solvents to be used to 

elute them. This unfortunately brought about the elution of (presumably) iron contaminants, 

not visible by 1H NMR spectroscopy. The presence of these contaminants is evident by the 

appearance of the products; they appear deep brown-black solids, as opposed to red-orange or 

yellow-orange. To remove the contaminants, the products were purified further by a passing 

over a short alumina (V) column. This had reasonable success. The biferrocenyl species, 3, 

(Scheme 4.11, n = 2) was obtained with good purity, although there were some unidentifiable 

trace contaminants, as evidenced by additional peaks in the aromatic region of the 1H NMR 

spectrum. On the other hand, the 1H NMR spectrum of the triferrocene-containing system, 4, 

revealed that the purity of the product remained essentially unchanged (Scheme 4.11, n = 3). 

Analysis of the triferrocene-containing system by mass spectrometry showed product 

formation, but isolation of the product was unsuccessful due to limited quantities and 

degradation of the product during column chromatography.  Owing to the difficulty in isolating 

the triferrocene-containing system, this work was taken no further, however work towards 

biferrocene-containing systems was continued. The synthesis of these bridged systems could 

be attempted again, with adjustments made to favour the formation of the desired products, 
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such as the dropwise addition of the diethynyl pyridine which could reduce the formation of 

oligomeric side products relating to the pyridyl species. 

For all attempted Sonogashira reactions between 3,5-diethynyl pyridine and the 

ferrocenyl-halides, only six equivalents of the ferrocene starting material were used, but it has 

been shown that best results are obtained when four equivalents are used, per bond 

transformation. Therefore, the yield of the desired two-terminal complexes could be further 

improved by increasing the amount of ferrocenyl-halide used to reflect this efficacy. The 

described two-terminal systems contain a free Cp-I moiety, which can be used in subsequent 

Sonogashira reactions to produce materials containing different terminal groups. If the mono- 

and bi-ferrocene-containing precursors could be isolated in great enough yield, this reaction 

pathway may provide a route towards families of doubly-branched systems, with a variety of 

binding groups, and their properties and applications could be evaluated. 

 Since ruthenocene macrocycles are less well studied than their ferrocene counterparts, 

one aim of the project was to synthesise a complimentary family of ruthenocene-containing 

systems. As such, 3,5-diethynyl pyridine was reacted, under Sonogashira conditions, with 

diiodoruthenocene to give the branched system, 5, (Scheme 4.12), analogous to the mono-

ferrocene system and gave the desired product in 28% yield.  

 

Scheme 4.12 Synthetic route towards 5 

Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that the reaction 

had taken place with very little side product formation and showed no evidence of 

polymerisation of the organic ligand. After purification by column chromatography on silica, 

the product was found to contain some minor ruthenocene contaminants. The crude product 

was then washed with hexane and filtered in DCM to yield 5 as a pale yellow solid. An 

additional note to make is that the reaction between 3,5-diethynyl pyridine and diiodo 

ruthenocene does not proceed at 50 oC, as is the case with the ferrocene analogue. It is thought 

that due to the increase in electron richness in ruthenocene the oxidative addition step is less 



Chapter 4 

192 
 

favourable, and therefore requires higher temperatures to proceed. Similarly to the ferrocene 

analogues, the preparation of 5 may enable access to a variety of branched ruthenocene-based 

complexes. 

The key to isolating the discussed pyridyl-bridged materials was the use of neutral grade 

V alumina as a stationary phase, as the Lewis acidity of silica resulted in either degradation or 

the immobility of the products. This also permitted the use of relatively non-polar eluent 

combinations, such as DCM or ethyl acetate and n-hexane, which afforded superior resolution 

between components. 

As discussed earlier, the reaction of 3,5-diethynyl pyridyl with both FcI2 and Fc2I2 

under Sonogashira conditions yielded the desired iodine-terminated products. The mono-

ferrocene containing system, 2, was then further reacted with a range of aromatic alkynyl 

ligands to give the branched tri-pyridyl species, 2b-2e, (Scheme 4.13). An isomer of 2b, in 

which 3-ethynyl pyridine is in the terminal position, has been reported in the literature.33 It was 

hoped that some comparisons between the redox properties of the structures could be made, 

and, hence, the influence of binding group position as well as type could be explored. This will 

be discussed later in this work. 

 

Scheme 4.13 Preparation of pyridine-bridged compounds 

The Sonogashira reactions of precursor 2 with 4-ethynyl pyridine and 3-(4-

ethynylphenyl)thiopropionitrile were performed in collaboration with Troy Bennett, of the 

Long group, and gave products, 2b and 2d in 21% and 83% yield respectively, following 
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purification by column chromatography. Furthermore, it had been intended that the thiophene 

analogue, 2c, would also be prepared via the synthetic route described in Scheme 4.13, however 

having been synthesised by an alternative, high-yielding method (discussed in Chapter 4.3) it 

was decided that this was not necessary.  

The cyanoethyl modality present in 2d was then converted to the thioacetate moiety, in 

collaboration with Troy Bennett, by treatment with sodium methoxide, followed by acetic 

anhydride, to give 2f as an orange solid, in 85% yield (Scheme 4.14). 

 

Scheme 4.14 Conversion of 2d to 2f 

The reaction of 2 with ethynyl bipyridine was also carried out, however, due to the 

solubility of the bipyridyl reagent, THF needed to be used in place of toluene. After allowing 

the reaction, illustrated in Scheme 4.15, to proceed overnight, the 1H NMR spectrum of the 

crude reaction mixture indicated that most of 2 had been consumed, and new ferrocene species 

were present. Separation of the mixture by column chromatography indicated two products had 

formed, which upon analysis of their 1H NMR spectra, were revealed to be 2e and 2g. The two 

branched systems were, however, contaminated with ethynyl bipyridine, which was 

subsequently removed by recrystallisation from ethyl acetate. This gave 2e and 2g in 7% and 

29% yields respectively. 
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Scheme 4.15 The preparation of 2e 

 Since the reaction described in Scheme 4.15 did not proceed to completion it was 

repeated, and after 18 hours further additions of palladium and copper were made. This 

adjustment to the synthetic procedure did not allow for 2e to be isolated in higher yields. It is 

therefore likely that the limitation in product formation is the result of steric and electronic 

factors. Due to the combination of the small reaction scale and low yield obtained, 2e was 

isolated but unable to be fully characterised. Furthermore, although 2g is a valuable 

intermediate which can be used in further Sonogashira couplings to give asymmetric systems 

and in Ullmann-type couplings to give a doubly-branched species, no further reactions were 

performed.  

 To expand the synthetic methodology towards branched materials, such as 2b-e, it was 

hypothesised that a protected alkyne motif could be introduced at the terminal position. This 

could then be deprotected and subsequently reacted with an aryl bromide/iodide to yield the 

desired branched species. For this purpose, 2 was treated with TMSA under Sonogashira 

conditions to give the proposed protected alkyne, 2h, in 65% yield (Scheme 4.16). 

 

Scheme 4.16 Preparation of 2h 
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 Following isolation of 2h, attempts to deprotect and reveal the free alkyne were made. 

These attempts, however, were unsuccessful (Scheme 4.17). When TBAF was used as the 

deprotecting reagent under standard deprotection conditions (methanol/THF, at room 

temperature), no reaction occurred. When potassium carbonate was used for the deprotection, 

full consumption of the starting material was observed and two products were detected in the 

1H NMR spectrum. This is evidenced by two sets of the pseudo-triplets typically observed for 

asymmetrically substituted ferrocenes, in addition to two sets of aromatic protons pertaining to 

the pyridyl ring. Furthermore, the absence of the peak at 0.21 ppm, associated with the TMS 

protons, indicates its removal. Attempts to separate the two species and determine their 

structures were made, but to no avail.  

 

Scheme 4.17 Attempted deprotection of 2h to obtain the free alkyne 

Further attempts to isolate the desired alkyne were made by repeating the deprotection 

procedure with K2CO3, by performing the reaction in the absence of light, at 0 oC. After six 

hours, the 1H NMR spectrum indicated that the reaction was partially successful, although the 

major component was still the unreacted starting material. Evidence of alkyne formation is 

provided by the presence of a peak at 2.74 ppm, which aligns with the previously reported 

ethynylferrocene terminal alkynyl protons (2.71 ppm).74 The reaction mixture was stirred at 

room temperature for a further 18 hours in the absence of light, however, the alkyne degraded 

during this time. At this point, the 1H NMR spectrum (Figure 4.8) showed that the species 

formed was the same as one of the species observed in the previous attempt, and that the starting 

material still remained. This outcome suggests that temperature may be a more influential 

factor on the stability of the desired alkyne than the presence/absence of light. Attempts were 

again made to isolate the new ferrrocenyl species but were still unsuccessful.  
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Figure 4.8 1H NMR spectra (400 MHz, CDCl3, 298 K) of 2h, deprotection of 2h with K2CO3, 

deprotection of 2h with K2CO3 at 0 oC, and the same reaction after a further 18 h (from top 

to bottom respectively) 

 In an effort to identify the new species, IR spectroscopy was performed to identify the 

key functional groups present. However, analysis of the spectra was complicated by the 

presence of multiple species in the sample, and no tangible assignments were able to be made. 

Additionally, it has been noted in the literature that branched alkynylferrocene systems may 

show propensities for nucleophilic attack in a similar fashion to that which is undergone by 

1,1′-diethynylferrocene. 

The branched biferrocene-containing system, 3, was also used in a further Sonogashira 

coupling with 4-ethynyl pyridine to give the  pyridyl terminated species, 3a (Scheme 4.18), 

analogous to that of the mono-ferrocene- containing species, 2b. 

 

Scheme 4.18 Synthetic route towards the pyridine terminated branched biferrocene-

containing system, 3a 
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Although a seemingly straightforward reaction, obtaining 3a as a free-flowing solid 

after column chromatography proved futile. Several impurity peaks were observed in the 

aromatic region of the 1H NMR spectrum of the desired product. It was believed that the excess 

of 4-ethynyl pyridine resulted in dimer formation, as evidenced by the presence of several 

doublets around 7.3 ppm and a broad multiplet at 8.6 ppm (Figure 4.9, top). Therefore, the 

sticky solid was recrystallised from hexane/DCM in vaccuo. As a result, the aforementioned 

peaks in the 1H NMR spectrum were reduced in intensity, and 3a was obtained as a free-flowing 

red-orange solid (Figure 4.9, bottom) with minor contamination. Although 100% purity was 

not achieved, the sample was deemed pure enough for further studies.  

 

Figure 4.9 1H NMR spectra (400 MHz, CDCl3, 298 K) of 3a before (blue line) and after (red 

line) recrystallisation 

  Attempts to couple 5 with 4-ethynyl pyridine, under Sonogashira conditions, to give 

the tri-pyridyl species, 5a (Scheme 4.19). Analysis of the crude reaction mixture by 1H NMR 

spectroscopy indicated the presence of a new metallocene-containing species, however, 

attempts to isolate 5a were limited by the large number of side products and co-elution of 

products during column chromatography. These factors, combined with the small scale and 

low yield of the reaction, complicated the purification process, and as such, 5a was unable to 

be isolated. 
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Scheme 4.19 Synthetic route towards the pyridine terminated branched ruthenocene-

containing system 

 An aim for this work was to produce a family of novel branched complexes containing 

complimentary gold binding groups, hence, the preparation of the bipyridine bridged analogue, 

6, was performed (Scheme 4.20). Notably, when the reaction is carried out in toluene, as 

opposed to THF, it does not proceed, with only starting materials recovered from the reaction 

mixture. A similar observation was made during the attempted preparation of 2c, indicating 

that the solubility of the bipyridine ligands may be a major limiting factor in the formation of 

bipyridine-substituted ferrocenes. 

 

Scheme 4.20 Preparation of diethynyl bipyridine bridged ferrocene species (6) 

After the appropriate reaction conditions had been determined, 6 was produced in 42% 

yield, with excess FcI2 being easily recovered. Purification of the bipyridyl-bridged species 

can be achieved by either column chromatography, using a short alumina (V) column, or by 

filtering the mixture in copious amounts of hexane followed by recrystallisation from hexane. 

When the latter strategy was implemented, an orange-brown solid was obtained during the 

filtering step. This solid was also found to be 6. The remaining product was isolated from the 

collected filtrate during the recrystallisation step to give a second batch of the orange-brown 

solid. 
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In a similar fashion to the synthesis of pyridyl-bridged systems, 2b-2e, preliminary 

attempts were made to implement 6 in further Sonogashira reactions to yield an analogous 

family of branched ferrocene systems, 6a-6b (Scheme 4.21). In our hands however, these were 

unsuccessful, with the starting material presumably degrading, and no recoverable ferrocene 

species forming.  

 

Scheme 4.21 Attempted preparation of bipyridyl-bridge systems 6a-6b 

 Furthermore, the synthesis of branched, thiophene-bridged ferrocene-containing 

systems was attempted. After synthesis of the organic ligand, the Sonogashira coupling of 3,4-

diethynylthiophene with both FcI2 and Fc2I2 was attempted, but to no avail (Scheme 4.22). It 

was found that this led only to degradation of the organic ligand, presumably by 

polymerisation. This is thought to be due to the increased electron density of the thiophene, 

compared to an analogous pyridyl species, resulting in an increase in reactivity of the ethynyl 

groups. 

 

Scheme 4.22 Attempted Sonogashira reaction of 3, 4-diethynyl thiophene 

Evidence of the instability of the thiophene was also observed in their deprotections; if 

stored at room temperature and under exposure to light degradation of the diethynyl thiophenes 

is observed, and they should therefore be used immediately after synthesis. In an attempt to 
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slow this expected polymerisation, the 3,4-diethynyl thiophene was added dropwise to the 

ferrocenyl solution over 12 hours, and the reaction was carried out in absence of light. 

Unfortunately, degradation of the thiophene was still observed, and in addition to this, 

hydrodehalogenation of FcI2 was also observed by 1H NMR spectroscopy. Due the lack of 

reaction between diethynyl thiophene and FcI2, no further development of this synthetic route 

was carried out. Instead, focus was turned to utilising asymmetric protecting groups in an 

attempt to limit the occurrence of polymerisation, which is discussed in chapter 4.4. 

4.3 Discussion on synthetic route 2 

The main disadvantage associated with the synthesis of branched systems via synthetic 

route one is the occurrence of side reactions, resulting in complicated reaction mixtures and 

reductions in yield. Therefore, in order to reduce the number of steps, and decrease the 

opportunity for oligomerisation, it was proposed that the diethynyl systems could be coupled 

with ‘terminated’ ferrocenes. In this case, the ferrocenyl-iodide species features an ethynyl-

aromatic binding group, hindering further reaction at the ferrocene centres. Following the 

general synthetic route described in Scheme 4.23, attempts were made to synthesise a family 

of ferrocene-containing branched molecules, with varying success. 

 

Scheme 4.23 Proposed general synthetic route two for the formation of branched ferrocene-

containing systems 

 The first step in the proposed synthetic route was the formation of the terminal 

ferrocenes. Introduction of the aromatic gold-binding groups was achieved by Sonogashira 

coupling of FcI2 with the appropriate alkynyl ligand, as illustrated in Scheme 4.24. Of foremost 

interest are the thiophene, pyridyl and bipyridyl moieties, since incorporation of these aromatic 

systems allows for comparison of both binding group and function group influences on the 

branched structures. Both 2-ethynyl thiophene and 4-ethynyl pyridine (hydrochloride) are 

commercially available, however, 6-ethynyl-2,2'-bipyridine needed to be synthesised. In a 

similar fashion to that described for the diethynyl-linkers (Scheme 4.7), the brominated 
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bipyridyl starting material was coupled with TMSA, under Sonogashira conditions, and 

subsequently deprotected. 

 

Scheme 4.24 Synthesis of ‘terminal’ ferrocenes 

In all cases, the desired product was obtained in 50-60% yield. Although this is slightly 

lower than the predicted 60-70% in the literature, the perceived deviation is likely the result of 

a combination of dimerisation of the organic ligand and loss of product during work up. This 

is supported by the realisation that some fractions obtained from column chromatography 

contained the desired products but were still heavily contaminated. 

 

    

 

Figure 4.10 The 1H NMR spectra (400 MHz, CDCl3, 298 K) of ‘terminal’ ferrocenes 

(Fc(I)Pyr, Fc(I)Thio, Fc(I)Bipy) synthesised for use in branched ferrocenyl complexes  

 As shown in Figure 4.10, the asymmetrically substituted ferrocenes were obtained in 

high purity, with the exception of the Fc(I)Thio (Figure 4.10, top left) which was found to 
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contain a small portion of the hydrodehalogenated analogue. Such ferrocene systems are 

frequently found to be contaminated with the dehalogenated species, where the Cp-I moiety is 

converted to Cp-H, as indicated by singlet 1H NMR resonances in the ferrocenyl region, at 

around 4.25 ppm. This side reaction has been documented in the literature and in earlier 

discussions featured in this work.33,75 Despite the presence of the dehalogenated impurity, the 

thiophenyl material was carried through to the next step as it was expected to have no impact 

on the proceeding chemistry, and would be easily removed in later purifications. 

 Additionally, some fractions containing Fc(I)Py were found to be contaminated with 

1,4-di(pyridin-4-yl)buta-1,3-diyne (11% contamination), the dimer of 4-ethynyl pyridine. As 

determined by 1H NMR spectroscopy (Figure 4.11), it was concluded that two multiplets at 

8.62 ppm and 7.37 ppm (marked with an asterisk) represented the two proton environments 

present in the dimer. This finding authenticates the notion that, under Sonogashira coupling 

conditions, free alkynes can homo-couple, resulting in a reduction in yield of the desired 

alkynyl products. The ferrocene-containing product was isolated from the dimer by 

recrystallisation from ethyl acetate.76 

 

Figure 4.11 1H NMR spectrum (400 mHz, CDCl3, 298 K) of 1-iodo, 1'-(4-ethynyl 

pyridine)ferrocene contaminated with 1,4-di(pyridin-4-yl)buta-1,3-diyne 

As well as NMR spectroscopic techniques, X-ray crystallographic analysis was used to 

confirm the structures of Fc(I)Pyr and Fc(I)Bipy. Both materials were crystallised from a 

hexane/DCM mixture and were found to have monoclinic and triclinic crystal systems, 

respectively, with P21/n and P-1 space groups, respectively (Figure 4.12). With regards to the 

iodo and ethynylarene functionalities, in Fc(I)Pyr a parallel orientation is observed, with the 

two Cp rings of the ferrocene unit in an eclipsed configuration. However, in Fc(I)Bipy, a 
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staggered conformation of the Cp rings is observed, with the two substituents facing away from 

each other, likely to reduce the steric repulsion associated with the large bipyridyl motif. 

 

Figure 4.12 Crystal structures of Fc(I)Pyr (left) and Fc(I)Bipy (right) 

Following isolation of the terminal ferrocenes, Fc(I)Py, Fc(I)Thio  ̧ Fc(I)Bipy, the 

branched ferrocene complexes can be prepared via a two-fold Sonogashira coupling of the Cp-

I moiety with the bis-alkynyl aromatic linkers. Although Glaser-type couplings of the diethynyl 

linkers is still possible, the occurrence of such oligomerisation is limited by the use of an excess 

of the iodo-ferrocene species. Hence, the modified synthetic strategy was then applied to 3,5-

diethynyl pyridine (Scheme 4.25). 

 

Scheme 4.25 Proposed alternative synthetic route towards 2b-2d 

 To give a direct comparison between strategy one and two, 2b was synthesised again 

using the modified route and, following column chromatography, was obtained in 14% yield. 

Although 2b was given in a lower yield when compared to its preparation via route 1 (14% vs 

21%), the two approaches are comparable in efficacy. The Sonogashira coupling employing 

Fc(I)Thio was also successful and 2c was easily purified by flash column chromatography. 
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The excess ferrocenyl starting material and any side products were easily recovered/removed 

from the reaction mixture, and desired branched material, 2c, was achieved in 55% yield and 

fully characterised. 

Unfortunately, from the analogous reaction with Fc(I)Bipy only starting material was 

detected in the crude 1H NMR spectrum, with no evidence of 2e formation observed. It was 

considered that the lack of reactivity may be attributed to solvent choice, as discussed earlier 

(chapter 4.2). Despite this, attempts to prepare 2e in a THF medium were also unsuccessful. It 

has been noted in the literature that cross-couplings of the second iodo-functionality is often 

more difficult than the first, and has been rationalised as the result of steric hindrance or low 

solubility of the compounds formed.5,9,64 In the case of the Fc(I)Bipy, it is proposed that the 

lack of reactivity observed can be attributed to steric hindrance or an increase in electron 

density around the ferrocene centre. Notably, bipyridine substituted ferrocenes have been 

further functionalised in the literature,77,78 so the lack of reactivity observed in the attempted 

formation of 2e cannot be explained at this time.  

Since the branched system containing the 3,5-pyridyl bridge, 2b, had already been 

prepared via strategy one and two, preparation of the analogous 2,6-pyrdiyl-bridged was 

performed for comparison. Performed in collaboration with Rachel Chan (a UG BSc final-year 

project student), this synthesis implemented 2,6-diethynyl pyridine and Fc(I)Py (Scheme 4.26) 

to yield the structural isomer, 7. 

 

Scheme 4.26 Synthesis of (μ-2,6-Py)(C≡C–[Fc]–C≡C–p-Py)2  (7) 

The product was obtained using column chromatography and analysis of the 1H NMR 

spectrum of the combined fractions indicated product isolation. The presence of all the 

expected resonances in both the pyridine and ferrocene regions, and their corresponding 

integration values, demonstrate successful Sonogashira coupling of the functionalized 

iodoferrocene to the pyridine linker to afford the desired final product in 16 % yield.  
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Attempts to further expand the family of pyridyl-bridged metallocenes were made 

utilising a thiophene-terminated biferrocene motif (Fc2(I)Thio). This biferrocenyl starting 

material was prepared in an analogous fashion to the mono-ferrocenyl materials discussed 

earlier. Fc2I2 was stirred in the presence of 2-ethynylthiophene under Sonogashira conditions 

(Scheme 4.27), and the desired product was isolated by column chromatography in 22% yield. 

This reduction in yield when compared to the preparation of the mono-ferrocenyl analogue, 

Fc(I)Thio (52% yield), provides further evidence of the decreased reactivity of biferrocenes 

compared to mono-ferrocenes observed throughout this project. 

 

Scheme 4.27 Preparation of Fc2(I)Thio 

 The molecular structure of Fc2(I)Thio was also confirmed by single crystal X-ray 

diffraction (Figure 4.13), with crystals grown by diffusion of hexane into a DCM solution of 

Fc2(I)Thio, where it was shown to have a monoclinic crystal system, with a Cc space group. 

Both ferrocene units adopt the eclipsed conformation with respect to the Cp rings, and a Cp-

Cp bond length of 1.45 Å, which corresponds well with other reported ethynylarene substituted 

biferrocenes. 

 

Figure 4.13 Crystal structure of Fc2(I)Thio 
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Following isolation of Fc2(I)Thio, it was subsequently reacted under Sonogashira 

conditions with 3,5-diethynyl pyridine (Scheme 4.28) in an effort to isolate the thiophene-

terminated biferrocene-containing species, 3b. 

 

Scheme 4.28 Preparation of thiophene-terminated biferrocene-containing species (3b) 

 Analysis of the 1H NMR spectrum of the crude material indicated the formation of a 

new ferrocenyl species. Attempts were made to isolate the product by column chromatography, 

which allowed for the removal of a majority of the excess Fc2(I)Thio, however, impurities 

were still present. The product was filtered in diethyl ether, followed by DCM, which improved 

the purity, but analytical purity was not achieved. The 1H NMR spectrum of 3b (Figure 4.14) 

indicated some organic impurities, as well as some ferrocene-based impurities, highlighted 

with an asterisk. It was, however, decided that the purity of 3b, obtained in 14% yield, was 

sufficient for characterisation. 

 

Figure 4.14 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 3b, with impurities highlighted 

 In an effort to prepare 3a using a similar method to that described above, Fc2(I)Pyr was 

also synthesised in 14% yield (Scheme 4.29). However, due to the time constraints of this 

project, and other priorities, the final two-fold Sonogashira reaction required for the formation 

of 3a (analogous to that described in Scheme 4.28) was not performed. 
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Scheme 4.29 Preparation of Fc2(I)Pyr 

 To increase variety among the branched molecules synthesised in this work, bipyridyl 

bridging groups were also considered. Exploiting the formation of the bis(TMS)bipyridine as 

a side product from the attempted synthesis of its orthogonally protected analogue (described 

in chapter 5) both TMS groups were deprotected using a standard procedure (Scheme 4.30). 

 

Scheme 4.30 Deprotection of 4,4'-bis((trimethylsilyl)ethynyl)-2,2'-bipyridine (1e) 

Analysis of the off-white solid by 1H NMR spectroscopy, after aqueous work up, 

revealed the reaction to have proceeded cleanly, and the product was obtained, without the 

need for further purification, in 91% yield. The spectrum displayed all expected product peaks, 

the integrations of which match those one would expect. Critically, only one alkynyl proton 

peak was observed in the spectrum at 3.32 ppm, and its relative integration corresponded to 

two alkyne deprotections. Additionally, the peak at 0.27 ppm indicating the presence of the 

silyl protecting groups was no longer present. Hence, the material was used in Sonogashira 

couplings of ‘terminal’ iodo-ferrocenes without further purification, as illustrated in Scheme 

4.31.  

From analysis of the crude 1H NMR spectra of both 6a and 6b (Scheme 4.31), it was 

garnered that the Sonogashira couplings were successful. Though, isolation of the bipyridyl-

bridged systems proved more problematic than that of the pyridyl-branched analogues. It was 

found that neither 6a nor 6b could be eluted using silica, and degradation occurred when 

alumina (V) was implemented. 



Chapter 4 

208 
 

 

Scheme 4.31 Proposed synthetic route towards 6a and 6b 

 In an effort to isolate 6a, the crude material was washed with hexane to remove excess 

Fc(I)pyr. The residue was then washed with ethyl acetate, and the filtrate was recrystallised 

by the addition hexane. The residue remaining after washing with ethyl acetate was filtered in 

DCM and revealed to be the desired product. In addition, the ethyl acetate washings were found 

to contain 6a, as well as a large quantity of DIPA-based salts. The product was collected from 

the ethyl acetate washings by recrystallisation from ethyl acetate and hexane to yield further 

batches of 6a, which was isolated in 47% yield. It was found that although 6a is stable under 

ambient conditions, degradation occurred in solution over prolonged periods of time, as 

evidenced by the formation of an insoluble black solid. 

 Isolation of the pyridine-terminated branched system was confirmed by 1H NMR 

spectroscopy (Figure 4.15). Despite the poor resolution, analysis of the spectrum revealed all 

expected peaks in the aromatic region to be present, with integration values matching those 

expected. Remarkably, just three resonances were present in the Cp-H region of the spectrum, 

as opposed to the expected four pseudo-triplet splitting pattern. The observed pseudo-quartet, 

associated with two proton environments, indicates that the difference in coupling between 

protons resulting from magnetic inequivalence is reduced, and that the chemical environments 

of the protons on the Cp-rings are strikingly similar, despite the variation in substituents. 

Furthermore, it was found that the chemical shift of the peaks varied depending on 

concentration and solvent used for collection of the 1H NMR spectrum, likely as a result of 

hydrogen bonding of the nitrogen atoms present.  
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Figure 4.15 1H NMR spectrum (400 mHz, CDCl3, 298 K) of 6a 

Where the terminal moiety was a thiophene (6b), similar observations were made, 

although an increase in stability towards alumina (V) was observed for 6b in comparison to 6a. 

Hence, the crude product was filtered over alumina (V) in a hexane/DCM (4:1) mixture to 

remove the starting material Fc(I)Thio. The product was then collected by elution in a 

hexane/ethyl acetate mixture (1:1) and subsequently recrystallised to give 6b as an orange-red 

solid in 37% yield. 

Overall, it has been shown that route two (chapter 4.3) is a more efficient synthetic 

pathway compared to route one (chapter 4.2) due to the reduction of the number of potential 

side reactions. Fewer side products resulted in more straightforward purification, and a general 

increase in yields obtained. Unfortunately, for ferrocenes with large substituents, such as 

bipyridine, this strategy is unsuccessful, as steric hindrance prevents the final two-fold 

Sonogashira coupling from taking place. For systems containing larger terminal-motifs 

strategy one is more suitable. It should also be noted that for branched systems containing a 

thiophene moiety in the bridging position, both pathways are incompatible due to the instability 

of diethynyl-thiophene materials. 
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4.4 Discussion on synthetic route 3 

Some aspects to consider when optimising the synthesis and purification of branched 

ferrocenyl systems are the dominant Glaser couplings between free alkynes in the presence of 

copper, and oligomerisation/polymerisation of the starting materials at higher concentrations. 

To this end, asymmetric protecting agents of the alkynes was considered to allow for better 

chemical control over the reaction, resulting in few side products forming from the reaction 

mixture, and improved synthetic flexibility.75 Inspired by the work of Kukula et al., and 

Hoffmann et al, ethynyl protecting groups with a significant difference in polarity were chosen 

to allow for easy separation of by-products from the desired molecule.75,79 It was hoped that by 

accessing the branched systems, in a more controlled fashion, the formation of multiple side 

products will be avoided, making purification more facile.  

To mask alkynes, silyl derived moieties, such as trimethylsilyl (TMS) and 

triisopropylsilyl, are frequently employed as non-polar protecting group, while a commonly 

used polar protecting groups is 2-hydoxy-propyl. TMS and 2-hydroxy-propyl are a pair of 

orthogonal alkyne protecting groups, which, when used in tandem, allows for the selective 

removal of silanes with a fluoride-based reagent. This protection strategy affords control over 

the demasking of ethynyl groups, leaving one alkyne protected and one free for reaction.  

This protecting group strategy was first applied to a second pyridyl, 2,6-bromopyridine, 

in an attempt to explore the efficacy of this methodology, without deviating from established 

pyridyl chemistry. The suitably masked 2,6-diethynylpyridine derivative was prepared by two 

Sonogashira couplings in a one-pot reaction (Scheme 4.32).  

 

Scheme 4.32 Synthetic route towards the asymmetrically masked 2,6-diethynylpyridine 

In the first step, 2-methyl-3-butyn-2-ol delivers an alkyne group to the pyridine, this 

aryl halide substitution proceeds in near quantitative yield.80 To favour the monosubsitution of 
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2,6-dibromopyridine with 2-methyl-3-butyn-2-ol, a shorter reaction time of 3 hours was used 

and careful stoichiometric control was implemented. Following full consumption of 2,6-

dibromopyridine, as determined by TLC, trimethylsilylacetylene (TMSA) was introduced to 

the reaction mixture and a second alkynylation was performed. To drive the second 

Sonogashira coupling to completion, an excess of TMSA was used and the reaction was carried 

out overnight. Isolation of the desired product as a yellow solid was achieved by column 

chromatography. Purity analysis and characterization by 1H NMR spectroscopy support 

product purification, with all expected peaks present, the integrations and splitting patterns of 

which match those expected. 

When compared to the symmetrically substituted pyridine, the splitting patterns of 

peaks in the aromatic region of the 1H NMR spectrum are slightly more complex; a single 

doublet is replaced by two doublets of doublets, and the triplet is replaced by a multiplet. The 

former are assigned to the two protons in the meta-position. It is expected that the 2-hydroxy-

propyl group is more electron withdrawing than the silyl protecting group. Hence, the aromatic 

proton nearest the hydroxyl-protected alkyne is more deshielded and appears at a higher 

chemical shift than the proton next to the TMS protecting groups. This difference in 

electronegativity and loss of symmetry results in chemically inequivalent environments. 

Additionally, while a doublet of doublets is expected for the proton in the para-position, a 

pseudo-triplet is observed due to the similarity in chemical environment of the two meta-

protons. The TMS and 2-hydroxy-propyl protecting groups are relatively far away from the 

meta-protons due to the presence of an alkyl spacer, and as such, these moieties have little 

bearing on the coupling constants and splitting pattern of the para-proton.  

During purification of the asymmetrically protected pyridine, 2,6-

bis(trimethylsilylethynyl)pyridine was also separated from the mixture, formed from a two-

fold coupling reaction between unreacted 2,6-dibromopyridine and excess TMSA. Fortunately, 

the absence or presence of one hydroxyl group is sufficient to influence the Rf value and hence 

chromatographic behavior of the two species.  

Using the large difference in polarity, the desired asymmetric pyridyl was easily 

obtained and then deprotected at the TMS-alkyne, using a fluoride-based nucleophile, to reveal 

the free alkyne (Scheme 4.33). Due to the strength of the Si-F bond, F– is extremely 

nucleophilic towards silicon. 81 However, in protic solvents such as methanol, F– is only weakly 
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nucleophilic towards most other functional groups, allowing the selective removal of the silyl 

protecting group without affecting the 2-hydroxy-propyl moiety. 

 

Scheme 4.33 Selective deprotection of the TMS moiety, using TBAF 

Following work up of the reaction mixture the product was crystallised from hexane 

and DCM to give pale yellow needles. Using X-ray diffraction, the product, (Figure 4.16), was 

found to possess a monoclinic crystal system and a P21/c space group. Analysis of the product 

by 1H NMR spectroscopy revealed the deprotection had gone to completion, as evidenced by 

absence of a singlet corresponding to the methyl protons from the TMS group, and the presence 

of a new singlet at 3.15 ppm, assigned to the terminal alkyne.  

 

Figure 4.16 Crystal structure of 4-(6-ethynylpyridin-2-yl)-2-methylbut-3-yn-2-ol 

Following successful synthesis of the pyridyl-terminated ferrocene species, as well as 

the suitably deprotected asymmetric pyridyl linker, the initial reaction in the stepwise assembly 

of the tri-pyridyl branched species could then proceed according to Scheme 4.34.  

 

Scheme 4.34 Sonogashira coupling of a pyridine-terminated ferrocenyl iodide, and the 

appropriately deprotected diethynyl pyridine 
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To minimize Glaser-type coupling of the acetylene species and promote the desired 

Sonogashira coupling an excess of the ferrocenyl iodide (4 equivalents) was used. In addition, 

the ethynyl pyridine derivative was added to the reaction mixture in a dropwise manner to 

ensure the ferrocene species was in even greater concentration, with respects to the alkyne.  

Taking advantage of the large difference in polarity, the product was isolated using 

column chromatography, in 72% yield. Synthesis of the desired branched precursor was 

confirmed by 1H NMR spectroscopy, in which the spectrum of the product showed a change 

in chemical shift of the four pseudo-triplets in the Cp-H region, and an increase in the number 

of aromatic resonances, all of which gave the expected integrals. Upon affirmation that the 

desired species had been obtained, attempts to remove the propargyl protecting group were 

then performed, in an effort to obtain the free alkyne (Scheme 4.35).  

 

Scheme 4.35 Deprotection of 2-hydroxypropyl using TBAOH 

The deprotection was monitored by TLC until no more starting material was observed. 

Analysis of the crude 1H NMR spectrum implied the removal of the propargyl group had 

proceeded to some extent, as indicated by the presence of a singlet at 3.16 ppm, and the absence 

of resonances representing the methyl and alcoholic protons. Unfortunately, the desired alkyne 

was not the major product. Column chromatography of the reaction mixture was carried out 

regardless, however, the suspected alkynyl product was still found to be contaminated with a 

second ferrocenyl species and unable to be isolated. Upon closer inspection, it was thought that 

the contaminant was an alkenyl derivative (~35%). The suspected alkene was able to be 

isolated from other fractions obtained from column chromatography. Resonances in the 1H 

NMR spectrum (Figure 4.17) in the region of 5-7 ppm indicated the presence of alkenyl 

protons, and it is proposed that after removal of the propargyl moiety to reveal the terminal 

alkyne, further reduction occurs to form an alkene. Although the structure of the alkenyl side 

product is proposed, without additional characterization data, its exact structure cannot be 

confirmed. 
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Figure 4.17 The proposed structure (top left) of the alkene side product and its 1H NMR 

spectrum (400 MHz, CDCl3, 298 K) 

 Additionally, a second side product was isolated from column chromatography. The 1H 

NMR spectrum of this species (Figure 4.18) indicates that the methyl protons of the propargyl 

group are still present, but that an alkenyl motif may have also formed. From this spectrum it 

is proposed that the desired alkyne forms in the reaction, but may be unstable and undergoes 

rearrangement or substitution reaction, since this is well documented in the literature.82 In order 

to fully elucidate the structure of the compound, further characteristic data is required, but has 

not been gathered due to the time constraints of this work, and other priorities. 

 

Figure 4.18 1H NMR spectrum (400 mHz, CDCl3, 298 K) of the unidentified side product 

 The formation of multiple side-products from the deprotection of the alkyne moiety 

explains the low yield obtained. As such, future endeavors to remove propargyl protected 
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groups could implement the work of Jie et al, in which TBAOH  is used in catalytic quantities 

while methanol functions as an additive.83 It was reported that the optimal deprotection reaction 

required just 10 mol % of TBAOH and 1.2 equivalents of methanol in toluene at temperatures 

of 55-75 C, as opposed to the more forcing conditions often implemented in this type of 

deprotection.84,85 The work described yields of 60-98% being achieved in as little as 5 

minutes.83 

The final stage in the stepwise assembly of the tri-pyridyl branched molecule would 

involve the Sonogashira coupling of a second pyridyl-terminated iodoferrocene species to the 

alkynyl linker, as described in Scheme 4.36. This step was not performed due to the difficulties 

encountered during the alkyne deprotection stage. 

 

Scheme 4.36 Proposed synthesis of the branched tripyridyl species, 7 

 Earlier in this work (chapter 4.2), the Sonogashira coupling of diethynyl thiophenes 

with iodoferrocenes was found not to proceed. As considered earlier, this is likely due to the 

increased reactivity of the thiophene system, resulting in polymerisation of the required alkynyl 

moieties. In an effort to introduce this alternative gold binding group into the metallocene 

systems, the introduction of orthogonally protected alkynes was executed using 3,4-dibromo 

thiophene (Scheme 4.37). Use of a one-pot, two-fold Sonogashira reaction allowed for the 

preparation of the desired asymmetrically protected alkynyl product, along with multiple side 

products, assumed to be both the (bis) TIPS- and (bis) TMS-symmetrically protected species, 

as well the products of mono-substitution. The desired asymmetric species was isolated by 

flash column chromatography in 14% yield. 
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Scheme 4.37 Synthesis of an orthogonally protected 3,4-diethynyl-thiophene  

 From the asymmetrically protected thiophene, the TMS alkyne protecting group was 

removed using the weak base, potassium carbonate, in 98% yield (Scheme 4.38). Traditionally, 

fluoride-based nucleophiles such as TBAF are used for the removal of silyl protecting groups. 

However, in this case, TBAF was found to be ineffective, with only starting material recovered 

from the reaction mixture.  

 

Scheme 4.38 Synthetic route for the deprotection of TMS-protected alkyne 

Analysis of the 1H NMR spectrum of the potassium carbonate reaction mixture 

indicated that the deprotection was essentially quantitative, as evidenced by the removal of the 

peak at 0.22 ppm, representing the TMS group, and the introduction of a peak at 3.13 ppm, 

corresponding to a terminal alkyne (Figure 4.19). The alkynyl product was found to be 

essentially pure following aqueous extraction and was therefore used in subsequent 

Sonogashira reactions without further purification. 
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Figure 4.19 1H NMR spectra (400 MHz, CDCl3, 298 K) of the asymmetrically protected 

thiophene (top spectrum) and the singularly deprotected thiophene (bottom spectrum) 

 The deprotected, mono-alkynyl species was then utilised in a Sonogashira reaction with 

FcI2, to give the corresponding ferrocenyl product, 9 (Scheme 4.39). Analysis of the crude 1H 

NMR spectrum indicated the formation of an asymmetrically substituted ferrocenyl species as 

well as organic-based species, thought to be thiophene dimers. Purification of 9, which was 

obtained in 95% yield, was achieved using column chromatography, from which the remaining 

FcI2 was also recovered. 

 

Scheme 4.39 Synthetic route towards the ferrocenyl-substituted thiophene, 9 

 Following the isolation of 9, a second alkynyl deprotection was performed to remove 

the TIPS protecting group. For this, TBAF was used, and the reaction was allowed to proceed 

at room temperature overnight (Scheme 4.40).  



Chapter 4 

218 
 

 

Scheme 4.40 Deprotection of 9 to yield 10 

Despite the lack of reactivity between TBAF and doubly-protected thiophene, the 

removal of the TIPS group from the ferrocene-substituted thiophene yielded 10 in 88% yield. 

The crude 1H NMR spectrum indicated that the deprotection proceeded to completion, as 

evidenced by the disappearance of the peak at 1.15 ppm, associated with the TIPS moiety, and 

the appearance of a peak at 3.25 ppm relating to the free alkyne formed (Figure 4.20). As was 

the case with the first thiophene deprotection, the removal of the TIPS group proceeded with 

no side product formation, and 10 was found to be essentially pure. Hence, it was used in 

further Sonogashira reactions without further purification. 

 

Figure 4.20 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 9 (top spectrum) vs 10 (bottom 

spectrum) 

 The deprotected alkynyl species, 10, was then implemented in a further Sonogashira 

reaction with FcI2, in an effort to obtain a thiophene-bridged, multi-ferrocenyl species (Scheme 

4.41). The crude 1H NMR spectrum indicated the presence of multiple ferrocene-based species, 
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and TLC analysis of the mixture revealed there to be multiple ferrocenyl products, one of which 

was the remaining FcI2. Column chromatography of the mixture allowed the separation of the 

species, and the desired bis-ferrocenyl product, 11, was obtained in 31% yield. 

 

Scheme 4.41 Synthetic route towards the thiophene-bridge species, 11 

In addition to 11, a second thiophene-containing multi-ferrocenyl was obtained 

following column chromatography (Figure 4.21). Analysis of its 1H NMR spectrum revealed 

the species to be a trimeric derivative of 11, whereby FcI2 undergoes a two-fold substitution 

with the alkyne, as opposed to a singular Sonogashira reaction, to yield 11a (6%). 

 

Figure 4.21 Side product (11a) obtained from the synthesis of 11 

Furthermore, a final side product was obtained from column chromatography, which, 

after analysis of its 1H NMR spectrum, was revealed to be Fc2I2. The formation of Fc2I2 under 

Sonogashira conditions was not observed in the presence of any other bridging groups, 

suggesting that the presence of the thiophene motif is influential. It may be possible that the 

presence of both a copper source and thiophene moiety allowed for the homo-coupling of FcI2 

in a similar manner to the CuTc mediated coupling discussed in chapters 2 and 3. On the other 

hand, the formation of cyclo[2] from Fc2I2 has been observed under Suzuki-Miyaura 

conditions, suggesting that the presence of palladium may also play a role in the coupling of 

iodoferrocenes. 

 In order to prepare a family of thiophene-bridged metallocene systems analogous to the 

pyridyl-bridged derivatives 2b-f, the Sonogashira coupling reactions of 11 with 4-ethynyl 
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pyridine, 2-ethynyl thiophene and 3-(4-ethynylphenyl)thiopropionitrile were performed 

(Scheme 4.42), to give 11b, 11c and 11d respectively. 

 

Scheme 4.42 Proposed synthetic route towards 11b, 11c and 11d 

In all cases, a new ferrocene-containing species was observed in the crude 1H NMR 

spectra, alongside the remaining ferrocenyl starting material and organic ligand dimers. 

Notably, the isolation of species 11b-d was more facile than that of the pyridine-bridged 

analogues. In each case, purification by column chromatography could be avoided by washing 

the crude product mixture in copious amounts of hexane to remove unreacted 11, and 

subsequently recrystallising the remaining residue from ethyl acetate and hexane. In the case 

of 11d, an additional wash of the crude mixture with methanol following recrystallisation was 

required to remove dimerised 3-(4-ethynylphenyl)thiopropionitrile, which is markedly more 

polar than the pyridyl or thiophenyl ligands. Following recrystallisation, 11b, 11c and 11d were 

obtained as orange-brown solids in 67%, 85% and 93% yields respectively. The 1H NMR 

spectra (Figure 4.22) all contain a singlet in the aromatic region associated with the thiophene 

protons, and additional peaks in the aromatic region representing the organic ligand, as well as 

the typical four-pseudo triplets in the region of 4-5 ppm. In the case of 11d, two triplets were 

also observed in the aliphatic region of the spectrum, which represent the protons of the ethyl 

chain of the cyanoethyl moiety.  
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Figure 4.22 1H NMR spectra (400 MHz, CDCl3 or CD2Cl2, 298 K) of 11, 11b, 11c and 11d 

(from top, respectively) 

 Similarly to the pyridine-bridged analogue (2d), the cyanoethyl functionality of 11d 

was converted to the thioacetate moiety by treatment with sodium methoxide, followed by 

acetic anhydride (Scheme 4.43). Isolation of the product was achieved by recrystallisation of 

the crude mixture from ethyl acetate and hexane, and subsequent collection of the orange-

brown precipitate gave 11e in 54% yield. 

 

Scheme 4.43 Synthesis of 11e from 11d 
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 Overall, the use of asymmetric protecting groups proved to be a useful tool in the 

synthesis of branched metallocene-containing complexes by facilitating an increase in control 

over the occurrence of side reactions such as polymerisation and alkyne homo-coupling. The 

combination of TIPS/TMS protecting groups was found to be more effective for this purpose 

than the propargyl/TMS protecting groups, owing to the more facile removal of the TIPS motif 

when compared to the propargyl moiety. 

 Additionally, all materials discussed throughout this chapter were found to be stable 

under aerobic conditions in the solid state and can be handled in solution for short periods of 

time. The inclusion of pyridyl and bipyridyl motifs in the branched structures reduced the 

stability of the compounds in solution, especially chlorinated solvents. Similar observations 

have been made previously in the group with regards to branched organometallic complexes.  

4.5 Heterobimetallic systems 

As discussed in Chapter 4.2, it was found that the attempted Sonogashira couplings of 

6 with two different aromatic alkynes was unsuccessful (Scheme 4.21). Similarly, it was 

conferred in Chapter 4.3 that the Sonogashira coupling of the bipyridine-substituted ferrocene 

species, Fc(I)Bipy (Scheme 4.25), also showed no evidence of reactivity. It was therefore 

wondered if the presence of the bipyridine motif was interfering with the reaction, either by 

coordination to the copper co-catalyst, or by imposing unfavourable steric and/or electronic 

interactions. Although Sonogashira reactions of ferrocenes bearing  bipyridine ligands have 

been reported in the literature,77,78,86 these were often unsuccessful in our hands. In an effort to 

improve the reactivity of the bipyridine-bridged species, 6, its coordination to a rhenium centre 

was proposed as this would prevent coordination of the bipyridine moiety to the copper. The 

coordination of 6 to rhenium pentacarbonyl bromide was performed, along with the 

coordination of 2 to the same rhenium species to allow for some comparison (Scheme 4.44 and 

Scheme 4.45, respectively). 
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Scheme 4.44 Preparation of rhenium-containing heterobimetallic complex of 6  

 Analysis of the crude 1H NMR spectrum of Re-6 indicated that the reaction had 

proceeded smoothly, and to completion after just one hour at 80 oC. In order to remove any 

unreacted Re(CO)5Br, which is not 1H NMR active, the product was passed through a silica 

plug. Comparison of the 1H NMR spectra of 6 and Re-6 (Figure 4.23) indicated the 

coordination of 6 proceeds in a facial manner, which is evidenced by an increase in the number 

of resonances observed in both the aromatic and ferrocenyl regions of the spectra, resulting 

from a reduction in symmetry throughout the molecule. In 6, only three peaks are observed in 

the aromatic region, each integrating to two protons, however, upon coordination to the 

rhenium centre, two of the aforementioned peaks are split into a further two resonances, each 

representing one proton. A similar change in observed for the peaks associated with the 

ferrocenyl protons, where one of the peaks representing four protons is split into two, with each 

integrating to two protons. This change in splitting pattern observed in Re-6 is likely the result 

of the loss of free rotation of the coordinated bipyridyl motif around the Ar-Ar bond, which in 

turn could cause magnetic inequivalence of the protons. The facial coordination of Re-6 is 

further confirmed by the IR spectra, in which three peaks associated with the carbonyl stretches 

are observed, as opposed to the two stretches typically observed in meridional configuration, 

where one of the stretches is not IR active. 
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Figure 4.23 1H NMR spectra (400 MHz, CDCl3 or CD2Cl2, 298 K) of 6 (top) and Re-6 

(bottom) 

 Analysis of the 1H NMR spectrum of the crude reaction mixture of 2 with Re(CO)5Br 

(Scheme 4.45) indicated that coordination of the pyridyl motif proceeded less smoothly, as 

demonstrated by the presence of several ferrocenyl and pyridyl resonances. In addition, the 

reaction had to be carried out for much longer than the bipyridyl analogue to achieve full 

consumption of the starting material. Purification of Re-2 by flash column chromatography 

allowed its isolation with only minor contamination. 

 

Scheme 4.45 Preparation of rhenium-containing heterobimetallic complex of 2 
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Comparison of the 1H NMR spectra of 2 and Re-2 (Figure 4.24) indicated that 

coordination had taken place, evidenced by the change in chemical shift of the aromatic peaks 

and of the ferrocenyl peaks. However, unlike Re-6, no increase in the number of resonances 

was observed for Re-2. This further supports the suggestion that the change in splitting pattern 

demonstrated for Re-6 is the result of a reduction in the free rotation, as this does not occur in 

the pyridyl analogue, Re-2. From the 1H NMR spectrum of Re-2, it is unclear whether one or 

two units of 2 are coordinated to the rhenium centre, however, analysis of the product mass 

spectrometry indicate that two equivalents of 2 are present, with no evidence of the mono-

ligated species observed. Hence, it can be confirmed that the structure proposed in Scheme 

4.45 is correct. Furthermore, analysis of the IR spectrum of Re-2 suggests that the pyridyl 

ligands are also coordinated in the facial configuration, similarly to Re-6, as evidenced by the 

three stretches observed. 

 

Figure 4.24 1H NMR spectra (400 MHz, CDCl3 or CD2Cl2, 298 K) of 2 (top) and Re-2 

(bottom) 

The preparation of heterobimetallic complexes has been a topic of interest since the late 

1960s when the Robin-Day classification of mixed-valent compounds was first reported.87 

Since then, studies on the electronic interactions between metal centres in mixed-valent 

compounds have revealed that these metal-metal communications could be relevant to their 

application as electrical components, as well as redox-switchable, electrochromic and 

luminescent materials.88 Furthermore, bipyridyl-containing Re(I) tricarbonyl complexes 

exhibit a well-documented metal-to-ligand charge transfer (MLCT) state and have a high 
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tunability of excited state properties which are affected by the structure and rigidity of the 

complexes as well as the energy levels and electronic properties of the ligand.89 Hence, the 

choice of a rhenium centre for the coordination of 6 and 2 was deemed appropriate as it would 

not only block the nitrogen coordination sites that may otherwise coordinate to copper during 

Sonogashira couplings, but would also introduce a second metal centre with potentially 

interesting luminescent properties. As such, both heterobimetallic complexes, Re-6 and Re-2, 

were characterised by luminescent spectroscopic techniques, the data for which can be found 

in  Table 4.1. 

Table 4.1 UV-Vis and luminescence data obtained from Re-2 and Re-6 

Re-6 Re-2 

λmax (nm) λem (nm) λmax (nm) λem (nm) 

226 423 226 420 

266 659 259  
338  313  
493  367  

  460  

 In the absorption spectra (Figure 4.25) of Re-2 and Re-6 bands at ~260 nm and ~320 

nm, typical of ferrocenyl-based π–π* and ligand to metal charge transfer (LMCT)/Fe d-d*  

transitions respectively, were observed. The absorption bands at 493 and 459 nm, for Re-2 and 

Re-6 respectively, are likely to be a combination of MLCT and bipyridyl-based π–π* 

transitions, as indicated by the broad, weak shape. This is also supported in the literature where 

it is reported that the d π (M)→π*(bpy) transition, if any, occurs at 400-500 nm and, as such, 

is often buried under the numerous π→π*transitions associated with highly conjugated 

ligands.89  
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Figure 4.25 Normalised UV-Vis spectra of Re-2 and Re-6 

In pyridyl- and bipyridyl-containing Re(I) complexes, the highest occupied molecular 

orbital (HOMO) is comprised mainly of Red character, and the lowest unoccupied molecular 

orbital (LUMO) is dominated by the diimine ligand π* character.90 Therefore, the 1MLCT band 

observed in emission spectra of such materials often occur in 500-600 nm range. Additionally 

the broad shape of the emission profile indicates an MLCT process.90 To investigate the 

luminescence properties of Re-2 and Re-6, the materials were excited at wavelengths of 375 

and 400 nm respectively. For Re-6, a weak luminescence was observed which occurs with an 

emission band at 659 nm (Figure 4.26). This correlates well with the emission ranges reported 

for other bipyridyl ligated rhenium centres, the nature of which has been attributed to 1MLCT 

processes.89–92 On the contrary, an analogous emission for Re-2 was not observed, a feature 

which may be indicative of lower lying excited state, in comparison to Re-6, which do not 

sensitise the rhenium centre to MLCT processes. Furthermore, it has been well documented 

that the low-lying MLCT and ligand field (LF) excited states of ferrocene moieties can readily 

quench the MLCT transitions associated with rhenium-bipyridyl complexes.93–96 Moreover, the 

lack of 1MLCT transition in Re-2 accounts for the lower λmax value observed in comparison to 

Re-6, since this usually occurs at the lower energy end of the ligand centred transition.90  
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Figure 4.26 Luminescence spectra for Re-6 

 In order to gain further insight into the luminescent properties of the bipyridyl-based 

complex, Re-6, quantum yields and luminescent lifetimes could be collected and used to infer 

information about the radiative decay processes and energy gaps of the transitions. In addition, 

investigation into the metal-metal communication between the rhenium and iron centres could 

provide information into the modulation of luminescent behaviour by ferrocene moieties. 

However, due to the time constraints and other priorities associated with the project, this work 

was not carried out. In addition, since it was found that the attempted Sonogashira couplings 

of 6 were unsuccessful, it would be ideal to determine whether coordination to the rhenium 

centre improves upon this lack of reactivity, possibly by preventing coordination to the copper 

co-catalyst. Further probative reactions to investigate this theory, however, were not performed 

due to the time constraints of this PhD. 

4.6 Electrochemical Data 

A large range of multinuclear metallocene complexes have been synthesised over the 

decades, with several investigations focussing on the metal-metal interactions within the 

molecules. As such, it has been found that, in comparison to bimetallocenes with direct 

convalent bonds, species with C1 bridges between the cyclopentadienyl rings demonstrate 

considerably reduced metal-metal interactions.97 
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 Manifestation of metal-metal interactions occurs in a multitude of ways and to varying 

extents; these interactions range from trivial electrochemical alterations to total charge 

delocalisation across all metal centres. Communication between metal centres manifests as 

both through-space and through-bond electrostatic interactions62 and generally metal-metal 

communication is favoured in systems where the metal centres are closer together and/or held 

in a more rigid conformation with respect to each other.40 

Owing to the presence of multiple redox centres, and the availability of more than one 

coordination site, these molecules may find application in particular catalytic cycles where 

their mononuclear analogues may be of little or no use. There is also the potential to access 

different oxidation states of the metals, within the same complex. These “mixed-valence” 

species are found throughout organometallic chemistry, with metallocenophanes playing an 

imperative role in our understanding of this class of complex.97 

4.6.1 Linear ferrocene-containing systems 

To date, extensive research has been conducted into the synthesis and study of linear 

molecules containing one or more redox active centres.33,98 Hence, the electrochemical 

properties of the ‘terminated’ ferrocene species discussed in chapter 4.3 were recorded and 

compared to those reported in the literature, and the relevant data recorded in Table 4.2 and 

Table 4.3. 

Table 4.2 CV data for linear Fc-containing complexesa  

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc 

Fc(I)Pyr 369 229 299 140 0.82 

Fc(Pyr)2
98 336 264 300 72 1.23 

Fc(I)Thio 271 181 226 90 1.22 

Fc(Thio)2 269 129 199 140 1.05 

Fc(I)Bipy 328 209 269 119 1.04 

a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials are reported relative to an internal Fc/Fc+ reference and 

have been corrected for solution resistance (iRs) with values obtained from AC impedance 

measurements. 

 The monoferrocenyl species all displayed a one-electron redox process, which is a 

typically observed characteristic of the ferrocene motif. As expected, these processes occurred 

at higher/more positive potentials than that of unsubstituted ferrocene, owing to the presence 
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of the electron withdrawing ethynylarene and iodine moieties increasing the energy needed to 

remove an electron from the iron centre. In the case of Fc(I)Pyr, Fc(I)Thio and Fc(I)Bipy, 

this can be demonstrated by comparing the redox potentials with those of FcI2 (370 mV) and 

ferrocene (0 mV). Although the ethynylarene groups are able to withdraw electron density from 

the redox-centre by extending the π-system, albeit to varying degrees, it is evident that the 

iodine substituents are more highly electron withdrawing. This is further supported by a 

reduction in redox potential for both Fc(Thio)2 and Fc(Pyr)2 versus the asymmetric iodine-

containing systems. Additionally, the nature of the arene was found to influence the redox 

potential of the ferrocene centre, indicating that the π-system extends fully into the arene 

substituent. From the relative redox potentials, it can inferred that the strength of electron-

withdrawing groups follows the trend −I  −Pyr  −Bipy  Thio. It is thought that the position 

of the heteroatom may also play a role in the electron-withdrawing capabilities of the arene. 

This is rationalized by the varying abilities of the heterocycles to stabilize the positive charge 

formed upon oxidation by donating electrons into the π-system and delocalization of the 

charge. This trend has been described by Bennett et al, who showed that a ferrocene substituted 

with a 3-pyrifyl motif could stabilize the positive charge to a great degree than an analogous 

4-pyridyl motif, resulting in greater redox potential for the latter.99 

  All complexes display redox chemistry that is chemically reversible, as evidenced by 

the values of ipc/ipa ≈ 1. As reversibility of the redox process is shown, a value of E= 59/n 

mV, where n is the number of electrons involved in the redox process, at 298 K is expected.99 

Although both Fc(Pyr)2 and Fc(I)Thio have values higher than this, we attribute this deviation 

to uncompensated resistance effects and ion pairing effects.100 For Fc(I)(Pyr), Fc(Thio)2 and 

Fc(I)Bipy E deviates too greatly to be considered reversible. Furthermore, for a fully 

reversible process E is expected to be independent from scan rate, however, for the molecules 

recorded in Table 4.2 E increases with scan rate. For a system where the electron transfer 

rates of the redox process are diffusion-controlled, ip ∝ ν1/2, a trend which is observed for all 

these systems. 

Similar studies to those described above for the monoferrocenes were performed on 

analogous biferrocenyl systems, the relevant data for which is recorded in Table 4.3. For the 

biferrocene systems, two distinct redox processes are observed, which are attributed to the 

sequential oxidation/reduction processes associated with the Fe2+/Fe3+ couples of each of the 

iron centres.101 It is thought that the first redox process occurs on the pyridine-substituted 
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ferrocene moiety, and the second one the iodine-substituted ferrocene owing to the relative 

electron withdrawing properties of the pyridine and iodine motifs. To give evidence of this, 

further electrochemical investigations would need to be performed. 

Table 4.3 CV data for linear Fc2-containing complexesa 

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc ∆E1/2 Kcom 

Fc2(I)Pyr (1st)98 64 -23 44 87 
1.15 303 105.12 

Fc2(I)Pyr (2nd)98 415 279 347 136 

Fc2(I)Thio (1st) 153 -93 30 246 1.28 
376 106.35 

Fc2(I)Thio (2nd) 528 283 405 246 0.79 

a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials are reported relative to an internal Fc/Fc+ reference and 

have been corrected for solution resistance (iRs) with values obtained from AC impedance 

measurements. 

The same trend in redox potentials is observed for the biferrocenyl species as for the 

monoferrocene systems, with the pyridyl-substituted species having a higher potential than 

then thiophene analogues, however only for the first redox process. Upon the second redox 

process, a reversal in this trend is observed, which is likely the result of resonance stabilization 

effects of the monocationic species. It is proposed that the monocation of Fc2(I)Pyr formed 

from the first redox process is resonance stabilized more effectively compared to the 

Fc2(I)Thio, resulting in larger energy requirements to oxidize the thiophenyl derivative a 

second time than needed for the pyridyl analogue. 

The biferrocene systems exhibit close to electrochemicaly reversible behaviour and 

diffusion-controlled electron transfer rates, indicated by the analysis of ipa/ipc ≈ 1 and ip ∝ vs
1/2 

respectively. However, the comparison of peak currents can be complicated by the capacitive 

current, which is responsible for shifting the baseline from zero amperes. This, combined with 

the close proximity of subsequential redox process, can make determination of the baseline 

difficult, and effectively obscure determination of peak current. The redox processes of the 

biferrocene systems were determined to have diffusion-controlled electron-transfer rates, 

shown by an ip ∝ ν1/2 trend. Similarly to the mono-ferrocenes, the values of ∆E are too large to 

be considered chemically reversible, with the exception of Fc2(I)Pyr, for which the deviation 

is again deemed the result of uncompensated resistance effects and ion pairing effects.100 

As discussed in Chapter 3, information about the charge stabilisation and 

communication between redox centres of mixed-valence systems is often inferred from the 
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comproportionation constant. From this value, mixed-valence materials can often be classified 

according to the Robin and Day groupings, which are now widely accepted as Kcom<102 for a 

class I species, Kcom>106 for class III materials, with class II systems having intermediate 

values. According to these values, Fc2(I)Pyr and Fc2(I)Thio are class II and class III 

respectively, with Fc2(I)Pyr bordering on class III assignment. However, in the case of 

asymmetric biferrocene systems described here, this analysis should be taken with caution. As 

described earlier, the redox potential of an individual ferrocene unit can be altered significantly 

by the substituents present. Hence, in asymmetric biferrocenes ∆E1/2 can no longer be attributed 

only to the coupling of the two ferrocene centres, as it is also influenced by the intrinsic 

differences in redox potential of the two independent redox centres. In effect, the difference in 

redox potential between FcI and the potentials of pyridine- or thiophene-substituted ferrocenes 

should be subtracted from the ∆E1/2 values of Fc2(I)Pyr and Fc2(I)Thio respectively in order 

to compensate for the intrinsic potential difference between each independent ferrocene motif. 

4.6.2 Branched Ferrocene Complexes 

It is thought that the inclusion of multiple redox active centers into molecules with 

branched structures could provide alternative pathways for electron transfer through the 

individual molecular branches, or ‘arms’ of the complex.33,34 Hence, investigation of the 

electrochemical properties of the branched metallocene-based complexes was of interest. As is 

typical of ferrocene-containing species the oxidation process observed involves the removal of 

an electron from the HOMO, consequently, the positive charge is essentially localized on the 

Fe centre in all these complexes.102  

Curiously, for all species featuring two ferrocene motifs, only one redox process was 

observed, despite the presence of two ferrocene moieties, or three in the case of 2a and 11a. 

This observation is consistent with electrochemical studies of similar complexes reported by 

Inkpen et al, who investigated the bridging group featured in 2, functionalized with meta-

pyridyl, tert-butylthiol (StBu) and TMS terminal groups,33 as well as with data reported for 

other structurally related complexes.5,18 It is, however, fascinating  that only one process is 

observed for 2a, since this has two inequivalent ferrocene environments, and thus redox 

centres, and therefore one would expect at least two redox processes. This suggests that 

although the substitution is different, the electron density around the ferrocene centers is 

similar, resulting in superimposed redox processes at the same potential, a feature which may 

be exacerbated by ion-pairing effects. 
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Some systems, comprising multiple chemically identical redox active centres exhibit 

separation between individual Fe2+/ Fe3+ redox couples where each one electron process occurs 

at a different potential, instead of overlapping at the same potential.33 This feature is often 

manifested in complexes containing the biferrocene motif, as is the case in 3-3b, however it 

should be noted that the occurrence of only two redox process suggests there is no separation 

in potential between each ‘arm’ of these branched systems. While this separation is frequently 

attributed to an interaction or communication between the different sites, often explained by 

electron delocalization through a molecule, it is more accurately described as the difference in 

stability between the mixed-valent state(s) and the isovalent sates, the equilibrium of which is 

determined by the comproportionation constant, Kcom. 

Table 4.4 CV data for pyridine-bridged Fc-containing complexes depicted in Figure 4.27a  

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc 

2 424 139 282 285 0.94 

2a 282 215 248 67 0.60 

2b 307 211 259 96 0.82 

2c 254 168 211 86 1.00 

2d 260 147 203 113 1.01 

2e 263 201 232 62 0.85 

2f 276 188 232 88 1.04 

2g 314 171 243 143 0.96 

2h 492 81 287 65 1.08 

7 321 275 298 46 1.10 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC 

impedance measurements). 
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Figure 4.27 Schematic for molecules included in Table 4.4 

All complexes featured in Table 4.4 exhibited chemically reversible behaviour as 

evidence ipc/ipa ≈ 1. It was also noted that at higher scan rates the redox wave of 2d, became 

less reversible at higher scan rates, and that the redox wave of 2a became more reversible with 

increased scan rate indicating that either the oxidised or neutral species may be instable under 

the given conditions, or that time dependent reactions may be occurring. by the observed ip ∝ 

ν1/2 trend, with the exception of 2d, 2e and 7. Diffusion-controlled electron transfer rates were 

also exhibited (ip ∝ ν1/2). Upon inspection of E values, it is found that 2, 2d, and 2g exhibit 

irreversible character as evidence by the large deviance from ideal, where E≈ 59 mV at 298 

K. This discrepancy may be the result of the slight separation of the two one-electron redox 

waves, as opposed to the redox waved being superimposed, resulting in broadening of the peaks 

observed, or could be due to exceedingly high analyte concentration.33 

 

Figure 4.28 Plot of redox potentials for molecules 2-2h and 7 

0

50

100

150

200

250

300

350

R
ed

o
x 

P
o

te
n

ti
al

 (
E

1/
2
)

7 2h 2 2b 2a 2g 2e 2f 2c 2d



Chapter 4 

235 
 

Evaluation of the redox potentials of 2-2h and 7 (Figure 4.28) indicates that character 

of the bridging moiety is highly influential on the redox properties of branched ferrocene-

containing complexes. Since 7 is the most difficult to oxidize, it can be inferred that the electron 

withdrawing properties of a 2,6-diethynyl pyridine bridge are much greater than that of a 3,5-

diethynyl pyridine bridging moiety. This postulation is exemplified nicely by comparison of 

the structural isomers 7 and 2b. The redox potential observed for 2h matches that reported in 

the literature, however the potential observed for 2 was slightly lower than that reported.33 

Based on the E1/2 values presented in Table 4.4, the relative trend relating the redox potential 

of the molecule to its appended terminal ligands, with respect to electron withdrawing 

capability, can be identified as -C≡C-TMS ≥ -I ≥ -C≡C-p-Pyr ≥ -C≡C-Bipy ≥ -C≡C-C6H4SAc 

≥ -C≡C-Thio ≥ -C≡C-C6H4S(CH2)2CN. This has good correlation with generally accepted 

chemical theorem as well as with previously reported observations, with the exception of the 

TMS substitution.33,98 Previous studies in our group on simpler 1,1’-disubstituted alkynyl 

ferrocenes generate a trend that is slightly inconsistent with the one observed here. This work 

examined disubstituted ferrocenes that contained many of the same terminal ligands as 2x 

(Figure 4.29) and the redox potentials of these would suggest that the trend should be as 

follows; -C≡C-p-Pyr99 ≥ -C≡C-TMS ≥ -C≡C-C6H4SAc ≥ -C≡C-C6H4S(CH2)2CN (data 

pertaining to -TMS, -C6H4SAc and -C6H4S(CH2)2CN obtained from unpublished work). This 

may imply that the redox potentials of the TMS systems are not wholly dependent on the 

electron withdrawing/donating properties of these molecules and that there may also be 

implications relating to the different steric constraints within these branched and disubstituted 

systems. Since TMS is the only non-aromatic substituent, and is comparatively bulky, this may 

explain why it stands as an outlier when comparing the trends observed here with those in the 

literature.33,98 In order to quantify this, and elucidate more information about the 

electrochemical properties of these molecules, further investigation is needed. 

 

Figure 4.29 Linear disubstituted ferrocenes studied within the Long group 

It is well known that ion-pairing effects associated with electrolyte choice can have a 

significant impact on the redox potential of redox centers.103 Barrière et al demonstrated that 

the use of Na[B(C6H3(CF3)2)4] as the electrolyte can reduce ion pairing effects, which, in turn, 
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increases ∆E1/2 of sequential redox processes.103 Since ion pairing is understood to impart 

greater stability to the fully oxidised species, reducing such interactions should shift the 

comproportionation equilibrium and allow observation of the mixed valence species. The 

explanation for this relates to reduced ion pairing between the analyte monocation and the 

electrolyte anion resulting in a more ‘naked’ cationic analyte where the effective positive 

charge is not reduced by anions. This results in an increase in energy needed to perform a 

second oxidation of the analyte, as well as an exaggeration of the electrostatic repulsion ‘felt’ 

by the diactionic species. This study has been extended by Inkpen et al, who suggested that 

increased steric hindrance around a redox centre could have similar effects on redox potential, 

since a greater effective positive charge would be formed if the electrolyte anion cannot 

position itself in close proximity to the cation formed upon oxidation.33 This theory could 

provide a reasonable explanation of the anomalous E1/2 value associated with 2h relative to the 

trend described earlier. It could be considered that, although there is no separation of redox 

processes, the significant bulk of the two TMS moieties could have a similar effect to that 

described for effect of electrolyte selection on ion pairing. Furthermore, it was reported that 

the nature of the terminal groups has significant influence over the stability of the mixed-

valence species, with more electron-donating substituents providing greater stability to the 

mixed-valence state.33 Hence, in future investigation it would be logical for similar studies to 

be conducted for the molecules discussed in Table 4.4. 

The electrochemical properties of the biferrocenyl derivatives of 3, 3b and 3c were also 

investigated, and the key results are presented in Table 4.5. 

Table 4.5 CV data for pyridine-bridged Fc2-containing complexesa 

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc ∆E1/2 Kcom 

3 (1st ox) 98 -35 32 134 1.64 
325 105.50 

3 (2nd ox) 422 292 357 130 0.54 

3a (1st ox) 43 7 25 37 0.85 
326 105.50 

3a (2nd ox) 376 325 351 51 0.34 

3b (1st Ox) -346 -469 -408 123 0.88 
361 106.10 

3b (2nd Ox) 11 -105 -47 117 0.52 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC 

impedance measurements). 
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As discussed earlier, two redox events are observed for such systems, indicating that 

there is no separation between redox couples on each appended ‘arm’ of the pyridyl bridge, but 

that each process pertains to a ferrocene unit of the biferrocene motif, as is the case with linear 

biferrocenes. The trend relating the redox potential of these processes to the nature of the 

appended ligand matches that described for the mono-ferrocenyl derivatives, where the trend 

is -I ≥ -C≡C-p-Pyr ≥ -C≡C-Thio, moving from highly electron-withdrawing to less electron-

withdrawing in character. Notably, this trend applies to both redox processes, which stands in 

contrast to observations made about the linear analogues discussed earlier (see Table 4.3). This 

suggests that the presence of the bridging ligand influences the stability of the mixed-valence 

species, and thus the E1/2 value observed. Additionally, the redox processes observed for 

biferrocene-containing systems appear to be irreversible, as demonstrated by ipa/ipc values that 

deviate quite significantly from 1. A linear relationship between ip and V0.5 was observed, 

indicating the electron transfer rates during these oxidation states are diffusion controlled. It 

should however be noted that calculations of current are complicated by difficulties in 

discerning a true baseline, as well as the proximity of sequential redox processes. E values 

also support observations of irreversibility since they differ too greatly from the ideal value of 

59 mV. 

By calculating the comproportionation constants from the potentials of the biferrocene-

containing systems, it can be inferred that 3 and 3a can be assigned to class II of the Robin and 

Day series, with 3b categorized as class III of the Robin and Day series. Although, as stated 

earlier, these classifications should be treated with a degree of uncertainty due to the asymmetry 

of the biferrocene unit and uncompensated intrinsic potential differences of the two redox 

processes. 

In an effort to gain further understanding of the influence of bridging group on the 

electrochemical properties, the bipyridyl-bridged analogues were also investigated by cyclic 

voltammetry (Table 4.6, Figure 4.30) and the data compared to pyridyl-bridged mono-

ferrocene containing derivatives.  
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Table 4.6 CV data for bipyridine-bridged Fc-containing complexesa 

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc 

6 304 181 243 123 0.72 

6a 344 250 297 94 0.31 

6b 391 214 303 177 1.37 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC 

impedance measurements). 

 

Figure 4.30 Schematic for molecules included in Table 4.6 

 All bipyridine-bridged species exhibit chemical irreversibility of the redox process, as 

indicated by ipc/ipa ≠ 1, however both 6 and 6b exhibit an ip ∝ ν1/2 relationship indicating 

reversibility. Furthermore, at higher scan rates, 6 and 6b are revealed to be more reversible, 

demonstrating ipc/ipa that are closer to 1, suggesting that degradations of the sample or a time-

dependent side-reaction could be occurring. From assessment of E values, it is thought that 

only 6a shows electrochemical reversibility, which stand in contrast to data obtained from the 

relative peak currents. This discrepancy, however, could be the result of a large concentration 

of analyte, or broadening of the waves caused by incomplete splitting of multiple redox 

processes. To quantify the extent of reversibility of the materials displayed in Table 4.6, further 

examination of the electrochemical properties could be required.  

 If the redox potential of 6 is compared with that of 2, a decrease is observed, however 

if the potentials of the pyridine- and thiophene-terminated systems, 6a and 6b, are compared 

with the analogues 2b and 2c, and increase is observed. If the electron donating/withdrawing 

capabilities of the bridging and terminal ligands are solely responsible for the observed trend 
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relating to E1/2, then it is anticipated that the family 6x should all have lower potentials than 

that of 2x. Additionally, the equivalent trend to that described earlier should be observed, with 

regards to the nature of the terminal ligands. Since this is not the case, it can be inferred that 

the relationship between redox potential and ligand character is more complex, and may be 

influenced by other factors, such as electrostatic or steric interactions and relative 

conformation. In order to elucidate further information about the influences on electrochemical 

properties of this type of structure, additional studies may need to be performed. Furthermore, 

if the family 6x could be extended to include a wider variety of terminal ligands, such as those 

encompassed in 2x, supplementary data could be obtained that would allow further illumination 

of the influence of ligand on the redox potential of branched ferrocene-based complexes. 

 As discussed earlier in this chapter, 2 and 6 were incorporated into rhenium complexes, 

to give Re-2 and Re-6 respectively, in an effort to gather information about the reduced 

reactivity towards Sonogashira couplings of 6 in comparison to 2. These rhenium complexes 

were then investigated by cyclic voltammetry to explore the effect of coordination on the 

electrochemical properties (Table 4.7). 

Table 4.7 CV data for ruthenium-coordinated complexes of 2 and 6a 

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc 

Re-2 350 221 285 129 0.85 

Re-6 354 220 287 134 0.91 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC 

impedance measurements). 

 Upon coordination of 2 and 6 to the rhenium centre, an increase in redox potential was 

observed albeit to varying extents. From this, it can be inferred that the rhenium centre acts as 

an electron sink, being that it is electron-withdrawing, reducing the electron density around the 

ferrocene centre and making it more difficult to remove and electron. In the case of Re-2 an 

increase in just 3 mV was observed, indicating that the presence of the rhenium centre has little 

effect on the electrochemical properties of the ferrocene centres. One could hypothesise that 

the change in E1/2 is only minor as a result of two equivalents of 2 coordinating to the rhenium 

centre, causing the influence of the second metal centre to be diminished. This theory is 

supported by the larger change in E1/2 observed for Re-6, which increased by 44 mV. In this 

case, only one equivalent of 6 coordinates to the rhenium centre and may mean that the 
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presence of the coordination centre may influence the electrochemical properties of the 

ferrocene centre to a greater extent. 

 From performance of scan rate dependence studies, and subsequent analysis, it is 

determined that both Re-2 and Re-6 display diffusion controlled chemical reversibility, as 

evidence by both ip ∝ ν1/2 and ipc/ipa ≈ 1. Surprisingly, for Re-2 a decreased in reversibility is 

exhibited upon coordination, and in the case of Re-6 an increase in reversibility is 

demonstrated. This observation could indicate that the electron-withdrawing capabilities 

improve the stability of the oxidised species, however, additional examination of rhenium-

bound ferrocene-containing complexes would need to be performed to quantify this. On the 

other hand, calculations of ∆E infer that the redox processes of both Re-2 and Re-6 are 

electrochemically irreversible, since the separation is far greater than 59 mV. Moreover, 

calculations of ipc/ipa indicate that the redox processes of both coordination complexes become 

less reversible at higher scan rates, a reflection which is supported by the occurrence of a 

second oxidation event at these scan rates. Notably, no reduction process associated with this 

oxidation peak was able to be discerned, indicating either instability of this doubly oxidised 

species, or that this second oxidation is irreversible. 

 The thiophene-bridged ferrocene systems, 11x, were also examined by cyclic 

voltammetry, as well as the intermediates towards the final branched products (Table 4.8, 

Figure 4.31). The data collected was compared to that of both the pyridine- and bipyridine-

bridged systems discussed earlier. 
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Table 4.8 CV data for thiophene-bridged Fc-containing complexesa  

  Ea (mV) Ec (mV) E1/2 (mV) ∆E (mV) ipa/ipc 

9 358 117 237 241 0.97 

10 265 185 225 80 0.79 

11 380 70 225 311 0.92 

11a 432 4 218 428 0.91 

11b 278 191 234 87 0.96 

11c 286 101 194 185   

11d 239 126 181 113 0.97 

11e 221 144 183 77 0.91 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC 

impedance measurements). 

 

Figure 4.31 Schematic for molecules included in Table 4.8  

 All the thiophene-containing compounds undergo redox chemistry that is chemically 

reversible (ipa/ipc ≈ 1), however only 10, 11b and 11e appear to show electrochemical 

reversibility (ΔE ≈ 59 mV). All systems also exhibited diffusion-controlled electron transfer 

rates (ip ∝ ν1/2), with the exception of 10 and 11b. 

 When the redox potential of 11 is compared to that of 2 and 6, a decrease is observed. 

It can therefore be postulated that when an iodine moiety is the terminal functionality in 

branched ferrocene systems, the relative trend relating E1/2 of the molecule to its bridging 

ligands can be identified as 3,5-Pyr-(C≡C-)2 ≥ 2,2,5,5-Bipy-(C≡C-)2 ≥ 3,4-Thio-(C≡C-)2. The 

comparison of the redox potentials of 11a and 2a also supports this trend. This agrees well with 

previously reported results of linear and branched ferrocenes-containing systems, and 

correlates well with the expected electron-withdrawing strengths of the bridging ligands. As 

we move from the highly electron-withdrawing pyridyl motif to the less withdrawing thiophene 

linker, the electron density on the iron centre decreases due to the extended π-system, resulting 

in a larger energy barrier to remove an electron from the redox centre. 



Chapter 4 

242 
 

Table 4.9 Summary of redox potentials of key products discussed in this chaptera 

E1/2 (mV) 

Terminal ligand 
Bridging ligand 

3,5-Pyr 2,2,5,5-Bipy 2-Thio 

I 282 243 225 

4-Pyr 259 297 234 

2-Thio 211 303 194 

4-Ar-SAc 232 - 183 

4-Ar-S(CH2)2CN 203 - 181 

(a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials (mV) are reported relative to an internal Fc/Fc+ 

reference and have been corrected for solution resistance (iRs) with values obtained from AC 

impedance measurements). 

  By comparing the redox potentials of the key products discussed throughout this 

chapter (Table 4.9), a new trend is observed for the thiophene-bridged systems. The trend, with 

respect to the terminal ligand is identified as -C≡C-Pyr ≥ -I ≥ -C≡C-Thio ≥ -C≡C-C6H4SAc ≥ 

-C≡C-C6H4S(CH2)2CN. In comparison to the pyridyl-bridged systems, 2x, the terminal 

thiophene substituent places higher in the trend identified for molecules 11x. Additionally, the 

iodine substitutent places lower in the trend than in for molecules 2x, but higher than in the 

trend identified for the bipyridyl-bridged systems, 6x. The variation in the trends observed 

between varying bridging moieties indicates that there are multiple factors which contribute 

towards the redox potential of these branched species. Although it is demonstrated that the 

relative electron-withdrawing capabilities of the ligands significantly influences the E1/2 of the 

molecules, other factors that may be crucial include the different steric constraints, electrostatic 

attraction between the ligands and even the degree of freedom of the branched species. In order 

to investigate these factors in more detail, spectro-electrochemical, UV-Vis spectroscopic and 

DFT studies could also be performed. 

4.7 Conclusion and Future Work 

 To summarise, a series of novel branched ferrocene-containing species have been made 

by performance of Sonogashira couplings of iodoferrocenes with diethynylarene linkers. Three 

synthetic approaches were explored, and it was found that the success of each depended greatly 

on the nature of the bridging and terminal ligands. It was found that systems with thiophene 

moieties in the bridging positions could only be generated when a more stepwise approach was 

used, where asymmetric protecting groups were applied to the diethynylarene starting 

materials. For materials with pyridyl- or bipyridyl-based linkers, the desired branched products 
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could be obtained from Sonogashira couplings of the relative deprotected diethynylarene, 

which are far more stable and less prone to polymerisation. Reactions of the diethynylarene 

linker with either FcI2 or a heterocycle-terminated iodoferrocene (Fc(I)Ar) derivative, under 

Sonogashira coupling conditions gave the iodine-terminated intermediates or the desired 

branched materials, respectively. Attempts were also made to prepare analogous biferrocene-

containing complexes; however, these synthons were found to be less reactive and gave the 

desired materials in reduced yields. 

 Where the asymmetric iodoferrocenyl synthon was functionalised with bipyridine 

(Fc(I)Bipy), a distinct lack of reactivity was observed, likely due to the steric hindrance and 

increased electron density around the ferrocene centre, although similar reactions in the 

literature have been reported to proceed smoothly.27,86 It was also found that the branched 

iodine-terminated materials, where the bridging modality is either a pyridyl of thiophenyl unit,  

underwent further Sonogashira coupling reactions with ethynylarenes to generate the desired 

final compounds, in varying yields.  However, where the organic linker was a bipyridyl moiety, 

this reactivity was not observed, with only starting materials and ethynylarene dimers being 

detected by 1H NMR spectroscopy.  

  Although the syntheses of the materials discussed throughout this chapter are relatively 

straightforward, formation of polymers/oligomers of the ethynylarene ligands is suspected to 

be the cause of complications associated with yield and purification. It was noted that in the 

case of the bipyridyl-bridged species instability of the branched products in solution and on 

both silica and alumina, used for column chromatography, was a major contributor to the loss 

of yield. There are notable advantages and disadvantages associated with each of the synthetic 

strategies discussed in this chapter, such as the increase control and reduced side product 

formation related to use of orthogonal alkyne protecting groups, as well as the reduced number 

of steps when using symmetric protecting groups. 

 Following successful synthesis of the desired branched complexes, their 

electrochemical properties were documented, in addition to the properties of the isolated 

intermediates. All branched materials featuring monoferrocenyl units were found to exhibit one 

reversible redox event, at greater potentials than ferrocene, owing to the presence of electron-

withdrawing functionalities. This redox event is likely to be due to two overlapping one-

electron process, attributed to each of the ferrocene centres.  In keeping with current literature 

data, no splitting of the Fe2+/ Fe3+ redox feature was observed under the chosen 
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conditions.5,6,33,60 This is likely the result of the identical environments of the two ferrocene 

centres, and it has been reported that increasing the asymmetry of similar branched ferrocenyl 

materials can allow separation of these redox events. It has been reported that resolution of the 

two one-electron processes can be achieved by using electrolytes with larger counterions, such 

as Na[B(C6H3(CF3)2)4], which reduces the strength of ion pairing interactions between the 

cationic analyte and electrolyte anion and consequently increases ΔE1/2.
104 This is explained by 

greater stabilisation of the fully oxidized state, by ion pairing interactions, than the mixed 

valence state.  

If the strength of ion pairing interactions are reduced, a greater potential would be 

required to attain the fully oxidized state, and isolation of the mixed-valence state could be 

achieved, which would give greater insight into the electron transfer properties within the 

structures. This would be instrumental in providing a better understanding of the 

electrochemical and conductance properties, therefore allowing an evaluation of the potential 

to apply such molecules to the field of molecular electronics, and even electronic components.  
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Chapter 5 Synthesis and Characterisation of 

Redox-active, Branched and Cyclic 

Metallocene Containing Systems 

5.1 Introduction 

Macrocyclic structures featuring ferrocene as the redox active component are of 

significant interest as a result of their potential for use in a variety of applications, including 

chemical sensing, biological mimetics, molecular machines and molecular electronics.1–9 The 

presence of multiple ferrocenyl redox centres within macrocycles provides the potential to 

study the effect of electron delocalisation across the entirety of the structure on electronic 

properties of such materials, as well as the promise for study of the mixed-valence systems 

which may form upon oxidation. For these purposes, the stability of the ferrocene redox couple 

is particularly attractive, hence, a variety of high-density ferrocene-based structures have been 

prepared that show exceptional electronic properties.10–19 In addition, by varying the 

substitution of the Cp rings, the energy states, and therefore the properties, of ferrocene-

containing molecules can be readily manipulated.20 

Despite their remarkable properties, the study of ferrocene-containing macrocycles has 

been limited by substantial synthetic complexities associated with the flexibility and free 

rotation with the ferrocene unit, which is only exacerbated as the number of desired ferrocene 

units increases.21  As such, investigations of multi-ferrocenyl materials often feature the 

metallocene substituent as an appendage as opposed to being incorporated into the backbone 

of the ring structure.22–24 Although a plethora of systems that contain the ferrocenyl component 

within the ‘backbone’ of the ring structure have been reported, as discussed in Chapter 1, few 

examples exist where the conjugation is extended beyond the ferrocene components such that 

delocalisation can occur across the whole structure, thus hindering  communication between 

the redox-active centres.25–27 Where conjugation is extended away from the ferrocene centre, 

alkynyl or aromatic functionalities are often used,2,28–30 although few examples exist where 

both are present. In this regard, the ferrocenediyl motif represents a propitious molecular 

scaffold, however, formation of this component is encumbered by its inherent instability. With 

this in mind, the preparation and properties of known macrocyclic structures featuring the 
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ferrocenediyl scaffold is discussed herein. Although it should be noted that a plethora of 

ferrocenyl cyclic structures not containing this motif have been reported, such as those 

discussed in Chapter 1. Likewise, macrocyclic ferrocenophanes, featuring a singular 

ferrocenediyl centre,31 and linear multi-ferrocenediyl32,33 systems are beyond the scope of this 

chapter of work.  

5.1.1 Ferrocenediyl-based macrocyclic structures  

The difficulties accompanying the preparation and isolation of macrocyclic structures 

containing two ferrocenediyl units has been documented by Wilson et al, who reported a 

modular methodology for incorporating the diethynylferrocene moiety into extended 

conjugated systems.34 For this study, the diethynylphenylene motif was chosen as the aromatic 

linker due to the propensity of the arene rings to π-stack as well as the remarkable electronic 

communication previously reported.35–37 Although this class of linker had previously been 

explored in the form of ortho- and meta-substituted derivatives, the prepared para-substituted 

analogues represent a novel linking group in this field.20,26 By reaction of an excess of 

diiodoferrocene (FcI2) with a variety of a number of diethynylarene bridging units, under 

Sonogashira conditions, a series of bridged diferrocenediyl synthons was prepared in 

reasonable yields. Cyclisation of the iodine-terminated bridged materials was attempted in this 

study by means of intermolecular cyclisation with a second equivalent of the 

diethynylphenylene linker, via a two-fold Sonogashira coupling at high dilution (Scheme 5.1). 

Unfortunately, a lack of cyclisation products was observed, which was attributed to the high 

energy barrier required for cyclisation, arising from the steric strain imparted by cyclisation. 

 

Scheme 5.1 Intermolecular cyclisation attempted by Wilson et al34 
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 Notably, instead of cyclisation products, the main species observed were the linear 

diferrocenediyl products, resulting from the singular Sonogashira coupling of the iodine-

terminated starting materials. Although synthetically significant, given their potential to be 

implemented in further intramolecular Sonogashira couplings to yield the desired cyclic 

species, the complexity of their isolation was noted by the authors. Accordingly, no 

investigations into properties of the open-chained materials was reported. Despite the absence 

of cyclisation product, with some optimisation this synthetic pathway could represent a 

versatile route, with high functional group tolerance, towards macrocyclic structures. 

 In contrast to this study, unpublished work from the Long group38 revealed the success 

of the methodology described by Wilson et al.34 By substituting the ethynylphenylene 

functionality with a diethynylpyridine moiety, the intermolecular cyclisation between the 

iodine-terminated, bridged synthon and a second equivalent of the organic linker was found to 

be successful, albeit in trace amounts and with minor contamination (Scheme 5.2).  

 

Scheme 5.2 Intermolecular cyclisation reported in unpublished work by the Long group38 

Although all attempts to improve the yield of the macrocyclic structure were reportedly 

futile, with large quantities of the unreacted starting material being recovered, a macrocycle 

precursor side-product was isolated. This open-chain intermediate, in theory, could be further 

reacted to yield the macrocycle, however, the 2% yields reported restricted the performance of 

this methodology.38 The presence of multiple side-products and low yields were attributed to 

the low reaction rate of the Sonogashira cross-coupling. 
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Inspired by the work of Diallo et al,33 who reported that two ferrocenyl groups will 

rotate upon oxidation to minimize electrostatic repulsion, Hoffmann et al reported the synthesis 

and electrochemical properties of two discrete and shape-persistent, ferrocenediyl-based 

macrocycles, which differed not only in their organic bridging linkers, but also by their spatial 

arrangement and, consequently, their symmetry elements (Figure 5.1).20 It was remarked that 

although the preparation of shape-persistent macrocycles is challenging, due to the increased 

structural diversity resulting from the free rotation of the Cp rings, it may be possible to further 

tailor ferrocene-based materials towards particular functional applications by implementing 

structural control over the ferrocene motif.20 

 

Figure 5.1 Shape-persistent macrocycles prepared by Hoffmann et al20 

In choosing the functionalisation of the bridging linker, it was considered that steric 

repulsion between the organic substituents could influence the geometry of the product. It was 

proposed, and proven, that if steric repulsion is great enough the rotational motion of the 

ferrocene centres may facilitate ring closing reactions on opposite sides, driving cyclisation in 

the rhomboid geometry (Figure 5.1, right). The electrostatic repulsion also needed to be 

balanced with attractive π-stacking interactions, which would result in ring closing reactions 

on the same side, resulting in the deltoid shape (Figure 5.1, left).20 For these reasons, 1,2-

diethynylbenzene derivatives, substituted with either hydrogen or tert-butylsulfanyl groups in 

the meta-position, were selected, with the latter having the added benefit of being a masked 

anchor group, capable of binding to surfaces and allowing molecular junction experiments. 

Additionally, the conformation of the macrocycles prepared by Hoffmann et al was confirmed 

by X-ray crystallography, which supported their hypothesis that the most favourable 

conformation of this class of bis-ferrocenyl macrocycles, in the absence of electrostatic 

restrictions, was that of the deltoid shape.20 

The macrocycles were constructed via a combination of sequential cross-coupling 

reactions and acetylene protection strategies, concluding with an intramolecular ring-closing 

reaction. As the orthogonal alkyne protecting groups, triisopropylsilyl (TIPS) and 2-hydroxy-
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propyl (HOP) masks were used, which also improved the separation of the intermediates by 

flash column chromatography.20 Following isolation of the suitably singularly-protected 

diethynylarene, its Sonogashira coupling with FcI2 was performed. In the case of the deltoid 

macrocycle, the disubstituted ferrocenyl intermediate formed was symmetrically protected at 

appended alkyne positions. However, for the rhomboid-shaped macrocycle a more stepwise 

approach had to be taken in order to form the asymmetrically protected disubstituted 

ferrocenediyl intermediate. The authors argued that had the same protecting group been used, 

the macrocycle would be formed with C2 symmetry instead of the with Ci symmetry, as 

desired. Both ferrocenediyls were then singularly deprotected and the free-alkynyl products 

subsequently implemented in Sonogashira couplings with FcI2. In addition to the desired bis-

ferrocenyl products, which were prepared in 38-39% yield, the oxidative acetylene coupling 

products of the ferrocenediyl starting materials were also isolated, in 12-23% yield.20 The 

terminal acetylene- and iodo-ferrocene functionalized bis-ferrocene derivatives were then 

deprotected a further time to reveal the alkynyl open-chain analogues, and intramolecular 

cyclisation reactions were performed, under Sonogashira conditions. Consequently, the desired 

deltoid macrocycle was obtained in 29% yield, however the rhomboid macrocycle was not 

isolated. The authors attributed this to the occurrence of oxidative acetylene coupling and 

intermolecular reaction products. Upon removal of the copper co-catalyst from the reaction 

mixture, the rhomboid macrocycle was isolated in 54% yield (Scheme 5.3). It was postulated 

that, in both cases, the remaining unrecovered starting material likely formed larger oligomers 

and polymers.20 
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Scheme 5.3 Preparation of deltoid and rhomboid macrocycles reported by Hoffmann et al20 

 Hoffmann et al also investigated the electrochemical properties of the two macrocycles, 

and showed that, under the given conditions (nBu4NPF6, DCM), the deltoid macrocycle 

exhibited a single, reversible redox event, formally assigned as a two one-electron oxidation. 

On the other hand, a reversible two-electron redox process was observed for the rhomboid 

macrocycle.20 When a larger supporting electrolyte, sodium tetrakis[3,5-bis(trifluoromethyl)-

phenyl]-borate (NaBArF
4), was utilized the cyclic voltammogram of the rhomboid macrocycle 

showed two well-resolved, reversible redox waves, of one electron each, however, separation 

of the redox processes was not observed for the deltoid macrocycle. This is explained by 

conformational restrictions associated with the different geometries, as the rotational flexibility 

of the ferrocene units was shown to be dependent on the conformation of the macrocycle. Upon 

oxidation of the ferrocene centre, coulombic repulsions are introduced, which forces the 

ferrocene units of the deltoid macrocycle to twist out of plane, introducing further 

conformational stress. Consequently, the rate of electron transfer across the macrocycle slows, 
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and the redox wave broadens. As the rhomboid shaped macrocycle has increased flexibility 

about the ferrocene centre, the electrostatic repulsion is reduced, and faster sequential oxidation 

is achieved. This is indicative that while the through-space electrostatic interaction between the 

two ferrocene centres is significant, the electronic through-bond communication is not, as 

supported by the lack of redox splitting in the smaller, [PF6]
- electrolyte media. These findings 

suggest that the key to isolating bis-ferrocenyl macrocyclic materials in the mixed-valence state 

may be preparing the correct conformation of macrocycle. 

5.1.2 Macrocyclic structures featuring the biferrocene motif 

As discussed in Chapter 1, Wilson et al have specifically designed synthetic routes to 

covalently bonded metallocene cycles.26 To surpass synthetic restrictions related to the 

flexibility of ferrocene, high rigidity and conjugation were introduced to the ferrocene unit in 

the form of ethynyl arene substituents. In order to increase the degree of synthetic control to 

the preparation a step-wise approach was taken, which implemented sequential Sonogashira 

couplings as well as the exploitation of orthogonal alkyne protecting group strategies.26 The 

covalently bridged ferrocene- and biferrocene-containing macrocycles shown in Figure 5.2 

were synthesised by an intramolecular cyclisation, by means of an Ullmann-like coupling at 

high dilution, thus reducing the predilection for a polymerisation reaction.26 Of most interest is 

the formation of the biferrocene motif upon cyclisation, as the study of this redox unit within 

macrocyclic structures is more uncommon than even the singular ferrocene moiety. 

 

Figure 5.2 Ferrocene- and biferrocene- based macrocycles developed by Wilson et al.26 

Electrochemical studies of the triferrocene species (Figure 5.2a) showed three separate 

and reversible, one-electron redox events. Density function theory (DFT) studies confirmed 

that the first and third peaks correspond to oxidation of the biferrocene unit, with substantial 
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charge delocalisation over the two joined ferrocene motifs, and that the middle wave represents 

oxidation of the singular ferrocene unit. This is as expected when considering the electron 

withdrawing functionalities and electrostatic interactions of the partially oxidised material. In 

contrast, the tetraferrocene species (Figure 5.2b) displayed only two redox events, which 

represent the sequential (first and second) oxidations of each biferrocene unit, and indicates 

that there is no considerable communication between the two branches.26 

The solid-state crystal structure of the triferrocene species shows a reasonable sized 

cavity, in which cyclohexane was recrystallised, which suggests the macrocycle has some 

potential in guest-host chemistry.26 

5.1.3 Chapter Aims 

The primary objective of this PhD was to develop the synthetic methodologies currently 

available towards the preparation of novel, complex ferrocene-containing macrocyclic 

structures. If analogous families of linear, branched and cyclic systems can be synthesised, then 

conclusions about the impact of structural conformation on the electronic effects of 

metallocene-based complexes can be realised. Consequently, this chapter discusses attempts 

made to apply the alkyne protection/deprotection strategies and subsequent Sonogashira 

couplings discussed in Chapter 4, as well as the Ullmann-like synthetic methodology discussed 

in Chapters 2 and 3, to the synthesis of macrocyclic materials (Figure 5.3). The electrochemical 

properties of the prepared species are also explored. 

 

Figure 5.3 Target ferrocenyl macrocycles proposed in this Chapter 
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5.2 Discussion on Synthesis of Branched Alkyne-Containing Metallocene-based 

systems 

Key to the development of ferrocene-containing macrocycles was the exploration of 

synthetic strategies towards the branched systems described in Chapter 4, hence the application 

of these developments to the synthesis of cyclic systems is discussed herein. It should be noted 

that some materials pertaining to this chapter of work were discussed in Chapter 4 and, as such, 

the numbering of novel molecules in this chapter is a continuation of that in the previous 

Chapter. Where the preparation of starting materials has been discussed in Chapter 4, the 

originally assigned number is used herein. 

5.2.1 Synthetic route 1 

The synthetic pathway discussed herein is based on the principle of intermolecular 

cyclisation of iodine-terminated branched ferrocenyl materials with a diethynylarene moiety, 

under Sonogashira conditions at high dilution. The pyridyl-bridged, ferrocene system (2), the 

preparation of which is discussed in Chapter 4, has two iodo-moieties which have been shown 

to be susceptible to further Sonogashira reactions. Additionally, the cyclisation of 2 has been 

attempted previously in the group and was, therefore, considered to be a logical start to this 

work.38 In an effort to obtain the macrocyclic product (12), a two-fold Sonogashira coupling 

between a second equivalent of 3,5-diethynyl pyridine and the branched precursor was 

performed, as illustrated in Scheme 5.4.  

 

Scheme 5.4 Synthesis of the pyridyl-bridged ferrocenyl macrocycle (12) 

As expected, synthesis of the macrocycle proved more challenging than that of the 

branched systems. Following work-up, purification of the product by column chromatography 

on silica was attempted, however, the macrocycle co-eluted with other ferrocene-containing 

species. Fractions containing the desired product were combined and passed through an 
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alumina(V) column. This attempt at purification was marginally successful, with some 

separation of the macrocycle being accomplished, and the desired product being obtained in 

trace amounts. Analysis by 1H NMR spectroscopy revealed that macrocycle-containing 

fractions still contained some contamination (marked with an asterisk), as shown in Figure 5.4. 

The absence of these peaks following the previous column chromatography on silica indicates 

that this contaminant could be the result of decomposition of the macrocycle on alumina. It is, 

however, equally possible that, due to its low solubility, there is a lower concentration of cyclic 

product in comparison to the contaminant. Further attempts to purify the macrocycle by 

recrystallisation were made, but with little success due to the low solubility of the product, and 

the similarity in solubility of the contaminant. With each successive attempt, the yield of the 

macrocycle was further reduced, but the extent of contamination remained essentially 

unchanged. Consequently, attempts to isolate the macrocycle were aborted. 

  

Figure 5.4 1H NMR spectrum (400 MHz, CDCl3, 298 K) of [(μ-3,5-Py)(C≡C–[fc]– C≡C)]2 

In addition to the cyclic species, the presence of the macrocycle precursor (Figure 5.5) 

was confirmed by 1H NMR spectroscopy.38 Like the ‘closed’ cyclic species, it was detected in 

multiple fractions and co-eluted with other ferrocene-containing species. If the open 

macrocycle could be isolated in good yields it may prove useful as a precursor for the 

macrocyclic species by allowing a greater degree of control over the cyclisation step. It may 

be possible to form the ‘open’ chain in greater yields by adjusting the stoichiometric control 
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used, however polymerisation and Glaser couplings would also need to be prevented. This, 

however, was not explored any further due to time constraints. 

 

Figure 5.5 Structure of the 'open macrocycle' as detected by 1H NMR spectroscopy 

The low yield obtained for the preparation of 12 is likely the result of competing 

reactions under Sonogashira conditions, such as polymerisation of the diethynylarene and the 

entropic barriers faced when forming ferrocenyl macrocyles. This energy barrier of formation 

is likely to be higher when metallocenes are incorporated into the backbone of the macrocyle, 

due to free rotation of the Cp rings. In addition, it has been shown in the literature that high 

reaction concentrations are required for efficient Sonogashira couplings of ferrocenes, contrary 

to ideal conditions for macrocycle synthesis, in which high dilution is usually implemented.39  

5.2.2 Synthetic route 2 

To allow isolation of cyclic ferrocenyl products in moderate yields, the synthetic route 

towards them needed to be adjusted to allow for more controlled formation of the desired 

products. In taking a step-wise approach it was hoped that the occurrence of multiple side 

reactions will be reduced and permit more facile purification of the products. Accordingly, the 

orthogonal protecting strategy discussed earlier in this work, inspired by the work of Hoffmann 

et al, was applied in the development of a family of ferrocene-containing macrocycles.20 An 

example of this intended route, utilising a bipyridyl linker is described in Scheme 5.5. 
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Scheme 5.5 Proposed synthetic route towards a bipyridine containing ferrocene macrocycle 

In an effort to apply the orthogonal protecting group strategy to an extended family of 

bridging ligands, an asymmetrically protected diethynyl bipyridine linker was synthesised in a 

two-fold asymmetric Sonogashira reaction, according to Scheme 5.6 (top). Similarly to the 2,6-

pyridyl analogue, discussed in chapter 4, it was found that the symmetric bis-TMS-protected 

bipyridine species had formed as a by-product (Scheme 5.6 (bottom)) in comparable yields. In 

order to reduce the formation of the bis-TMS protected system, greater care should be taken to 

assure complete consumption of the aromatic starting material before introducing the second 

alkynyl moiety. The TMS groups were removed from both the symmetric and asymmetric 

derivatives, using standard literature procedures,40–42 with the diethynyl analogue being used 
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in the synthesis of branched systems, as described in chapters 4.2 and 4.3, and singularly 

deprotected species being used for the preparation of cyclic systems, discussed herein. 

 

Scheme 5.6 Syntheses of orthogonally protected (top) and symmetrically protected (bottom) 

diethynylbipyridine derivatives, and their subsequent partial deprotections 

Once the TMS protecting group had been removed from the asymmetric bipyridine 

system, leaving the propargyl protecting group intact, the free alkyne was coupled under 

Sonogashira conditions with both FcI2 (Scheme 5.7, left) and Fc2I2 (Scheme 5.7, right), giving 

the desired products in 61% and 35% yield, respectively. As expected, the yield of the mono-

ferrocenyl system was higher than that of the biferrocenyl analogue; a similar reduction in 

reactivity was observed in the palladium reaction attempted in Chapter 2.2.2 and in the 

Sonogashira reactions of 3,5-diethynyl pyridine, discussed in Chapter 4.2. 

 

Scheme 5.7 Sonogashira couplings of FcI2 (left) and Fc2I2 (right) to give Fc(I)Bipy-OH and 

Fc2(I)Bipy-OH respectively 

Analysis of the crude reaction mixtures by 1H NMR spectroscopy eluded to the success 

of the Sonogashira couplings.  In both cases, consumption of the bipyridyl starting material 
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was observed, as was the formation of new ferrocenyl systems. To avoid degradation of the 

ferrocene substituted bipyridyls, purification was achieved by performance of a short silica 

column, allowing the retrieval of unreacted ferrocenyl starting materials. From analysis of the 

1H NMR spectra, it was determined that both Fc(I)Bipy-OH and Fc2(I)Bipy-OH had been 

obtained in good purity, and the spectra pertaining to the mono-ferrocenyl system is depicted 

in Figure 5.6. 

 

Figure 5.6 Structure of (top left) and 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 

Fc(I)Bipy-OH 

Recrystallisation of the mono-ferrocenyl derivative from a DCM/hexane mixture 

produced crystals that were suitable for X-ray crystallographic analysis, which allowed the 

confirmation of its structure (Figure 5.7). The orange-red needles were found to have a 

monoclinic P21/c structure.  
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Figure 5.7 X-ray crystal structure of Fc(I)Bipy-OH 

In comparison to the 1H NMR spectra of Fc(I)Bipy-OH, the biferrocene species, 

Fc2(I)Bipy-OH, has an increase in the number of resonances in the Cp-H region (Figure 5.8). 

Typically, asymmetric biferrocenes demonstrate eight pseudo-triplet resonances. In this case 

just seven resonances are observed, one of which is a pseudo-quartet. It is probable that this 

peak is the combination of two pseudo-triplets that have too similar chemical shifts to be fully 

resolved; this is supported by an integration value for four protons rather than two.  

 

Figure 5.8 Structure of (top left) and 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 

Fc2(I)Bipy-OH 

 Following isolation of the bipyridyl-based synthons, attempts were made to remove the 

propargyl protecting groups to reveal the reactive alkyne moiety. These were, however, deemed 

unsuccessful. Analysis of the crude reaction mixtures by 1H NMR spectroscopy revealed the 
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presence of multiple ferrocenyl derivatives, as evidenced by a number of resonances with 

varying integrations in the region of 4-5 ppm, typically assigned to ferrocenyl protons. In 

addition, an increase in the number of aromatic proton peaks was observed. Although none of 

the aforementioned environments coincide with those of the starting materials, suggesting 

complete reaction, no evidence of a peak pertaining to an alkynyl proton was observed for 

either of mono- or bi-ferrocenyl derivatives. It is likely that the relatively harsh conditions 

required for removal of the propargyl protecting groups, in conjunction with the well-

documented instability of ethynylferrrocene derivatives,43 results in degradation and/or further 

reaction of the desired alkynyl products. Thin layer chromatography of the mixture indicated 

the presence of two ferrocene-containing species. Therefore, separation of the components was 

attempted by means of column chromatography, but to no avail. Co-elution of the materials 

occurred regardless of eluent used and the 1H NMR spectra of both mixtures remained too 

complex to interpret. Hence, efforts to isolate the products, and, consequently, the use of the 

propargyl protecting group, were abandoned. 

 In an effort to continue the development of this synthetic pathway, attention was turned 

to the more labile protecting group, triisopropylsilane (TIPS). The combination of TIPS and 

TMS orthogonal protecting groups in the preparation of ferrocenyl macrocycles has been 

successfully demonstrated previously in the group,26 with the larger TIPS groups requiring a 

stronger base for its removal. In addition, the choice of bipyridyl functionality was exchanged 

for a thiophenyl motif in direct response to the enhanced reactivity of the thiophene analogues, 

in comparison to the bipyridyl-based materials, discussed in Chapter 4. Further to this, the use 

of asymmetric protecting groups in the preparation of thiophene-based ferrocenyl macrocycles 

is a topic of particular interest owing to the instability of deprotected diethynylthiophenes, 

which was discussed in Chapter 4.2. 

 Preparation of the orthogonally-protected thiophenyl synthon has been discussed in 

Chapter 4.4 and utilised the two-fold Sonogashira coupling of 3,4-dibromothiophene with 

TMS-acetylene and TIPS-acetylene respectively. Following removal of the TMS protecting 

group and subsequent reactions of the free alkyne with an excess of FcI2 under Sonogashira 

conditions, 9 was obtained, as discussed in Chapter 4.4. In stark contrast to the bipyridyl 

derivative discussed earlier, removal of the TIPS groups was then achieved in good yield. In 

an effort to obtain the bi-ferrocenyl material required for the stepwise construction of the 

macrocyclic thiophene analogue of 12 (discussed in Chapter 5.2.1) the two thiophenyl synthons 

were implemented in a further Sonogashira coupling, as depicted in Scheme 5.8. 



Chapter 5 

266 
 

 

Scheme 5.8 Preparation of ‘open’ macrocyclic intermediate (13) 

 To some degree, this reaction can be deemed a success. Following the performance of 

column chromatography, the 13 was obtained in 22% yield, by mass. This is, however, likely 

to be an overestimation of yield, as comprehensive manipulation of the sample suggested the 

presence of contaminants that are inactive in NMR spectroscopic measurements. As a result, 

all attempts to collect extensive characterisation of 13 were unsuccessful, however, 1H NMR 

spectroscopic and mass spectrometry data suggest its successful preparation.  

 Conversely, the Sonogashira coupling of 9 and 10 was not the dominant reaction under 

the chosen conditions, such that the main product isolated was that of the homo-coupled 

product of 10. Despite being used as the limiting reagent, 10 was converted to 14 (Figure 5.9) 

in 39% yield, with only trace contamination with 9 as indicated by its 1H NMR spectrum 

(Figure 5.9). 

  

Figure 5.9 Top left: structure of major product (14) obtained from attempted Sonogashira 

coupling of 9 and 10. Bottom: 1H NMR spectrum (400 MHz, CDCl3, 298 K) of 14 
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Should this stepwise procedure be repeated, greater caution should be taken to limit the 

occurrence of Glaser couplings of 10 in order to favour the formation of 13. If 13 were to be 

isolated in great enough yields, it has potential to be deprotected at the alkynyl position and 

cyclised under Sonogashira conditions at high dilution. Alternatively, the number of ferrocenyl 

and/or thiophene units in the chain could be increased, by the performance of Sonogashira 

couplings and deprotections in sequence, and the larger chains cyclised to facilitate the 

preparation of macrocycles of varying size. It is also proposed that the Glaser coupling 

exercised in the preparation of 14 may hold promise as an advantageous tool in the stepwise 

assembly of thiophene-bridge ferrocenyl macrocycles, owing to the proficient reactivity of 10 

with itself. Should another ethynylthiophene be added to each end of 14, a half-cyclic structure 

could be prepared. This could then undergo a two-fold, intermolecular Glaser coupling to yield 

the macrocycle (Scheme 5.9). 

 
Scheme 5.9 Proposed routes to a variety of macrocycles from 13 and 14 
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5.2.3 Synthetic route 3 

As discussed in Chapter 5.1, it has been demonstrated by Wilson et al,26 that the 

Ullmann-like coupling of ferrocenes first reported by Inkpen et al44, which was investigated in 

Chapter 2,  provides a convenient route towards tri- and tetra-ferrocenyl macrocylic structures. 

In order to explore this chemistry further, and expand upon the series of molecules prepared by 

Wilson et al,26 attempts to cyclise the pyridyl- (2a) and thiophenyl-based (11a) linear chains, 

discussed in chapter 4.2 and 4.4 respectively, under Ullmann-like coupling conditions were 

made. Both 2a and 11a were stirred in the presence of an excess of CuTc, under high dilution, 

in an NMP medium to yield the desired macrocycles, albeit with varied success (Scheme 5.10). 

 

Scheme 5.10 Attempted preparations of pyridyl- (15) and thiophenyl-based (16) macrocycles 

 Following stirring at 353 K for two days, DCM was added to the crude mixtures and 

the organic layers were washed with copious amounts of water, to remove NMP. Analysis of 

the 1H NMR spectra of the crude reaction mixtures revealed that 2a had been completely 

consumed, however, 11a was still present in large quantities. The reaction of 2a was found to 

produce two products, the desired macrocycle (15) and the dehydrohalogenation product, 15a 

(Figure 5.10).  
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Figure 5.10 Hydrodehalogenation product, 15a, obtained as side product from the attempted 

preparation of 15  

Both materials were found to degrade on both silica and alumina, which limited the 

techniques available for purification attempts. Therefore, in order to separate 15 and 15a 

repeated recrystallisations and filtrations in diethyl ether were implemented. This allowed the 

isolation of 15 in 8% yield, and 15a in trace amounts, with slight contamination with 15, as 

determined by 1H NMR spectroscopy. Evidence of the two products is elucidated from their 

respective 1H NMR spectra (Figure 5.11). In comparison to 2a, the macrocyclic structure, 15, 

has one fewer proton environments, which arise at different chemical shifts. Furthermore, in 

2a all resonances are exhibited as pseudo-triplets, however, in 15 one of the resonances is 

expressed as a pseudo-doublet of doublets with an integration that is twice as large as all other 

peaks. It should be noted, however, that the latter environment is observed to be a singlet when 

the spectrum is collected in deuterated DCM, as opposed to deuterated chloroform. Likewise, 

the linear chain displays five proton environments in its 1H NMR spectrum, one of which is a 

singlet, which, as determined by the relative integrations, represents the unsubstituted Cp rings, 

with the rest having pseudo-triplet multiplicity.  
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Figure 5.11 1H NMR spectra (400 MHz, CDCl3, 298 K) of 2a, 15a and 15, from top to 

bottom 

Similarly, the reaction of 11a yielded multiple products. Interpretation of the 1H NMR 

spectrum of the crude reaction mixture revealed the presence of large quantities of the starting 

material as well as two other ferrocenyl species, assumed to be 16 (Scheme 5.10) and 16a 

(Figure 5.12). Purification of the mixture was attempted by means of flash column 

chromatograph. Two fractions were obtained from the column and were subsequently analysed 

by 1H NMR spectroscopy. The first fraction was found to be comprised of two ferrocenyl 

species, which, based on the relative peak multiplicities and integrations observed in the 1H 

NMR spectrum, are proposed to be 11a (Scheme 5.10) and 16a (Figure 5.12). The second band 

was found to contain both 11a and 16a, as well as a third species, which has been attributed to 

16, based on the 1H NMR data. 

 

Figure 5.12 Hydrodehalogenation product, 16a , obtained as a side product from the 

attempted preparations of 16 
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Consequently, efforts to purify both mixtures by repeated attempts of column 

chromatography and recrystallisation were made. Accordingly, a small batch of 16 was able to 

be separated, however this was found to be contaminated with an unknown organic material, 

the peaks of which are thought to obscure one of the aromatic resonances attributed to the 

thiophenyl moiety. Based on mass, the macrocyclic structure was yielded in trace amounts, 

which limited the characterisation techniques available. Although no conclusive 

characterisation of 16 could be obtained, due to time constraints, 1H NMR spectroscopy (Figure 

5.13, bottom) and mass spectrometry support its formation. Additionally, no separation of 11a 

and 16a (Figure 5.13, middle) could be achieved, likely due to the similarity of the two 

structures. Despite this, the chemical shifts of the peaks pertaining to 16a can be tentatively 

assigned in the 1H NMR spectrum, based on their relative integration and multiplicity (Figure 

5.13). 

 

 

Figure 5.13 1H NMR spectra of the crude reaction mixture (top), a mixture of 11a and 16a 

(middle), and 16 (bottom), with resonances attributed to 16a and 16 marked with an asterisk 

Despite the relative success displayed by this synthetic route, further developments in 

both synthetic methodology and purification need to be made before this can be utilised to its 

full potential. For example, it is of interest to determine whether the quantity of the coupling 

mediator, CuTc, impacts the yield or structure of products formed. For example, does reducing 
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the quantity increase the yield of hydrodehalogenation products or macrocyclic structures. In 

addition, it is unclear whether the nature of the bridging moiety has any influence on the 

efficacy of the Ullmann-like cyclisation. For instance, if the coordinative character of a 

bridging motif has the ability to stabilise or destabilise a transition state associated with copper 

mediator, a different product distribution could be obtained. Therefore, it is imperative that a 

greater variety of analogous materials are evaluated in such reactions so that this chemistry can 

be better understood. 

5.3 Electrochemical data 

The electrochemical properties of the materials prepared in this chapter are of interest 

for a multitude of reasons arising from the presence of multiple redox centres. Properties such 

as electronic communication and the formation of mixed-valence states are of particular 

relevance to understand the electron transfer processes throughout such systems, which could 

be through bond or through space (electrostatic) depending on the level of conjugation of the 

bonds and the geometry of the redox centres. Hence, the complexes discussed in this chapter 

were studied using cyclic voltammetry in order to gain an understanding of how the redox 

centres of such multi-ferrocenyl systems interact, and how structural variations affect the redox 

events. The relevant data are summarised in Table 5.1. It should be noted, however, that due to 

contamination, cyclic voltammetry data for 13, 16 and 16a could not be collected. 

Table 5.1 Summary of cyclic voltammetry data for molecules described in this chaptera 

  Ea  Ec  E1/2  ∆E  ia/ic E1E2 Kcom 

Fc(I)Bipy-OH 311 243 277 68 0.95 / / 

Fc2(I)Bipy-OH (1st ox) -367 -449 -408 82 1.15 
360 106.10 

Fc2(I)Bipy-OH (2nd ox) -4 -91 -47 87 0.82 

12 -108 -159 -134 51 0.87 / / 

14 415 123 269 293 0.85 / / 

15 (1st Ox) 108 43 76 65 / 
176 102.98 

101.96 
15 (2nd Ox) 282 223 252 59 / 

15 (3rd Ox) 405 331 368 74 / 115 

15a (1st Ox) 171 79 125 92 / 
105 

101.79 
15a (2nd Ox) 265 197 231 68 / 

a0.1 M [(nBu)4N]PF6/CH2Cl2 at a scan rate of 100 mV s-1; glassy carbon working electrode; Pt wire as 

reference and counter electrodes. All potentials are reported relative to an internal Fc/Fc+ reference and 

have been corrected for solution resistance (iRs) with values obtained from AC impedance measurements. 
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For the linear intermediates Fc(I)Bipy-OH and Fc2(I)Bipy-OH, the number of redox 

events corresponds with the number of ferrocene units. The redox process associated with the 

mono-ferrocenyl derivative Fc(I)Bipy-OH occurs at a greater potential than that of ferrocene, 

indicative of the electron withdrawing character of the bipyridyl and iodo substituents. 

Compared to the bipyridyl functionalised ferrocenyl derivative Fc(I)Bipy, discussed in 

Chapter 4, the redox event of Fc(I)Bipy-OH occurs at a potential 9 mV greater, indicative of 

the extended electron withdrawing nature of the propargyl protected alkynyl motif. On the 

other hand, the redox events undergone by the biferrocenyl analogue occur at potentials lower 

than that of ferrocene, indicating that the electron donating nature of the biferrocene unit 

dominates over the electron withdrawing properties of the iodo and bipyridyl functionalities. 

Since a value of E= 59/n mV, where n is the number of electrons involved in the redox 

process, at 298 K is expected for fully reversible processes, those described for Fc(I)Bipy-OH 

and Fc2(I)Bipy-OH are considered reversible, on an electrochemical timescale, under the given 

conditions. Both materials also display redox chemistry that is chemically reversible, as 

evidenced by the values of ipc/ipa ≈ 1. Further to this, these redox processes are understood to 

be diffusion controlled processes, as determined by observed trends of ip ∝ ν1/2.  

As discussed in Chapters 3 and 4, where multi-ferrocenyl materials exhibit more than 

one redox event a mixed valence state occurs, whereby the redox centres possess different 

oxidation states. This splitting of redox events allows for calculation of a comproportionation 

constant, which can be used to infer information about the delocalisation and stabilisation of 

charge across the redox centres. From this value, mixed-valence materials can often be 

classified according to the Robin and Day groupings, which are now widely accepted as 

Kcom<102 for a class I species, Kcom>106 for class III materials, with class II systems having 

intermediate values.45 For Fc2(I)Bipy-OH, the difference in redox potential of the first and 

second processes is 360 mV, which gives a Kcom of 106.1, allowing this material to be assigned 

as a classII/III borderline system, which agrees with the reported findings of other 

biferrocenium cations.11,46,47 Furthermore, given that the separation of the two redox processes 

is large, it may be possible to isolate the mixed-valence state and further explore the 

electrochemical properties of this material. 

Surprisingly, the linear bis-ferrocenyl intermediate 14 only exhibits one chemically 

reversible redox event, as determined by ipc/ipa ≈ 1. In comparison to ferrocene, this process is 

at a greater potential, which, again, is indicative of the electron withdrawing characteristic of 
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both the iodo and ethynylthiophene substituents. This process, however, cannot be considered 

reversible on an electrochemical timescale, as E deviates too greatly from the ideal value of 

59 mV. In addition, according to plots of current vs the square root of the scan rate, this process 

is not diffusion controlled as there is no linear relation. In comparison to the mono-ferrocenyl 

derivative Fc(I)Thio, discussed in Chapter 4, the redox event of 14 occurs at a potential that is 

43 mV greater. This is suggestive of the increased electron withdrawing character of the 

butadiyne-containing substituent in comparison to ethynylthiophene. 

Similarly, the macrocyclic structure 12 exhibits just one redox event despite the 

presence of two ferrocenyl redox centres. This process displays both chemical and 

electrochemical reversibility, as implied by both the ipc/ipa ≈ 1 and E values, respectively. 

When compared to ferrocene, the observed redox event transpires at a potential lower, 

suggesting that either the electron withdrawing nature of the pyridyl bridging moieties is 

overridden by the electron donating properties of the connected ferrocene or that the 

stabilisation of the dicationic species is substantial in this system. On the other hand, the linear 

and branched analogues, Fc(I)Pyr and 2, respectively, which have been previously discussed 

in Chapter 4, demonstrate redox events at potentials far greater than that of ferrocene. In 

addition, it should be noted that meta-substituted pyridyl functionalities are considered less 

electron withdrawing than their para-functionalised counterparts, a property which has been 

suitably verified by Bennett et al.48 

 The tri-ferrocenyl macrocycle, 15, demonstrated three redox events that are reversible 

on an electrochemical timescale at lower scan rates, however these are not chemically 

reversible, particularly at higher scan rates where only two processes are observed. This is 

likely due to the close proximity of the two peaks, which, after broadening at higher scan rates, 

become unresolved and merge into one. Due to this, as well as the indistinguishable baseline, 

calculations of ipc/ipa cannot be performed. In order to better understand the electrochemical 

behaviour of this macrocycle, further investigation is required, and it may prove beneficial to 

utilise a large electrolytic counter ion to reduce ion pairing interactions, as established by 

D’Alessandro and Keene.49 The instability of 15 to oxidation is likely exacerbated by the 

pyridyl functionality, as it has been shown that an analogous system with a benzylic bridging 

motif only shows minor degradation at increasing scan rates.26 Based on the separation of the 

redox events (E1E2) it may be possible to isolate at least one of the mixed valence states, which 

may also require the exploitation of a larger electrolytic counterion. This, however, was not 
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performed due to the time constraints of this project. Calculation of the comproportionation 

constant suggests that the monocationic species and dicationic species can be assigned to class 

II and I/II borderline respectively, according to the Robin and Day classification,45 which lies 

in contrast to the class II/III assignment often made for biferrocenium cations.11,46,47  Hence, in 

the future, the isolation and study of the mixed-valence states and their properties is of great 

interest.  

 The linear pyridyl analogue, 15a, was also investigated electrochemically and was 

found to only exhibit two redox events despite the presence of three redox centres. The 

processes can be considered reversible on an electrochemical timescale, as indicated by E, 

however chemical reversibility could not be established as calculations of ipc/ipa cannot be 

performed due to the close proximity of the peaks and resultant indistinguishable baseline. It 

should also be considered that since three redox centres are present, yet only two redox 

processes are observed under the given conditions, there may be overlapping redox events that 

are unable to be resolved, which may in turn cause broadening of the peaks. 

Notwithstanding this poor separation, it may be possible to isolate the mixed-valence 

state of 15a since the separation of the two redox events is above 100 mV. To facilitate the 

separation of the redox peaks, and perhaps even to reveal a third process, it would likely be 

beneficial to utilise larger electrolyte counterions to reduce the ion-pairing interactions. The 

separation of around 100 mV between the two redox events gives Kcom of 101.8 which suggests 

that the mixed-valence state could be assigned as class I/II borderline according to Robin and 

Day classifications.45 This implies that the electron delocalisation across the system may be 

between localised and partly delocalised. Isolation of the mixed-valence state would allow for 

further examination of the electrochemical properties and therefore give insight into the 

electron transfer and delocalisation properties of the material. In addition, investigation of these 

characteristics would enable us to better understand how the structure of a material with 

multiple ferrocene units influences the electronic communicative properties of the redox 

centres. 

 By comparing the electrochemical properties of 15 and 15a with similar structures 

reported in the literature, it could be possible to tentatively assign the redox events to specific 

ferrocene centres. It has been shown that ferrocene substituted with two meta-ethynylpyridine 

moieties (Figure 5.14) has a redox potential of around 253 48 - 280 50 mV, therefore it can be 

proposed that for 15a the first redox event (at 125 mV) occurs on the terminal ferrocene 
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moieties and the second wave (at 231 mV) corresponds to the central, disubstituted ferrocene 

motif. Furthermore, since 15 is comprised of both mono- and bi-ferrocenyl units, each 

disubstituted with meta-ethynylpyridine derivatives, its electrochemical properties can be 

compared with those of the linear analogues. For 15 the first and last redox waves can be 

tentatively assigned to the ferrocene centres of the biferrocenyl moiety, as it has been reported 

that the redox potentials of the biferrocene substituted with two meta-ethynylpyridine 

functionalities (Figure 5.14) are 48 mV and 401 mV when using a [(nBu)4N]PF6/CH2Cl2 

electrolytic solution. It should be noted that in this study, the larger electrolyte counterion was 

necessary for the stabilisation of the biferrocenyl derivative.11 Hence, should the 

electrochemical properties of 15 or 15a be investigated any further, use of this alternative 

electrolyte should be considered so as to reduce degradation of the sample. With regards to the 

central redox event of 15, this can be comfortably assigned to the mono-ferrocenyl motif as the 

redox potential observed (252 mV) concurs nicely with that reported in the literature for the 

linear analogues (253 - 280 mV) (Figure 5.14). This assignment agrees well with that reported 

for the phenyl-bridged analogue.26 

 

Figure 5.14 Structures of 15 and 15a (top) and those similar which are reported in the 

literature11,26,48,50 
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5.4 Conclusion and future work 

In this chapter, the synthesis of ferrocene-containing macrocycles was explored via 

three different routes. Two of the methodologies were based upon the findings discussed in 

Chapter 4 and included the performance of sequential Sonogashira cross-coupling reactions in 

combination with a variety of alkyne protection/deprotection strategies. The third strategy 

utilised an intramolecular Ullmann-like coupling, based on that established by Inkpen et al, 

which was discussed in Chapters 2 and 3. By utilising such strategies, bis-ferrocenyl (12) and 

tris-ferrocenyl (15) macrocycles based on the diethynylpyridine bridging group could be 

isolated, and evidence for the corresponding diethynylthiophene-based tri-ferrocenyl (16) 

macrocycle was given. In addition, the linear analogues of 15 and 16, 15a and 16a respectively, 

were also identified, and such materials may lend themselves as useful comparisons for the 

exploration of the electronic properties of the cyclic derivatives. It was shown that the 

implementation of orthogonal alkyne-protecting groups added an element of control to the 

synthetic pathways discussed, allowing for a more stepwise approach, which resulted in the 

formation of fewer side products and, therefore, more facile purification. Noted also was 

prevalence of the homo-coupling of the alkynyl moieties on the ethynylthiophene-based 

systems, which alludes to the potential for such reactions to be utilised in the preparation of 

butadiyne-based analogues in the future.  

The electrochemical properties of the isolated materials were also investigated, where 

it was shown that the bis-ferrocenyl species 12 exhibits only one redox event, whereas the tris-

ferrrocenyl systems, 15 and 15a, demonstrate three and two processes, respectively. In 

addition, the separation of redox events in both 15 and 15a was small, suggesting that 

communication between the redox centres was limited. Should further investigation into the 

electronic properties of such materials be performed, it may be advantageous to utilise an 

electrolyte with a larger counter ion. This would increase the separation between events, as 

well as increasing the stability of the oxidised pyridyl derivatives, allowing the study of the 

mixed-valence state. 
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Chapter 6 Conclusions and future work 

 

Within this thesis, the synthetic efforts towards the preparation of a range of multi-

metallocenyl complexes, including ferrocene and ruthenocene has been discussed. Using a 

variety of synthetic methodologies, a number of linear bi- and tri-metallocenyl complexes have 

been realized, as well as the reaction optimisation towards iodo-ferrocenyl synthons. In 

addition, a number of novel, branched and cyclic materials containing multiple ferrocenyl 

redox centres have been constructed via a sequence of Sonogashira cross couplings and alkynyl 

protecting group strategies by implementing variations in their stepwise construction. 

 The preparation of iodine-functionalised multi-ferrocenyl synthons via standard 

lithiation-electrophilic substitution reactions is often limited by low yields, arising from high 

entropic barriers. As such their subsequent utilisation in the preparation of multi-ferrocenyl 

materials is hindered, and therefore not often reported. It was shown in Chapter 2, however, 

that the entropic barrier can be reduced by using two ferrocene-based starting materials, as 

opposed to relying on the multi-step intramolecular reaction of a single lithio-ferrocene 

derivative. Unfortunately, the improved synthetic pathway towards multinuclear ferrocene 

systems was found to be unsuccessful for the preparation of ruthenocenyl analogues, with only 

Rc, RcI and RcI2 being obtained. Similar efforts to produce mixed-metal materials were also 

unsuccessful. Therefore, should this line of enquiry be continued, preparations of ruthenocene-

containing materials should be prioritised. In future efforts to further improve the yields of such 

homo- and hetero- multi-metallocenyl materials, it is proposed that alternative reagents be 

utilised following the lithiation step, such as magnesium-,1 nickel-2 and copper-3–5 based 

systems. 

 Attempts to improve the Ullmann-like coupling of iodo-ferrocenes described by Inkpen 

et al6, and therefore the yields of cyclo[6] were also discussed. However, it was found that 

simple changes to reaction conditions, such as solvent, had a profound effect on the products 

formed. In addition, the Suzuki-Miyaura cross-coupling of iodoferrocenes and ferrocene 

boronic acids was also investigated as a potential replacement for the Ullmann-like coupling, 

albeit with little success due to highly competitive side reactions. It is thought that should the 

efficient synthesis of cyclic ferrocene-only materials be realized, they may be able to be 
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deposited onto surfaces by high-vacuum sublimation, as is described for cyclo[2],7 although 

this may be limited by an increase in sublimation temperature arising from the increased 

molecular weight of cyclo[6]. It has been reported that cyclic ferrocene-only materials display 

multiple, reversible redox events, indicative of some level of communication between the redox 

centres. It is, therefore, of great interest to perform further electrochemical and 

spectroelectrochemical measurements to determine whether isolation of mixed valence states 

is achievable, and elucidate further information about the electron transfer properties of the 

molecule. Subsequently, efforts to prepare the mixed-valence material should be attempted via 

controlled chemical oxidation. Of additional interest in this field, is the preparation of 

analogous materials containing the ruthenocenyl redox centre, be that homo- or hetero-metallic 

derivatives. Therefore, in future works, the preparation of metallocene-only macrocycles, such 

as cyclo[6], should be advanced, so that materials such as those illustrated in Figure 6.1 can be 

realised. 

 

Figure 6.1 Future target molecules for metallocene-only macrocycles 

 Also discussed in this thesis is the one-pot preparation of a novel family of ferrocenyl 

and ruthenocenyl thiophene carboxylate synthons, with the formula McxTcy, where Mc = Fc 

or Rc, x = 1-3 and y = 1, 2. Although first obtained as a side product from the attempted 

cyclisation of FcI2, it was soon realized that these materials had potential to be utilised as 

synthons for O-substituted metallocenyl systems. Following standard literature procedures,8–14 

the carboxylate derivatives were transformed into the synthetically significant metallocenols, 

of which several are novel. Hence, in this thesis, is reported a modified synthetic procedure 

towards metallocenols. Of particular interest in this field are the bi- and tri-metallocenyl 

derivatives, which are unreported. Should this reactivity pathway be exploited further, it may 

be possible to prepare multi-metallocenyl analogues of materials discussed in Chapter 2.1, thus 

expanding the variety of O-substituted metallocenes in the literature. 

Not only does the synthetic methodology described in Chapter 3 allow access to O-

substituted metallocenes, it represents a new synthetic route towards higher order metallocenyl 
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synthons in general, which was the focus of Chapter 2 of this thesis. This synthetic procedure, 

however, was shown to be susceptible to the competing hydrodehalogenation reaction, 

particularly in the preparation of the bi-and tri-ferrocene systems. Therefore, in order to 

optimise the synthesis of this class of molecule, the reaction mechanism should be probed as a 

function of time to determine how this side reaction could be limited without diminishing the 

efficacy of the O-arylation reaction. For this purpose, it is also of interest to determine the 

reaction mechanisms of the two occurring reactions, the Ullmann-like coupling and the O-

arylation. Should these be radical-based mechanisms, electron transfer into the ferrocene may 

be important and FcxI2 or Fcx(I)Tc may perform the function of a radical trap. Alternatively, if 

the reactions undergo a type of redox reaction, the mechanism may be prone to the redox 

potentials of FcxI2 or Fcx(I)Tc, i.e., a greater redox potential may be more difficult to react 

causing a decrease in reactivity.  In addition to this, in order to optimise the protocol, the 

stoichiometry of the reagents should be explored and augmented such that less of the more 

expensive copper reagent can be used. The role of trace amounts of water in the reaction 

mixture could also be determined in an effort to authenticate why the O-arylation proceeds in 

greater yields in the presence of trace amounts of water. 

Following this, efforts should be made to widen the substrate scope of this reaction, and 

thus expand the variety of materials available via this two-part methodology. For this, a number 

of alternative carboxylate derivatives could be implemented (Figure 6.2), which could be 

achieved by either preforming the copper mediator, or forming it in situ, as is similarly 

described in Chapter 3 of this thesis for the thiophenyl derivatives. In addition, the preparation 

of metallocenyl systems bridged by a thiophene bis-carboxylate motif is of interest. By 

broadening the ligand diversity, the functional group tolerance and steric constraints can be 

explored, which will aid in further understanding the reaction mechanisms. To this end, it may 

be possible to improve the reactivity of the chosen ligands by replacing the carboxylic acid 

proton with a more facile leaving group. The preparation of asymmetric materials via the mixed 

Ullmann-like coupling/O-arylation reaction should also be considered. If the formation of the 

Mcx(I)Tc derivatives were improved, they could be isolated and further functionalised with 

alternative ligands; the reduced reactivity of the second iodo-functionality of ferrocenes is 

already known, and may be beneficial in this sense. Alternatively, the palladium or copper 

catalysed coupling of the second iodo-moiety could achieve a range of symmetric and 

asymmetric bi-metallocenes. Towards this end, deactivation of the substrate or introduction of 

a mild inhibitor or stoichiometry variation are all plausible strategies. 
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Figure 6.2 Examples of compounds to be investigated in the future 

In Chapter 4, a range of branched bis-ferrocenyl materials were prepared by utilising 

three different variations of a sequence of Sonogashira coupling and alkyne protecting group 

strategies. Furthermore, similar methodologies were implemented in the attempted 

preparations of macrocyclic analogues, discussed in Chapter 5, as well as the utilisation of the 

CuTc mediated Ullmann-like coupling examined in Chapter 2. It was found that the success of 

each synthetic route, and ease of product purification, was greatly dependent on the nature of 

the bridging and terminal ligands. These chapters highlight the complexity in the design of a 

‘one size fits all’ approach to the synthesis of branched ferrocenyl materials and substantial 

progress has been made in this regard. However, in order to progress the study of branched and 

cyclic metallocenyl materials, their syntheses should be optimised and yields improved. 

In following work, the series of branched and macrocyclic molecules could be 

expanded by increasing the variety of the organic bridging motifs and/or terminal ligands, as 

well as increasing the number ferrocene units. It is also of interest to investigate the effects of 

having two different functionalisations on the ferrocenyl arms, as it is thought that increasing 

the asymmetry of the molecules is crucial to accessing the mixed-valency state.15 This is 

supported by the work of Inkpen et al, who showed that these materials have medium- and 

substituent-dependent redox splitting, plausibly due to steric effects related to ion pairing. In 

addition, the preparation of analogous ruthenocenyl materials as well as heterobimetallic 

derivatives is a topic that should be explored for the aforementioned purposes, since even linear 

derivatives of metallocenyl ethynylarenes are not prominent in the literature. Some examples 

of complexes that are of great interest to the future work of this project are illustrated in Figure 

6.3.  



Chapter 6 

285 
 

 

Figure 6.3 Proposed structures for further investigation 

Since the target application for this type of branched and cyclic materials is in the field 

of molecular electronics, inclusion of an organic bridging motifs with the ability to bind to 

surfaces, such as those utilised in Chapters 4 and 5, is crucial. Coordination or deposition of 

these complexes to surfaces, such as gold or nanoparticles, and construction of molecular 

junctions would allow for the performance of conductance measurements thus providing 

additional insight into the electronic properties of these classes of material. For this, scanning 

tunnelling microscopic (STM) and atomic force microscopic (AFM) techniques could be 

utilised. 

In regard to widening the portfolio of branched and cyclic metallocenyl systems, the 

influence of steric factors on the synthesis, properties, and configurations should also explored. 

Although the effect of steric constraints upon the spatial arrangement of ferrocenyl 

macrocycles has been documented by Hoffmann et al,16 it is still not known whether this 

principle also applies to branched analogues, or whether the increased freedom of rotation 

about the ferrocene centre reduces the steric manipulation. Based on the work by Hoffmann et 

al,16 it stands to reason that only sterically bulky species could successfully bridge a molecular 

junction. Therefore, the utilisation of more sterically demanding organic substituents in 

combination with electrochemical, spectroelectrochemical and conductance studies should 

provide a course towards further comprehension of the electronic and electron transfer 
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properties of such materials. Additionally, these studies would promote an understanding of 

the mixed-valence character of branched and cyclic metallocenes, and establish whether the 

mixed-valence species are isolable  

To aid confirmation of the geometry of the branched and cyclic systems discussed in 

this thesis, crystallisation and subsequent X-ray crystallographic analysis of the materials 

should be performed, in addition to variable temperature NMR experiments to examine the 

rotation of the ferrocene units. It is worth considering that formation of macrocyclic species 

could be realised by the use of inorganic linkers, e.g. 4d/5d metal complexes. This would 

require careful design of the metal-ligand system such that good orbital overlap is achieved, 

thus allowing delocalisation throughout the macrocyclic structure (Figure 6.4, left). As it has 

been shown that cyclic systems can contain substantial cavities,17 the application of such 

materials to guest-host type chemistry is a topic that should be explored (Figure 6.4, right). 

Furthermore, should the spatial arrangements of both the branched and cyclic species vary 

depending on the oxidation states of the redox centres, these materials have the potential to 

function as electrochemically triggered single molecule mechanical transformers.16 

 

Figure 6.4 Examples of complexation for future investigation 

 In summary, this thesis has demonstrated the intricacies and complications associated 

with the preparation of multi-metallocenyl materials. Through the investigation and 

implementation of a variety of synthetic methodologies, a number of novel linear, branched 

and cyclic homo-metallic systems have been prepared, however, it is clear that construction of 

the latter two is not an effortless pursuit. Regardless, meaningful advancements have been 

made throughout this PhD, and as such, several routes towards the branched and cyclic 
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complexes with the potential for surface binding, and therefore molecular junction 

measurements and electron transfer studies, have been developed. 
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Chapter 7   Experimental Section 

 

7.1. General Procedure 

7.1.1. Reagents 

 All reactions were carried out under an inert atmosphere (N2), with dry solvents and 

oven-dried glassware, using standard Schlenk line techniques, unless otherwise stated. Dry 

solvents were obtained from an MBraunMB-SPS 800 Solvent Purification system, degassed 

by thoroughly sparging with nitrogen and stored over activated 3 Å molecular sieves. Dry 

DIPA was obtained by distillation under an inert atmosphere, degassed and stored as described. 

No special precautions were taken to exclude moisture or air during workup, unless otherwise 

stated. All reagents were commercially available and used as received. Silica gel and alumina 

V (15 % H2O) were used for column chromatography. The phrase ‘deactivated’ silica in this 

context relates to the fact that the silica used was prepared as a slurry with the solvent of choice 

and 1% trimethylamine. 

7.1.2. Instrumentation 

Mass spectrometry analyses were conducted by the mass spectrometry service at 

Imperial College London, using a Waters LCT Premier (ES-TOF) spectrometer. 1H and 

13C{1H} and 13C NMR was recorded on a Bruker 400 MHz spectrometer and referenced to the 

residual solvent peak of CDCl3 at 7.26 ppm and 77.16, respectively. UV-Vis absorption spectra 

were collected using an Agilent Cary 60 UV-Vis spectrophotometer at 298 K. X-ray diffraction 

data was recorded by Dr Andrew White at 173 K using an Agilent Xcalibur PX Ultra A 

diffractometer and further refined using a full-matrix least-squares method on F2. Cyclic 

voltammograms were recorded on a Gamry reference 600TM (Gamry Instruments, Warminter, 

PA, USA) under an atmosphere of dry N2 gas in a solution of CH2Cl2 with 0.1 M NnBu4PF6. A 

standard 3-electrode setup was employed consisting of a 3 mm glassy carbon working electrode 

and two separate Pt wires for reference and auxiliary electrodes. All potentials are referenced 

to the [Cp*2Fe]+/ [Cp*2Fe] redox couple. Electrochemical, IR-spectroelectrochemical and 

UV/vis/NIR-spectroelectrochemical data for compounds discussed in chapter 7.3 was recorded 

by Stefanie Breimaier, from the group of Rainer Winter in Konstanz. 
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7.2. Compounds synthesised in Chapter 2 

7.2.1. General procedure for the synthesis of linear diiodoferrocene oligomers (FcxI2) 1 

To an oven-dried 250 mL three-necked flask, a mixture of ferrocene (1.13 g, 

5.90nmmol), n-hexane (10 mL) and TMEDA (2 mL, 13.30 mmol) was added and stirred at 

0n°C. 2.5nM nBuLi in hexanes (5.00 mL, 12.50 mmol) was added via syringe. The reaction 

mixture was then slowly raised to room temperature and stirred overnight. The resulting bright 

orange suspension (1,1′- dilithioferrocene–TMEDA) was cooled to −78 °C, and a solution of 

I2 (2.25 g, 8.90 mmol) in diethyl ether (20 mL) was added. The resulting dark brown reaction 

mixture was slowly warmed to ambient temperature, and stirred for 1.5 hours. The mixture was 

then quenched with water (10 mL) and stirred for a further 20 min, after which time it was 

filtered through a sinter, removing a dark red solid. The filtrate was washed with water (200 

mL), dried over MgSO4, and filtered to provide a dark red slurry after solvent removal. Mono-, 

bi- and tri- ferrocenyl products were separated via column chromatography (silica; n-hexane/ 

CH2Cl2 [1:0→0:1 v/v]).  

7.2.1.1. Purification of Diiodoferrocene (FcI2)
1 

 

All mononuclear ferrocene materials in fraction 1 of the previous column were 

dissolved in n-hexane and vigorously washed with 0.5 M FeCl3 (chemical oxidant, 14 x 50 

mL). Progress of the oxidative purification was monitored by 1H NMR between washings. 

Once all unwanted ferrocene-containing contaminants had been removed, the organic phase 

was extracted with water until the washings were colourless. The resulting orange solution was 

dried over MgSO4, and the solvent removed. The crude product was purified by filtration 

through a silica plug, in n-hexane, to provide pure FcI2 as a dark orange oil (387 mg, 0.89 

mmol, 15%).  

1H NMR (400nMHz, CDCl3, 298 K): δ (ppm) 4.18 (pseudo-t, 4H; Cp–H), 4.37 

(pseudo-t, 4H; Cp– H).  
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7.2.1.2. Purification of Diiodobiferrocene (Fc2I2)
1 

 

Binuclear ferrocene materials from fraction 2 of the previous column were dissolved in 

CH2Cl2 and vigorously washed with 0.2 M FeCl3 (chemical oxidant, 5 x 50 mL). Progress of 

the oxidative purification was monitored by 1H NMR between washings. After removal of all 

unwanted ferrocene-containing contaminants, the organic phase was extracted with water until 

the washings were colourless. The resulting orange solution was dried over MgSO4 and the 

solvent removed. The red-black product was filtered through a silica plug, in n-hexane. The 

dried residue was then recrystallised from CH2Cl2/n-hexane to provide Fc2I2 as a deep red 

crystalline solid (59 mg, 0.094 mmol, 2%). 

 1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 3.98 (pseudo-t, 4H; Cp–H), 4.16 

(pseudo-t, 4H; Cp–H), 4.24 (pseudo-t, 4H; Cp–H), 4.35 (pseudo-t, 4H; Cp–H).  

7.2.1.3. Purification of Diiodotriferrocene (Fc3I2)
1 

 

Trinuclear ferrocene materials were dissolved in DCM and washed with 0.2 M FeCl3 

(chemical oxidant, 3 x 20 mL). The black-red organic phase was pre-absorbed on silica and 

purified by column chromatography (silica; n-hexane/CH2Cl2 [8:2 v/v]). Selected fractions 

were combined, and their dried residue recrystallised from CH2Cl2/n-hexane to provide Fc3I2 

as an orange-red crystalline solid (33 mg, 0.04 mmol, <1%). 

 1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 3.91 (pseudo-t, 4H; Cp–H), 4.06 (br 

pseudo-t, 4H; Cp–H), 4.10 (pseudo-t, 4H; Cp–H), 4.15 (br s, 12H; Cp–H).  

7.2.2. Variations of the synthesis of linear diiodoferrocene oligomers (FcxI2) 

7.2.2.1. Reaction using 3 equivalents of I2  

 As written in 7.2.1 with the exception that the amount of I2 was increased to 4.29 g 

(16.90nmmols), and the volume of diethyl ether was increased to 30 mL. Work up of the mono- 
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and bi- nuclear species is as written in 7.2.1.1 and 7.2.1.2 respectively. FcI2 (1.12 g, 2.56 

mmols, 44%, wrt ferrocene) and Fc2I2 (26 mg, 0.04 mmols, <1%, wrt ferrocene) were obtained. 

7.2.2.2. Reaction using 2 equivalents of I2 

As written in 7.2.1 with the exception that the amount of I2 was increased to 2.73 g 

(10.76nmmols), and was dissolved in diethyl ether (25 mL). The siloxane-bridged 

ferrocenophane, (Fc(μ-(SiMe2)2O)), was recrystallised from n-hexane and dichloromethane to 

give deep orange crystals. FcI2 (0.71 g, 1.62 mmols, 27%, wrt ferrocene) and Fc2I2 (46 mg, 

0.074 mmols, 1.3%, wrt ferrocene) were obtained. 

1H NMR (Fc(μ-(SiMe2)2O)) (400 MHz, CDCl3, 298 K): δ (ppm) 0.29 (s, 12H; Me–H), 

4.23 (t, 4H; Cp– H) 4.33 (t, 4H; Cp–H). 

7.2.2.3. Reaction using 2 equivalents of I2 (in hexane and THF) 

As written in 7.2.2.2 with the exception that the I2 was dissolved in hexane (21.5 mL) 

and THF (3.5 mL) (total 25 mL of solvent). FcI2 (0.75 g, 1.72 mmols, 29%, wrt ferrocene) and 

Fc2I2 (76 mg, 0.12 mmols, 2%, wrt ferrocene) were obtained. 

7.2.2.4. Reaction using 1.5 equivalents of I2  

As written in 7.2.1. FcI2 (0.39 g, 0.89 mmols, 15%, wrt ferrocene), Fc2I2 (58 mg, 0.09 

mmols, 2%, wrt ferrocene), and Fc3I2 (31 mg, 0.04 mmols, <1%, wrt ferrocene), were obtained. 

7.2.2.5. Reaction using 1.5 equivalents of I2 in an overnight reaction 

As written in 7.2.2.4, with the exception that after the addition of I2, the reaction mixture 

was slowly warmed to room temperature and stirred overnight. FcI2 (0.63 g, 1.45 mmols, 25%, 

wrt ferrocene), Fc2I2 (38 mg, 0.06 mmols, 1%, wrt ferrocene), and Fc3I2 (20 mg, 0.03 mmols, 

<1%, wrt ferrocene), were obtained. 

7.2.2.6. Reaction using 1.5 equivalents of I2 (in hexane and THF) 

 As written in 7.2.1, with the exception that the I2 was dissolved in hexane (17 mL) and 

THF (3.00 mL). FcI2 (0.42 g, 0.96 mmols, 17%, wrt ferrocene), Fc2I2 (0.13 g, 0.21 mmols, 4%, 

wrt ferrocene), and Fc3I2 (65 mg, 0.08 mmols, 1%, wrt ferrocene), were obtained. 
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7.2.2.7. Reaction using 1.5 equivalents of I2 in an overnight reaction (in hexane and THF) 

As written in 7.2.2.6, with the exception that after the addition of I2, the reaction mixture 

was slowly warmed to room temperature and stirred overnight. FcI2 (0.53 g, 1.55 mmols, 21%, 

wrt ferrocene), Fc2I2 (0.11 g, 0.17 mmols, 3%, wrt ferrocene), and Fc3I2 (44 mg, 0.06 mmols, 

1%, wrt ferrocene), were obtained. 

7.2.2.8. Reaction using 1 equivalents of I2 

 As written in 7.2.1, with the exception that the amount of I2 was decreased to 1.50 g 

(5.90 mmols) the volume of diethyl ether was reduced to (20 mL). FcI2 and Fc2I2 were found 

to be present in trace amounts. 

7.2.2.9. Reaction using 1 equivalents of I2 in an overnight reaction 

As written in 7.2.2.8, with the exception that after the addition of I2, the reaction mixture 

was slowly warmed to room temperature and stirred overnight. FcI2 and Fc2I2 were found to 

be present in trace amounts. 

7.2.2.10. Reaction using 1 equivalents of I2 (in hexane and THF) 

As written in 7.2.2.8, with the exception that the amount of I2 was dissolved in hexane 

(17 mL) and THF (3.00 mL) (total 20 mL of solvent). FcI2 and Fc2I2 were found to be present 

in trace amounts. 

7.2.2.11. Reaction using 0.75 equivalents of I2  

As written in 7.2.1, with the exception that the amount of I2 was decreased to 1.12 g 

(4.40 mmols) and the volume of diethyl ether was reduced to 15 mL. FcI2 was found to be 

present in trace amounts. Fc2 was also isolated. 

1H NMR (Fc2) (400 MHz, CDCl3, 298 K): δ (ppm) 3.99 (br s, 10H; Cp-H), 4.17 (t, 4H; 

Cp–H), 4.35 (t, 4H; Cp– H). 

7.2.2.12. Reaction using 0.75 equivalents of I2 (in hexane and THF) 

 As written in 7.2.2.11, with the exception that instead of diethyl ether, the iodine was 

dissolved in hexane (12.50 mL) and THF (2.50 mL). FcI2 was found to be present in trace 

amounts. Fc2 and Fc3 were also isolated. 
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1H NMR (Fc3) (400 MHz, CDCl3, 298 K): δ (ppm) 3.93 (br s, 10H: Cp-H), 1.02 

(pseudo-t, 4H; Cp–H), 4.09 (pseudo-t, 4H; Cp–H), 4.13 (t, 4H; Cp–H), 4.24 (t, 4H; Cp–H). 

7.2.3 Reaction of dilithioferrocene with FcI2 

To an oven-dried 100 mL Schlenk tube, a mixture of ferrocene (1.13 g, 5.90nmmol), n-

hexane (10 mL) and TMEDA (2.00 mL, 13.30 mmol) was added and stirred at 0n°C. 2.5nM 

nBuLi in hexanes (5.00 mL, 12.50 mmol) was added via syringe. The reaction mixture was then 

slowly raised to room temperature and stirred overnight. The resulting bright orange suspension 

(1,1′- dilithioferrocene–TMEDA) was cooled to −78 °C, and a solution of FcI2 (8.52 g, 19.40 

mmol) in diethyl ether (20 mL) was added. The resulting dark brown reaction mixture was 

slowly warmed to ambient temperature, and stirred overnight. The mixture was then quenched 

with water (10 mL) and stirred for a further 20 min, after which time it was filtered in hot 

hexane through a sinter, removing a dark red solid. The filtrate was washed with water (200 

mL), dried over MgSO4, and filtered to provide a dark red slurry after solvent removal. Mono-, 

bi- and tri-ferrocenyl products were separated via column chromatography (silica; n-hexane/ 

CH2Cl2 [1:0→8:2 v/v]). The mono-, bi- and tri-nuclear species were purified as in 1.1, 1.2, and 

1.3 respectively. FcI2 (0.89 g, 1.96 mmols, 33%, wrt ferrocene), Fc2I2 (1.25 g, 2.01 mmols, 

34%, wrt ferrocene), and Fc3I2 (0.16 g, 0.20 mmols, 3%, wrt ferrocene), were obtained. 

7.2.4. Preparation of iodoferrocene (FcI)2 

 

 To a solution of Fc (5.00 g, 26.90 mmol) and KOtBu (0.31 g, 2.70 mmol) in THF (100 

mL) was added tBuLi (39.50 mL, 67.30 mmol, 1.7 M in hexanes) dropwise at -78 oC. The 

reaction mixture was stirred for 1 h at -78 oC, after which time solid I2 (13.65 g, 53.78 mmol) 

was added. The brown mixture was stirred for a further 40 mins at -78 oC, then slowly warmed 

to ambient temperature and quenched with brine (50 mL) and stirred for 10 mins. Hexane was 

added and the crude mixture was washed with a saturated aqueous solution of sodium 

thiosulphate (3 x 100mL). The aqueous phase was washed with hexane (2 x 50 mL), all organic 

phases were combined, dried over MgSO4 and filtered over silica, in hexane. The solvent was 

removed and FcI was obtained by removal of unreacted Fc, by vacuum sublimation at 40 oC, 

to yield the orange crystalline solid (5.44 g, 17.49 mmol, 65%).  
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) δ 4.41 (t, J = 1.8 Hz, 2H), 4.19 (s, 5H), 

4.15 (t, J = 1.8 Hz, 2H). 

7.2.5 Preparation of iodoruthenocene (RcI)3,4 

 

To a solution of Rc (1.70 g, 7.35 mmol) and KOtBu (0.10 g, 0.91 mmol) in THF (100 

mL) was added tBuLi (7.83 mL, 14.70 mmol, 1.7 M in hexanes) dropwise at -78 oC. The 

reaction mixture was stirred for 1 h at -78 oC, after which time a solution of I2 (13.65 g, 53.78 

mmol) in THF (40 mL) was added. The brown mixture was stirred for a further 40 mins at -78 

oC, then slowly warmed to ambient temperature and stirred overnight. The crude mixture was 

quenched with brine (50 mL), stirred for 10 mins and hexane was added. The mixture was 

washed with a saturated aqueous solution of sodium thiosulphate (3 x 100mL) and the aqueous 

phase was washed with hexane (2 x 100 mL). All organic phases were combined, dried over 

MgSO4 and filtered over silica, in hexane. The solvent was removed and RcI was obtained by 

removal of unreacted Rc, by vacuum sublimation at 40 oC, to yield the orange crystalline solid 

(1.44 g, 4.04 mmol, 55%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.83 (t, J= 1.7 Hz, 2H), 4.57 (s, 5H), 4.46 

(t, J= 1.7 Hz 2H). 

7.2.6 Preparation of diiodoruthenocene (RcI2)3 

 

A mixture of ruthenocene (Rc) (3.00 g, 12.98nmmol), n-hexane (100 mL) and TMEDA 

(5.60 mL, 32.50 mmol) were stirred at 0n°C. 2.5nM nBuLi in hexanes (13 mL, 32.50 mmol) 

was added via syringe. The reaction mixture was then slowly raised to room temperature and 

stirred overnight. The resulting pale yellow suspension was cooled to −78 °C, and a solution 

of I2 (10.00 g, 38.90 mmol) in THF (80 mL) was added. The resulting dark brown reaction 

mixture was warmed to 50 oC, then stirred for 1 h. The mixture was then quenched with water 

(10 mL) and stirred for a further 10 min, after which time it was washed with water (3 x 50 

mL) and brine (3 x 50 mL). The crude mixture was dried over MgSO4 and filtered over celite. 
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Unreacted Rc was removed from the mixture by vacuum sublimation at 30 oC, and repeated 

vacuum sublimations at 40 oC enabled the removal of RcI, along with small amounts of RcI2, 

leaving pure RcI2 as an off white solid (2.48 g, 5.13 mmol, 40%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.80 (t, J = 1.7 Hz, 4H), 4.48 (t, J = 1.7 

Hz, 4H). 

7.2.7 Preparation of biruthenocene (Rc2)5 

 

A green-blue solution of RcI (0.16 g, 0.45 mmol) and CuTc (0.46 g, 2.67 mmol) in 

NMP (7.00 mL) was stirred at ambient temperature for 24 h then filtered over alumina (V), 

eluting in EtOAc. The crude mixture was then washed with copious amounts of water (10 x 

200 mL) and brine (5 x 50 mL), or until no NMP was observed by 1H NMR spectroscopy. The 

organic phase was dried over MgSO4, filtered and the solvent removed. The crude product was 

purified by flash column chromatography, eluting in hexane, to give Rc2 as an off white solid 

(0.17 g, 0.38 mmol, 85%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.67 (t, J = 1.7 Hz, 4H, (Cp-Cp)-H), 4.50 

(s, 10 H, Cp-H), 4.47 (t, J = 1.7 Hz, 4H, (Cp-Cp)-H). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ (ppm) 87.8 (2C, CpC-CCp), 71.5 (4C, (Cp-Cp)m-C-H), 71.2 (5C, CpC-H), 69.7 (4C, (Cp-

Cp)o-C-H). MS ES+: m/z 461.9520 ([M]+ Calc.: 461.9495). 
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7.3. Syntheses described in Chapter 3 

7.3.1 One-pot synthesis of oligomeric ferrocene thiophene carboxylate adducts 

 

Copper thiophene carboxylate (10.27 g, 54.05 mmol) was suspended in acetonitrile 

(approx. 2 L), then FcI2 (3.03 g, 6.92 mmol) was added and the green-brown mixture was 

stirred at room temperature for 3 days. The mixture was filtered over celite and the solvent 

removed in vacuo. The crude product was redissolved in DCM and washed with water (5 x 250 

mL) then brine (3 x 250 mL), dried over MgSO4 and filtered. The product mixture was then 

purified by column chromatography, on alumina V or alumina II, and the products were eluted 

in hexane:DCM; 1:0 → 0:1. Where necessary, the products were further purified by 

recrystallisation from MeOH or DCM/hexane. Yields: FcTc (12 mg, 0.04 mmol, <1%); 

Fc(I)Tc (3 mg, 0.01 mmol, <1%); Fc2Tc (9 mg, 0.02 mmol, <1%); Fc3Tc (6 mg, 0.01 mmol, 

<1%); FcTc2 (18 mg, 0.04 mmol, <1%); Fc2Tc2 (2 mg, 0.02 mmol, <1%); Fc3Tc2 (4 mg, 0.01 

mmol, <1%). 

7.3.1.1 Ferrocenyl thiophene-2-carboxylate (FcTc)1 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.89 (dd, 1H Ar-H), 7.64 (dd, 1H, Ar-

H), 7.16 (dt, 1H, Ar-H), 4.56 (t, 2H, (CpTc)o-H), 4.26 (s, 5H, Cp-H), 4.00 (t, 2H, (CpTc)m-H). 

MS ES+: m/z 311.9911 ([M]+ Calc.: 311.9907). 
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7.3.1.2 1-iodo,1’-thiophene-2-carboxylate ferrocene (Fc(I)Tc) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.94 (dd, 1H, Thio-H), 7.64 (dd, 1H, 

Thio-H), 7.16 (dt, 1H, Thio-H), 4.57 (pseudo-t, 2H (CpTc)m-H), 4.50 (pseudo-t, 2H, (CpI)m-

H), 4.25 (pseudo-t, 2H, (CpI)o-H), 4.03 (pseudo-t, 2H, (CpTc)o-H). 13C NMR {1H} (101 MHz, 

CDCl3, 298 K) δ 160.53 (1C, C=O), 134.48 (1C, ThioC-H), 133.93 (1C, ThioC-CO2Fc), 133.41 

(1C, ThioC-H), 128.1 (1C, ThioC-H), 116.44 (2C, CpC-O), 76.03 (2C, (CpI)m-C-H), 70.38 

(2C, (CpI)o-C-H), 66.66 (2C, (CpTc)o-C-H), 63.59 (2C, (CpTc)o-C-H), 48.86. MS ES+: m/z 

437.8883 ([M]+ Calc.: 437.8874). 

7.3.1.3 Biferrocenyl thiophene-2-carboxylate (Fc2Tc) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.78 (dd, J = 5.0, 1.3 Hz, 1H Thio-H), 

7.60 (dd, J = 5.0, 1.3 Hz, 1H, Thio-H), 7.12 (dt, J = 5.0, 3.8 Hz, 1H, Thio-H), 4.44 (t,  J = 1.9 

Hz, 2H, (Fc)Cp-Cp m-H), 4.41 (t, J = 2.0 Hz, 2H, (CpTc)m-H), 4.35 (t, J = 1.8 Hz, 2H, 

(FcTc)Cp-Cp m-H), 4.27 (t, J = 1.8 Hz, 2H , (Fc)Cp-Cp)o-H), 4.07 (t,  J = 1.8 Hz, 2H, 

(FcTc)Cp-Cp o-H), 3.97 (s, 5H, Cp-H), 3.84 (t, J = 2.0 Hz, 2H, (CpTc)o-H). 13C{1H} NMR 

(100 MHz, CDCl3, 298 K): δ (ppm) 160.4 (1C, C=O), 134.2 (1C, ThioC-H), 133.5 (1C, ThioC-

CO2Fc), 133.0 (1C, ThioC-H), 127.9 (1C, ThioC-H), 116.2 (1C, CpC-O), 85.6 (1C, (Fc)CpC-

CCp), 82.8 (1C, (Fc)CpC-CCp), 69.3 (5C, CpC-H), 69.1 (2C, (Fc)Cp-Cp)o-C-H), 67.9 (2C, 

(FcTc)Cp-Cp o-C-H), 67.6 (2C, (Fc)Cp-Cp m-C-H), 66.6 (2C, (FcTc)Cp-Cp m-C-H), 64.6 (2C, 

(CpTc)o-C-H), 62.0 (2C, (CpTc)m-C-H). MS ES+: m/z 495.9890 ([M]+ Calc.: 495.9883). 
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7.3.1.4 Triferrocenyl thiophene-2-carboxylate (Fc3Tc) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.76 (dd, J= 3.8, 1.3 Hz, 1H, Thio-H), 

7.61 (dd, J= 5.0, 1.3 Hz, 1H, Thio-H), 7.12 (dd, J= 5.0, 3.8 Hz, 1H, Thio-H), 4.37 (t, J= 1.9 

Hz, 4H, Cp-H), 4.34 (t, J= 1.8 Hz, 4H, Cp-H), 4.25 (t, J= 1.8 Hz, 2H, Cp-H), 4.24 (t, J= 1.8 

Hz, 2H, Cp-H), 4.14 (t, J= 1.8 Hz, 2H, Cp-H), 4.11 (m, 2H, Cp-H), 4.09 (m, 2H, Cp-H), 4.02 

(m, 2H, Cp-H), 3.95 (s, 5H, Cp-H), 3.94 (m, 2H, Cp-H),  3.80 (t, J= 1.9 Hz, 2H, Cp-H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ (ppm) 160.4 (1C, C=O), 134.2 (1C, ThioC-H), 133.5 (1C, 

ThioC-CO2), 133.0 (1C, ThioC-H), 127.9 (1C, ThioC-H), 116.3 (1C, CpC-O), 85.6 (2C, CpC-

Cp), 84.2 (2C, CpC-Cp), 69.1 (5C, Cp-C-H), 69.0 (2C, Cp-C-H), 68.9 (2C, Cp-H), 68.8 (2C, 

Cp-C-H), 67.7 (2C, Cp-C-H), 67.6 (2C, Cp-C-H), 67.5 (2C, Cp-C-H), 67.4 (2C, Cp-C-H), 66.3 

(2C, Cp-C-H), 64.4 (2C, Cp-C-H), 61.8 (2C, Cp-C-H). MS ES+: m/z 679.9848 ([M]+ Calc.: 

679.9785). 

7.3.1.5 Ferrocenyl bis thiophene-2-carboxylate (FcTc2) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm)  7.78 (dd, J = 3.7, 1.3 Hz, 2H, Thio-H), 

7.56 (dd, J = 5.0, 1.3 Hz, 2H, Thio-H), 7.06 (dt, J = 5.0, 3.7 Hz, 2H, Thio-H), 4.68 (t, J = 2.0 

Hz, 4H, (CpTc)m-H), 4.10 (t, J = 2.0 Hz, 4H, (CpTc)o-H). 13C{1H} NMR (100 MHz, CDCl3, 

298 K): δ (ppm) 160.3 (2C, C=O), 134.2 (2C, ThioC-H), 133.3 (2C, ThioC-CO2Fc), 133.2 (2C, 

ThioC-H), 128.0 (2C, ThioC-H), 116.6 (2C, CpC-O), 64.8 (4C, (CpTc)o-C-H), 62.2 (4C, 

(CpTc)m-C-H). MS ES+: m/z 437.9677 ([M]+ Calc.: 437.9683). 
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7.3.1.6 Biferrocenyl bis thiophene-2-carboxylate (Fc2Tc2)
 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.76 (dd, J=  3.8, 1.3 Hz, 1H, Thio-H), 

7.59 (dd, J= 5.0, 1.3 Hz, 1H, Thio-H), 7.11 (dd, J= 5.0, 3.8 Hz, 1H, Thio-H), 4.44 (t, J= 1.9 

Hz, 4H, (Cp-Cp)m-H), 4.39 (t, J= 2.0 Hz, 4H, (CpTc)m-H), 4.16 (t, J= 1.9 Hz, 4H, (Cp-Cp)o-

H), 3.81 (t, J= 2.0 Hz, 4H, (CpTc)o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 

160.4 (2C, C=O), 134.2 (2C, ThioC-H), 133.5 (2C, ThioC-CO2Fc), 133.0 (2C, ThioC-H), 

127.9 (2C, ThioC-H), 116.3 (2C, CpC-O), 84.4 (2C, CpC-CCp), 69.2 (4C, (Cp-Cp)o-C-H), 

67.7 (4C, (Cp-Cp)m-C-H), 64.5 (4C, (CpTc)o-C-H), 62.0 (4C, (CpTc)m-C-H). MS ES+: m/z 

621.9653 ([M]+ Calc.: 621.9658). 

7.3.1.7 Triferrocenyl bis thiophene-2-carboxylate (Fc3Tc2)
 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.73 (dd, J = 3.7, 1.3 Hz, 2H, Thio-H), 

7.58 (dd, J = 5.0, 1.3 Hz, 2H, Thio-H), 7.11 (dt, J = 5.0, 3.7 Hz, 2H, Thio-H), 4.34 (pseudo-t, 

J = 2.0 Hz, 4H, (CpTc)m-H), 4.29 (pseudo-t, 4H, J = 1.8 Hz, (Cp-Cp)o-H), 4.21 (pseudo-t, J = 

1.8 Hz, 4H, (Cp-Cp)o-H), 4.06 (pseudo-t, J = 1.8 Hz, 4H, (Cp-Cp)m-H), 3.89 (pseudo-t, J = 

1.8 Hz, 4H, (Cp-Cp)m-H), 3.77 (t, J = 2.0 Hz, 4H, (CpTc)o-H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 160.3 (2C, C=O), 134.0 (2C, ThioC-H), 133.3 (2C, ThioC-CO2Fc), 

132.8 (2C, ThioC-H), 127.8 (2C, ThioC-H), 116.2 (2C, CpC-O), 85.3 (4C, CpC-CCp), 69.2 

(4C, (Cp-Cp)m-C-H), 69.0 (4C, (Cp-Cp)o-C-H), 67.5 (4C, (Cp-Cp)m-C-H), 67.3 (4C, (Cp-
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Cp)o-C-H), 64.4 (4C, (CpTc)o-C-H), 61.8 (4C, (CpTc)m-C-H). MS ES+: m/z 805.9641 ([M]+ 

Calc.: 805.9634). 

7.3.2 Direct preparation of FcTc 

METHOD 1: A solution of FcI (0.20 g, 0.64 mmol), CuTc (0.60 g, 3.16 mmol) and 

9,10-dihydroanthracene (0.20 g, 1.11 mmol)) in hydrous, degassed MeCN (20 mL) was stirred 

at 80 oC for 18 h. The solvent was then removed, and the crude mixture was filtered in hexane. 

The filtrate was concentrated, and the orange solution was passed through a pad of silica (c.a. 

5 cm). The desired product was eluted in hexane:DCM (7:3), giving FcTc as a pale orange 

solid (0.16 g, 0.50 mmol, 78%).  

METHOD 2: A solution of FcI (0.20 g, 0.64 mmol), CuI (1.20 g, 6.40 mmol), 2-

thiophene carboxylic acid (0.27 g, 1.92 mmol) and Cs2CO3 (0.625 g, 1.92 mmol) in hydrous, 

degassed MeCN (20 mL) was stirred at 80 oC for 18 h. The solvent was then removed, and the 

crude mixture was filtered in hexane. The filtrate was concentrated, and the orange solution 

was passed through a pad of silica (c.a. 5 cm), continued eluting in hexane yielded Fc formed 

by hydrodehalogenation of FcI. The desired product was eluted in hexane:DCM (7:3), giving 

FcTc as a pale orange solid (0.13 g, 0.42 mmol, 65%).  

7.3.3 Optimisation/investigation reactions for FcTc 

7.3.3.1 Wet vs dry MeCN for the formation of FcTc 

As described in 7.3.2, method 1, using either anhydrous, degassed MeCN, ‘wet’, 

degassed MeCN, or ‘wet’, ‘oxygenated’ MeCN. The solvent was removed from the crude 

reaction mixtures, which were then filtered over celite in hexane. The product mixtures were 

then analysed by 1H NMR spectroscopy; 

 

 

 

Solvent T (K) FcTc Fc2 

MeCN (dry, degassed) 353 37% 63% 

MeCN (hydrous, degassed) 353 97% 3% 

MeCN (hydrous, oxygenated) 353 trace 0% 
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7.3.3.2 Ligand screening for the formation of FcTc 

As described in 7.3.2, method 1, with the exception that the reactions were performed 

on an NMR scale, and a co-ligand was introduced in place of 9,10-dihydroanthracene. The 

solvent was removed from the crude reaction mixtures, which were then filtered over celite in 

hexane. The product mixtures were then analysed by 1H NMR spectroscopy; 

 

 

 

 

 

 

 

*approximate conversion as the presence of contaminants complicated analysis of 

integrals 

7.3.3.3 Influence of conditions/ additives on the formation of FcTc, when using CuTc 

Performed using a Radleys 12 plus carousel. To a mixture of FcI (20 mg, 0.064 mmol), 

CuTc (60 mg, 0.32 mmol) and the chosen additive (given below), was added degassed MeCN 

(12 mL). The reaction mixtures were stirred at 80 oC for 2d. The solvent was removed from 

the crude reaction mixtures, which were then filtered over celite in hexane. The product 

mixtures were then analysed by 1H NMR spectroscopy; 

a) Control; b) KOtBu (14 mg, 0.13); c) exclusion of light; d) 9,10-dihydroanthracene (18 mg, 

0.1 mmol); e) AIBN (4 mg, 0.03 mmol); f) PPh3 (84 mg, 0.32 mmol). 

 

 

 

Co-ligand FcTc 

PPh3 87% 

Bipyridine 82% 

N-phenylpicolinamide 24% 

Ph3C-SH trace 

(SMe)2CO 76%* 

ethyl 1H-pyrrole-2-carboxylate 49%* 

control 87% 
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7.3.3.4 Influence of conditions/ additives on the formation of FcTc, when the copper mediator 

is formed in-situ 

Performed using a Radleys 12 plus carousel with reagent stoichiometry the same as 

stated in 7.3.2. Synthetic procedure was as performed in 7.3.2, method 2, with the exception 

that KOtBu was used in place of Cs2CO3. 

To a mixture of FcI (20 mg, 0.064 mmol), CuI (60 mg, 0.32 mmol), KOtBu (14 mg, 

0.13 mmol) and the chosen additive (given below), was added degassed MeCN (12 mL). The 

reaction mixtures were stirred at 80 oC for 2d. The solvent was removed from the crude reaction 

mixtures, which were then filtered over celite in hexane. The product mixtures were then 

analysed by 1H NMR spectroscopy; 

a) Control; b) exclusion of light c) Cs2CO3 (in place of KOtBu; 41 mg 0.13 mmol); d) 9,10-

dihydroanthracene (18 mg, 0.1 mmol); e) PPh3 (84 mg, 0.32 mmol); f) AIBN (4 mg, 0.03 

mmol). 

 

 

 

 

 

Conditions FcTc 

Control Full consumption of SM 

KOtBu Full consumption of SM 

darkness Full consumption of SM 

9,10-dihydroanthracene Full consumption of SM 

AIBN Full consumption of SM 

PPh3 Full consumption of SM 

Conditions FcTc 

Control 12% 

darkness 11% 

Cs2CO3 13% 

9,10-dihydroanthracene 9% 

PPh3 trace 

AIBN 6% 
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7.3.3.5 Influence of conditions/ additives on the formation of FcTc, when using PPh3-CuTc  

Performed using a Radleys 12 plus carousel, with reagent stoichiometry the same as 

stated in 7.3.2, method 1. To a mixture of FcI (20 mg, 0.064 mmol) and the chose additive 

(given below) was added a a 1:1 solution of CuTc and PPh3 in degassed MeCN (12 mL). The 

reaction mixtures were stirred at 80 oC for 2d. The solvent was removed from the crude reaction 

mixtures, which were then filtered over celite in hexane. The product mixtures were then 

analysed by 1H NMR spectroscopy; 

a) Control; b) KOtBu (14 mg, 0.13);  c) exclusion of light; d) 9,10-dihydroanthracene (18 mg, 

0.11 mmol); e) AIBN (4 mg, 0.03 mmol); f) Cs2CO3 (41 mg 0.13 mmol). 

 

 

 

 

 

*Contain unidentified contaminants that may indicate reduced conversion. 

7.3.4 Direct preparation of Fc(I)Tc 

A solution of FcI2 (0.70 g, 1.60 mmol), CuTc (1.2 g, 6.32 mmol) and 9,10-

dihydroanthracene (0.60 g, 3.33 mmol) in MeCN (30 mL) was stirred at 80 oC for 1 d. After 

cooling to room temperature, DCM (50 mL) was added and the green-blue reaction mixture 

was filtered over celite. The solvent was then removed, and the crude mixture was dissolved in 

hexane and passed through a pad of silica (c.a. 5 cm), with the desired product eluting in 30% 

DCM in hexane.¥ After solvent removal, Fc(I)Tc was obtained as an orange-yellow solid (31 

mg, 0.07 mmol, 4%). 

¥ Fc(I)Tc is prone to degradation on silica 

7.3.5 Direct Preparation of FcTc2 

A solution of FcI2 (0.70 g, 1.60 mmol), CuTc (1.2 g, 6.32 mmol) and 9,10-

dihydroanthracene (0.60 g, 3.33 mmol) in MeCN (30 mL) was stirred at 80 oC for 2 d. After 

Conditions FcTc 

Control Full conversion 

KOtBu Full conversion* 

darkness Full conversion* 

9,10-dihydroanthracene Full conversion 

AIBN Full conversion* 

Cs2CO3 Full conversion* 
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cooling to room temperature, DCM (50 mL) was added and the green-blue reaction mixture 

was filtered over celite. The solvent was then removed, and the crude mixture was dissolved in 

hexane and passed through a pad of silica (c.a. 5 cm), with the desired product eluting in 50% 

DCM in hexane. After solvent removal, FcTc2 was obtained as a yellow solid (0.17 g, 0.38 

mmol, 24%). 

7.3.6 Optimisation/investigation reactions 

7.3.6.1 Investigating radical influence on the formation of FcTc2, when using CuTc 

Performed using a Radleys 12 plus carousel. A solution of FcI2 (20 mg, 0.05 mmol), 

CuTc (90 mg, 0.46 mmol) and the appropriate additive (given below) in MeCN (12 mL) were 

stirred at 80 oC for 2d. The solvent was removed from the crude reaction mixtures, which were 

then filtered over celite in hexane/DCM (4:1). The product mixtures were then analysed by 1H 

NMR spectroscopy; 

 

 

 

 

 

7.3.6.2 Base screening for the formation of FcTc2, using CuI to form the copper mediator in-

situ 

Performed using a Radleys 12 plus carousel. A solution of FcI2 (20 mg, 0.05 mmol), 

CuI (90 g, 0.46 mmol), thiophene-2-carboxylic acid (24 mg, 0.14 mmol) and the appropriate 

base (0.18 mmol) (given below) in MeCN (12 mL) were stirred at 80 oC for 2d. The solvent 

was removed from the crude reaction mixtures, which were then filtered over celite in 

hexane/DCM (4:1). The product mixtures were then analysed by 1H NMR spectroscopy; 

 

 

Additive FcTc2 

Control 44% 

9,10-dihydroanthracene 

(25 mg, 0.14 mmol) 
 86% 

AIBN  

(4 mg, 0.03 mmol) 
No conversion 
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7.3.6.3 Base screening for the formation of FcTc2, using CuCl to form the copper mediator in-

situ 

Performed using a Radleys 12 plus carousel. A solution of FcI2 (20 mg, 0.05 mmol), 

CuCl (46 mg, 0.46 mmol), thiophene-2-carboxylic acid (24 mg, 0.14 mmol) and the appropriate 

base (0.18 mmol) (given below) in MeCN (12 mL) were stirred at 80 oC for 2d. The solvent 

was removed from the crude reaction mixtures, which were then filtered over celite in 

hexane/DCM (4:1). The product mixtures were then analysed by 1H NMR spectroscopy; 

 

 

 

 

7.3.6.4 Attempted optimisation of FcTc2, when copper mediator is formed in-situ  

Performed using a Radleys 12 plus carousel. A solution of FcI2 (20 mg, 0.05 mmol), 

CuCl (50 mg, 0.46 mmol), thiophene-2-carboxylic acid (24 mg, 0.14 mmol) and the appropriate 

base (0.19 mmol) (given below), and any additives (given below) in MeCN (12 mL) were 

stirred at 80 oC for 2d. The solvent was removed from the crude reaction mixtures, which were 

then filtered over celite in hexane/DCM (4:1). The product mixtures were then analysed by 1H 

NMR spectroscopy; 

a) K3PO4 (40 mg, 0.19 mmol), 9,10-dihydroanthracene (25 mg, 0.14 mmol); b) K3PO4 (40 mg, 

0.19 mmol), AIBN (4 mg, 0.03 mmol); c) Cs2CO3 (61 mg, 0.19 mmol), 9,10-dihydroanthracene 

(25 mg, 0.14 mmol); d) Cs2CO3 (61 mg, 0.19 mmol), AIBN (4 mg, 0.03 mmol); e) CuI (in 

Base FcTc2 

Cs2CO3
 (60 mg) No conversion 

KOtBu (20 mg) No conversion 

KH (7 mg) No conversion 

K3PO4 (40 mg) No conversion 

KHMDS (36 mg) No conversion 

Base FcTc2 

Cs2CO3 (60 mg) Trace 

KOtBu (20 mg) Trace 

K3PO4 (60 mg) No conversion 
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place of CuCl), Cs2CO3, 9,10-dihydroanthracene (25 mg, 0.14 mmol); f) CuI (in place of CuCl; 

88 mg, 0.46 mmol), Cs2CO3, AIBN (4 mg, 0.03 mmol). 

 

 

 

 

 

7.3.6.5 Investigating radical influence on the formation of FcTc2, when using PPh3-CuTc 

Performed using a Radleys 12 plus carousel. To FcI2 (20 mg, 0.05) and the additive 

(given below), a 1:1 solution of CuTc (87 mg, 0.46 mmol) and PPh3 (0.12 g, 0.46 mmol) in 

MeCN (12mL) were added. The reaction mixtures were stirred at 80 oC for 2d. The solvent 

was removed from the crude reaction mixtures, which were then filtered over celite in hexane. 

The product mixtures were then analysed by 1H NMR spectroscopy; 

a) Control; b) 9,10-dihydroanthracene (25 mg, 0.14 mmol); c) AIBN (4 mg, 0.03 mmol) 

 

 

 

 

7.3.7 Direct Preparation of Fc2Tc and Fc2Tc2 

From Fc2I2: A solution of Fc2I2 (0.50 g, 0.80 mmol) and 9,10-dihydroanthracene (0.43 

g, 2.41 mmol) in MeCN (100 mL) was sparged with nitrogen for 1 h, after which time CuTc 

(1.53 g, 8.04 mmol) was added. The green-brown reaction mixture was stirred at 80 oC for 2d. 

The solvent was then removed, and the mixture was filtered in DCM over celite. The crude 

mixture was then dissolved in hexane and purified by silica plug (hexane→ hexane/DCM (1:1), 

Conditions FcTc2 

K3PO4, 9,10-dihydroanthracene No conversion 

K3PO4, AIBN No conversion 

Cs2CO3, 9,10-dihydroanthracene Trace 

Cs2CO3, AIBN Trace 

CuI, Cs2CO3, 9,10-dihydroanthracene Trace 

CuI, Cs2CO3, AIBN No conversion 

Conditions FcTc2 

Control 82% 

9,10-dihydroanthracene 77% 

AIBN 64% 
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to yield Fc2 (19 mg, 0.05 mmol, 6%), Fc2Tc (52 mg, 0.11 mmol, 15%), and Fc2Tc2 (60 mg, 

0.10 mmol, 14%).   

From a crude mixture of Fc2, Fc2I and Fc2I2 (~1:1:9 respectively): MeCN (100 mL) 

was added to a crude mixture of Fc2, Fc2I and Fc2I2 (0.60 g), CuTc (0.30 g, 1.58 mmol) and 

9,10-dihydroanthracene (0.20 g, 1.11 mmol). The green-blue reaction mixture was stirred at 80 

oC for 2d. The solvent was then removed, and the mixture was filtered in DCM over celite. The 

crude mixture was then purified by column chromatography on alumina (V), where Fc2Tc 

(0.24 g, 0.49 mmol) eluted in 10-15% DCM in hexane, and Fc2Tc2 (54 mg, 0.09 mmol) eluted 

in 30% DCM in hexane.   

7.3.8 Direct Preparation of Fc3Tc and Fc3Tc2 

MeCN (100 mL) was added to a crude mixture of Fc3, Fc3I and Fc3I2 (1:9:5, 

respectively) (0.60 g), CuTc (0.30 g, 1.58 mmol) and 9,10-dihydroanthracene (0.20 g, 1.11 

mmol). The green-blue reaction mixture was stirred at 80 oC for 2d. The solvent was then 

removed, and the mixture was filtered in DCM over celite. The crude mixture was then purified 

by column chromatography on alumina (V), where Fc3Tc (20 mg, 0.03 mmol) eluted in 20-

25% DCM in hexane, and Fc3Tc2 (20 g, 0.03 mmol) eluted in 40% DCM in hexane. 

7.3.9 Preparations of ferrocenyl alcohols 

7.3.9.1 Ferrocenol6–10 

 

To a solution of FcTc (30 mg, 0.1 mmol) in ethanol (7.00 mL) was added was added a 

degassed solution of KOH(aq) (1 M, 0.11 mL, 0.11 mmol), which was then stirred at 50 oC for 

25 mins. The reaction mixture was cooled to ambient temperature, and a degassed solution of 

HCl(aq) (1 M, 0.11 mL, 0.11 mmol) was then added. After stirring at ambient temperature for 

10 mins, all volatiles were removed, and the yellow residue was filtered over celite in Et2O. 

After solvent removal the product was obtained as a yellow solid (18 mg, 0.09 mmol, 93%) 

with 1% contamination with thiophene-2-carboxylic acid. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.19 (s, 5H, Cp-H), 4.14 (t, J = 1.8 Hz, 

2H, Cp(OH)o-H), 3.84 – 3.79 (m, 2H, Cp(OH)m-H), 3.44 (s, 1H, OH). 13C{1H} NMR (100 



Chapter 7 

308 
 

MHz, CDCl3, 298 K): δ (ppm) 122.5 (1C, CpC-OH), 69.2 (5C, CpC-H), 62.3 (2C, (CpOH)o-

C-H), 57.3 (2C, (CpOH)m-C-H). IR: 3272 (O-H) cm-1. MS ES+: m/z 202.0080 ([M]+ Calc.: 

202.0081). 

7.3.9.2 Ferrocenyloxytrimethylsilane11 

 

To a solution of FcTc (30 mg, 0.1 mmol) in ethanol (7.00 mL) was added was added a 

degassed solution of KOH(aq) (1 M, 0.2 mL, 0.2 mmol), which was then stirred at 50 oC for 20 

mins. All volatiles were removed, and the crude orange residue was dissolved in diethyl ether 

(10 mL). NEt3 (3.00 mL) was then added, followed by TMSCl (0.50 mL, 3.94 mmol) in one 

portion. The orange reaction mixture was then stirred at ambient temperature for 18 h, after 

which time it was filtered over celite and the solvent removed to reveal the product as a yellow 

oil (0.026 g, 0.091 mmol, 95%) which was contaminated with thiophene-2-carboxylic acid 

(7%) and TMSCl (8%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.16 (s, 5H, Cp-H), 4.01 (t, J = 2.0 Hz, 

2H, (CpOH)m-H), 3.77 (t, J = 1.9 Hz, 2H, (CpOH)o-H), 0.24 (s, 9H, Si(CH3)3). 13C{1H} NMR 

(100 MHz, CDCl3, 298 K): δ (ppm) 121.3 (1C, C-O), 69.1 (5C, CpC-H), 61.8 (2C, (CpOH)m-

C-H), 58.9 (2C, (CpOH)o-C-H), 0.3 (3C, Si(CH3)3). IR: 1256 (Si-O) cm-1. Molecular ion not 

observed; MS ES+: m/z 202.0080 ([M]+ Calc. (C10H10FeO): 202.0081). 

7.3.9.3 Biferrocenol  

 

To a solution of Fc2Tc (30 mg, 0.06 mmol) in ethanol (10 mL) was added was added a 

degassed solution of KOH(aq) (1 M, 0.15 mL, 0.15 mmol), which was then stirred at 50 oC for 

20 mins. The reaction mixture was cooled to ambient temperature, and a degassed solution of 

HCl(aq) (1 M, 0.15 mL, 0.15 mmol) was then added. After stirring at ambient temperature for 

10 mins, all volatiles were removed, and the orange-brown residue was filtered over celite in 

Et2O. After solvent removal the product was revealed as an orange solid (30 mg, 0.08 mmol. 

96%) with 10% contamination with thiophene-2-carboxylic acid. 
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.40 (br s, 2H), 4.36 (br s, 2H), 4.23 (br 

s, 2H), 4.20 (br s, 2H), 4.03 (s, 5H, Cp-H), 3.94 (br s, 2H, (CpOH)m-H), 3.68 (br s, 2H, 

(CpOH)o-H), 2.97 (br, s, 1H, OH). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 119.7 

(1C, CpC-OH), 83.9 (1C, CpC-CCp), 83.0 (1C, CpC-CCp), 69.5 (5C, CpC-H), 68.7 (2C, (Cp-

Cp)C-H), 68.3 (2C, (Cp-Cp)C-H), 67.2 (2C, (Cp-Cp)C-H), 65.9 (2C, (Cp-Cp)C-H), 63.4 (2C, 

(CpOH)o-C-H), 59.9 (2C, (CpOH)m-C-H). IR: 3285 (O-H) cm-1. MS ES+: m/z 386.0057 

([M]+ Calc.: 386.0056).  

7.3.9.4 Ferrocene diol12,13 

 

To a solution of FcTc2 (20 mg, 0.05 mmol) in ethanol (7.00 mL) was added was added 

a degassed solution of KOH(aq) (1 M, 0.20 mL, 0.20 mmol), which was then stirred at 45 oC for 

20 mins. The reaction mixture was cooled to ambient temperature, and a degassed solution of 

HCl(aq) (1 M, 0.20 mL, 0.20 mmol) was then added. After stirring at ambient temperature for 

10 mins, all volatiles were removed, and the orange-brown residue was filtered over celite in 

Et2O. After solvent removal the product was revealed as an orange solid (9 mg, 0.04 mmol. 

90%) with 15% contamination with thiophene-2-carboxylic acid. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.20 (pseudo-t, J = 1.9 Hz, 4H, Cp-m-

H), 3.85 (pseudo-t, J = 1.9 Hz, 4H, Cp-o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 

(ppm) 123.0 (2C, CpC-OH), 63.7 (4C, Cp-o-C-H), 57.6 (4C, Cp-m-C-H). IR: 3119 (O-H) cm-

1. MS ES+: m/z 218.0036 ([M]+ Calc.: 218.0030).  

7.3.9.5Bis(trimethylsilyloxy)- ferrocene 

 

To a solution of FcTc2 (25 mg, 0.06 mmol) in ethanol (10 mL) was added a degassed 

solution of KOH(aq) (2M, 0.10 mL, 0.20 mmol), which was then stirred at 50 oC for 20 mins. 

All volatiles were removed, and the crude orange residue was dissolved in diethyl ether (10 

mL). NEt3 (3.00 mL) was then added, followed by TMSCl (0.50 mL, 3.94 mmol) in one 

portion. The orange reaction mixture was then stirred at ambient temperature for 18 h, after 



Chapter 7 

310 
 

which time it was filtered over celite and the solvent removed to reveal the product as a yellow 

oil (26 mg, 0.06 mmol, 96%) which was contaminated with thiophene-2-carboxylic acid (18%) 

and TMSCl (20%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 3.97 (t, J = 1.9 Hz, 4H, Cp-m-H), 3.77 

(t, J = 1.9 Hz, 4H, Cp-o-H), 0.23 (s, 18H, Si(CH3)3). 13C{1H} NMR (100 MHz, CDCl3, 298 

K): δ (ppm) 121.4 (2C, CpC-OSiMe3), 62.9 (4C, Cp-o-C-H), 59.9 (4C, Cp-m-C-H), 0.3 (6C, 

Si(CH3)3). IR: 1259 (Si-O) cm-1. MS ES+: m/z 362.0830 ([M]+ Calc.: 362.0821). 

7.3.9.6 Biferrocene diol 

 

To a solution of Fc2Tc2 (20 mg, 0.03 mmol) in ethanol (10 mL) was added a degassed 

solution of KOH(aq) (1 M, 0.30 mL, 0.30 mmol), which was then stirred at 55 oC for 20 mins. 

The reaction mixture was cooled to ambient temperature, and a degassed solution of HCl(aq) (1 

M, 0.30 mL, 0.30 mmol) was then added. After stirring at ambient temperature for 10 mins, all 

volatiles were removed, and the orange-brown residue was filtered over celite in Et2O. After 

solvent removal the product was revealed as an orange solid (0.01 g, 0.03 mmol. 93%) with 

20% contamination with thiophene-2-carboxylic acid. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.40 (t, J = 1.8 Hz, 4H, (Cp-Cp)m-H)), 

4.25 (t, J = 1.8 Hz, 4H, (Cp-Cp)o-H)), 3.98 (br s, 4H, (CpOH)m-H), 3.71 (s, 4H, (CpOH)o-H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 120.0 (2C, CpC-OH), 83.0 (2C, CpC-CCp), 

69.1 (4C, (Cp-Cp)o-C-H), 67.0 (4C, (Cp-Cp)m-C-H), 63.5 (4C, (CpOH)m-C-H), 59.9 (4C, 

(CpOH)o-C-H). IR: 3155 (O-H) cm-1. MS ES+: m/z 402.0012 ([M]+ Calc.: 402.0006). 

7.3.10 Synthesis of oligomeric ruthenocene thiophene carboxylate adducts  

A solution of diiodoruthenocene (RcI2) (2.00 g, 4.14 mmol) in ‘wet’ acetonitrile (200 

mL) was sparged with nitrogen for 1 h, after which time CuTc (6.29 g, 33.1 mmol) was added. 

The reaction mixture was stirred at 80 oC for 2 days and purified by column chromatography 

on alumina II. The products were eluted in hexane:DCM; 1:0 → 0:1, the solvent removed from 

the respective fractions, and the residues recrystallised from ethanol to give the desired 

products as off-white solids; Yields: Rc2 (95 mg, 0.21 mmol, 5%); RcTc (0.29 g, 0.81 mmol, 
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20%); Rc2Tc (0.12 g, 0.20 mmol, 5%); Rc3Tc (7 mg, 0.009 mmol, <1%); RcTc2 (0.78 g, 1.61 

mmol, 39%); Rc2Tc2 (0.22 g, 0.30 mmol, 7%); Rc3Tc2 (8 mg, 0.01 mmol, <1%) 

7.3.10.1 Ruthenocenyl thiophene-2-carboxylate (RcTc)  

 

  1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.83 (dd, J = 3.8, 1.3 Hz, 1H, Thio-H), 

7.60 (dd, J = 4.9, 1.3 Hz, 1H, Thio-H), 7.12 (dd, J = 5.0, 3.8 Hz, 1H, Thio-H), 5.00 (t, J = 1.8 

Hz, 2H, (CpTc)m-H), 4.64 (s, 5H, Cp-H), 4.41 (t, J = 1.8 Hz, 2H, (CpTc)o-H). 13C{1H} NMR 

(100 MHz, CDCl3, 298 K): δ (ppm) 160.1 (1C, C=O), 134.2 (1C, ThioC-H), 133.1 (1C, ThioC-

H), 133.1 (1C, ThioC-CO2Fc), 127.9 (1C, ThioC-H), 116.6 (1C, CpC-O), 71.6 (5C, CpC-H), 

66.3 (2C, (CpTc)o-C-H), 64.1 (2C, (CpTc)m-C-H). MS ES+: m/z 358.9696 ([M]+ Calc.: 

358.9680). 

7.3.10.2 Biruthenocenyl thiophene-2-carboxylate (Rc2Tc) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.78 (dd, J = 3.8, 1.3 Hz, 1H, Thio-H), 

7.59 (dd, J = 5.0, 1.3 Hz, 1H, Thio-H), 7.10 (dd, J = 5.0, 3.7 Hz, 1H, Thio-H), 4.97 (t, J = 1.8 

Hz, 2H, (CpTc)m-H), 4.77 (t, J = 1.7 Hz, 2H, (Rc)Cp-Cp m-H), 4.68 (t, J = 1.7 Hz, 2H, 

(RcTc)Cp-Cp m-H), 4.56 (t, J = 1.7 Hz, 2H, (Rc)Cp-Cp o-H), 4.47 (s, 5H, Cp-H), 4.35 (td, J = 

1.8, 0.8 Hz, 4H, (CpTc)o-H (2H) and (RcTc)Cp-Cp o-H (2H)). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 160.1 (1C, C=O), 134.3 (1C, ThioC-H), 133.3 (1C, ThioC-CO2Fc), 

133.1 (1C, ThioC-H), 127.9 (1C, ThioC-H), 116.9 (1C, CpC-O), 88.9 (1C, (Rc)CpC-CCp), 

86.5 (1C, (Rc)CpC-CCp), 72.2 (2C, (Rc)Cp-Cp m-C-H), 71.1 (5C, CpC-H), 71.0 (2C, (Rc)Cp-

Cp o-C-H), 70.9 (2C, (RcTc)Cp-Cp m-C-H), 69.8 (2C, (RcTc)Cp-Cp o-C-H), 67.2 (2C, 

(CpTc)o-C-H), 65.1 (2C, (CpTc)m-C-H). MS ES+: m/z 587.9293 ([M]+ Calc.: 587.9271). 
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7.3.10.3 Triruthenocenyl thiophene-2-carboxylate (Rc3Tc) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.77 (dd, J = 3.8, 1.3 Hz, 1H, Thio-H), 

7.60 (dd, J = 5.0, 1.3 Hz, 1H, Thio-H), 7.12 (dd, J = 5.0, 3.8 Hz, 1H, Thio-H), 4.96 (pseudo-t, 

J = 1.8 Hz, 2H, CpC-H), 4.73 (pseudo-t, J = 1.7 Hz, 2H, CpC-H), 4.61 (pseudo-t, J = 1.7 Hz, 

2H, CpC-H), 4.60 (pseudo-t, J = 1.7 Hz, 2H, CpC-H), 4.57 (pseudo-t, J = 1.7 Hz, 2H, CpC-H), 

4.54 (pseudo-t, J = 1.7 Hz, 2H, CpC-H), 4.47 (s, 5H, CpC-H) 4.45 (pseudo-t, J = 1.8 Hz, 2H, 

CpC-H), 4.40 (pseudo-t, J = 1.7 Hz, 2H, CpC-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): 

δ (ppm) 160.5 (1C, C=O), 134.1 (1C, ThioC-H), 133.2 (1C, ThioC-CO2Fc), 132.9 (1C, ThioC-

H), 127.7 (1C, ThioC-H), 116.7 (1C, CpC-O), 92.0 (1C, CpC-CCp), 88.0 (1C, CpC-CCp), 86.7 

(1C, CpC-CCp), 86.0 (1C, CpC-CCp), 71.3 (2C, CpC-H), 71.0 (2C, CpC-H), 71.0 (5C, CpC-

H), 70.9 (2C, CpC-H), 70.9 (2C, CpC-H), 70.8 (2C, CpC-H), 70.4 (2C, CpC-H), 70.4 (2C, 

CpC-H), 69.6 (2C,CpC-H), 66.9 (2C, CpC-H), 64.8 (2C, CpC-H). MS ES+: m/z 816.8988 

([M]+ Calc.: 816.8953). 

7.3.10.4 Ruthenocenyl bis thiophene-2-carboxylate (RcTc2) 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm)  7.71 (dd, J = 3.7, 1.3 Hz, 2H, Thio-H), 

7.53 (dd, J = 5.0, 1.3 Hz, 2H, Thio-H), 7.03 (dd, J = 5.0, 3.7 Hz, 2H, Thio-H), 5.12 (t, J = 1.9 

Hz, 4H, (CpTc)m-H), 4.48 (t, J = 1.9 Hz, 4H, (CpTc)o-H). 13C{1H} NMR (100 MHz, CDCl3, 

298 K): δ (ppm) 160.0 (2C, C=O), 134.2 (2C, ThioC-H), 133.2* (2C, ThioC-H), 127.9 (2C, 

ThioC-H), 117.2 (2C, CpC-O), 67.7 (4C, (CpTc)o-C-H), 65.6 (4C, (CpTc)m-C-H). MS ES+: 

m/z 484.9452 ([M]+ Calc.: 484.9455). 

*peak representing 2C (ThioC-CO2Fc) is not found and is assumed to be underneath 

this peak (133.2 ppm). 
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7.3.10.5 Biruthenocenyl bis thiophene-2-carboxylate (Rc2Tc2)
 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.75 (dd, J = 3.8, 1.3 Hz, 2H, Thio-H), 

7.57 (dd, J = 4.9, 1.3 Hz, 2H, Thio-H), 7.10 (dd, J = 5.0, 3.8 Hz, 2H, Thio-H), 4.95 (t, J = 1.8 

Hz, 2H, (CpTc)m-H), 4.77 (t, J = 1.7 Hz, 2H, (Cp-Cp)m-H), 4.40 (t, J = 1.8 Hz, 2H, (Cp-

Cp)o-H), 4.31 (t, J = 1.8 Hz, 2H, (CpTc)o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 

(ppm) 160.0 (2C, C=O), 134.3 (2C, ThioC-H), 133.1 (2C, ThioC-CO2Fc), 133.1 (2C, ThioC-

H), 127.9 (2C, ThioC-H), 116.8 (2C, CpC-O), 87.6 (2C, CpC-CCp), 71.6 (4C, (Cp-Cp)m-C-

H), 71.1 (4C, (Cp-Cp)o-C-H), 67.1 (4C, (CpTc)o-C-H), 65.0 (4C, (CpTc)m-C-H). MS ES+: 

m/z 713.9084 ([M]+ Calc.: 713.9046). 

7.3.10.6 Triruthenocenyl bis thiophene-2-carboxylate (Rc3Tc2)
 

 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.73 (dd, J = 3.8, 1.3 Hz, 2H, Thio-H), 

7.57 (dd, J = 5.0, 1.3 Hz, 2H, Thio-H), 7.09 (dd, J = 5.0, 3.8 Hz, 2H, Thio-H), 4.92 (pseudo-t, 

J = 1.8 Hz, 4H, (CpTc)m-H), 4.67 (pseudo-t, J = 1.7 Hz, 4H, (Cp-Cp)m-H), 4.54 (pseudo-t, J 

= 1.7 Hz, 4H, (Cp-Cp)m-H), 4.50 (pseudo-t, J = 1.7 Hz, 4H, (Cp-Cp)o-H), 4.30 (pseudo-t, J = 

1.8 Hz, 4H, (CpTc)o-H), 4.23 (pseudo-t, J = 1.7 Hz, 4H, (Cp-Cp)o-H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ (ppm) 160.0 (2C, C=O), 134.3 (2C, ThioC-H), 133.4(2C, ThioC-

CO2Rc), 133.0 (2C, ThioC-H), 127.9 (2C, ThioC-H), 116.8 (2C, CpC-O), 87.86 (2C, CpC-

CCp), 86.64 (2C, CpC-CCp), 71.28 (4C, (Cp-Cp)m-C-H), 71.03 (4C, (Cp-Cp)o-C-H), 70.88  

(4C, (Cp-Cp)m-C-H), 70.45 (4C, (Cp-Cp)o-C-H), 67.03 (4C, (CpTc)o-C-H), 64.90 (4C, 

(CpTc)m-C-H). MS ES+: [M + Na] m/z 965.8659 ([M + Na]+ Calc.: 965.8626). 
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7.3.11 Investigative reactions 

7.3.11.1 Preparation of oligomeric ruthenocene thiophene carboxylate adducts in NMP 

Copper thiophene carboxylate (3.80 g, 20.00 mmol) was suspended in NMP (300 mL), 

then RcI2 (0.80 g, 1.66 mmol) was added and the blue mixture was stirred at room temperature 

for 3 days. The mixture was filtered over celite and the solvent removed in vacuo. The crude 

product was redissolved in DCM and washed with water (10 x 250 mL) then brine (5 x 250 

mL) until all NMP was removed, then dried over MgSO4 and filtered. The product mixture was 

then purified by column chromatography, on alumina II, and the products were eluted in 

hexane:DCM; 1:0 → 0:1. Unreacted starting materials could be recovered during column 

chromatography through elution in hexane. Yields RcTc (3 mg, 0.01 mmol, <1%); Rc2Tc (15 

mg, 0.026 mmol, <1%); Rc3Tc (12 mg, 0.01 mmol, <1%); RcTc2 (6 mg, 0.01 mmol, <1%); 

Rc2Tc2 (4 mg, 0.01 mmol, <1%); Rc3Tc2 (5 mg, 0.01 mmol, <1%). 

7.3.11.2 Attempted optimisation of RcTc, when copper mediator is formed in-situ 

On an NMR scale, a solution of RcI in MeCN (d3) was degassed for. CuI, thiophene- 

mins 2-carboxylic acid and Cs2CO3 were added and the blue mixture was stirred at 80 oC for 2 

d. The reaction mixture was then cooled to room temperature, filtered and evaluated by 1H 

NMR spectroscopy where is was shown than RcTc was obtained in 25% conversion from RcI. 

7.3.12 Preparations of ruthenocenyl alcohols 

7.3.12.1 Ruthenocenol14,15 

 

To a solution of RcTc (20 mg, 0.06 mmol) in ethanol (10 mL) was added a degassed 

solution of KOH(aq) (1 M, 0.15 mL, 0.15 mmol), which was then stirred at 50 oC for 25 mins. 

The reaction mixture was cooled to ambient temperature, and a degassed solution of HCl(aq) (1 

M, 0.15 mL, 0.15 mmol) was then added. After stirring at ambient temperature for 10 mins, all 

volatiles were removed and the off-white residue was filtered over celite in Et2O. After solvent 

removal the product was obtained as an off-white solid (14 mg, 0.05 mmol, 89%) 
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.67 (pseudo-t, J = 1.7 Hz, 2H, (CpOH)m-

H), 4.57 (s, 5H, Cp-H), 4.21 (pseudo-t, J = 1.8 Hz, 2H, (CpOH)o-H), 3.31 (br, s, 1H, OH). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 122.9 (1C, CpC-O), 71.1 (5C, CpC-H), 

65.0 (2C, (CpOH)o-C-H), 61.7 (2C, (CpOH)m-C-H). IR: 3179 (O-H) cm-1. MS ES+: [M + 

CH3CN + H] m/z 290.0133 ([M + CH3CN + H]+ Calc.: 290.0119). 

7.3.12.2 Biruthenocenol 

 

To a solution of Rc2Tc (30 mg, 0.05 mmol) in ethanol (12 mL) was added a degassed 

solution of KOH(aq) (1 M, 0.10 mL, 0.10 mmol), which was then stirred at 50 oC for 25 mins. 

The reaction mixture was cooled to ambient temperature, and a degassed solution of HCl(aq) (1 

M, 0.10 mL, 0.10 mmol) was then added. After stirring at ambient temperature for 10 mins, all 

volatiles were removed, and the off-white residue was filtered over celite in Et2O. After solvent 

removal the product was obtained as an off-white solid (28 mg, 0.04 mmol, 82%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.70 (pseudo-dt, J = 3.7, 1.7 Hz, 4H), 

4.61 (pseudo-t, J= 1.6 Hz, 2H, (CpOH)-H), 4.54 (s, 5H, Cp-H), 4.50 (pseudo-dt, J = 3.3, 1.6 

Hz, 4H), 4.19 (pseudo-t, J= 1.9 Hz, 2H, (CpOH)-H), 3.27 (s, 1H, OH). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ (ppm) 120.7 (1C, CpC-OH, 87.4 (1C, CpC-CCp), 87.2 (1C, CpC-

CCp), 72.2 (2C, (Cp-Cp)C-H), 71.3 (5C, CpC-H), 71.0 (2C, (Cp-Cp)C-H), 70.7 (2C, (Cp-

Cp)C-H), 70.0 (2C, (Cp-Cp)C-H), 66.2 (2C, (CpOH)C-H), 63.8 (2C, (CpOH)C-H). IR: 3293 

(O-H) cm-1. MS ES+: [M + H] m/z 478.9547 ([M+ H]+ Calc.: 478.9523). 

7.3.12.3 Ruthenocene diol12 

 

To a solution of RcTc2 (40 mg, 0.08 mmol) in ethanol (10 mL) was added a degassed 

solution of KOH(aq) (1 M, 0.20 mL, 0.20 mmol), which was then stirred at 50 oC for 25 mins. 

The reaction mixture was cooled to ambient temperature, and a degassed solution of HCl(aq) (1 

M, 0.20 mL, 0.20 mmol) was then added. After stirring at ambient temperature for 10 mins, all 

volatiles were removed, and the off-white residue was filtered over celite in Et2O. After solvent 
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removal the product was obtained as an off-white solid (21 mg, 0.08 mmol, 95%) with 17% 

contamination with thiophene-2-carboxylic acid. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.67 (pseudo-t, J = 1.8 Hz, 2H, Cp-m-

H), 4.21 (pseudo-t, J = 1.7 Hz, 2H, Cp-o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 

(ppm) δ 121.2 (2C, CpC-OH), 65.7 (2C, Cp-o-C-H), 62.6 (2C, Cp-m-C-H). IR: 3117 (O-H) 

cm-1. MS ES+: [M + CH3CN] m/z 304.9983 ([M + CH3CN]+ Calc.: 304.9990). 

7.3.12.4 Biruthenocene diol 

 

To a solution of Rc2Tc2 (20 mg, 0.03 mmol) in ethanol (10 mL) was added was added 

a degassed solution of KOH(aq) (1 M, 0.30 mL, 0.30 mmol), which was then stirred at 55 oC for 

20 mins. The reaction mixture was cooled to ambient temperature, and a degassed solution of 

HCl(aq) (1 M, 0.30 mL, 0.30 mmol) was then added. After stirring at ambient temperature for 

10 mins, all volatiles were removed, and the orange-brown residue was filtered over celite in 

Et2O. After solvent removal the product was revealed as an orange solid (13 mg, 0.02 mmol. 

86%) with 18% contamination with thiophene-2-carboxylic acid. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 4.71 – 4.69 (m, 4H, (Cp-Cp)m-H), 4.67 

– 4.65 (m, 4H, (CpOH)m-H), 4.53 – 4.52 (m, 4H, (Cp-Cp)o-H), 4.24 – 4.23 (m, 4H, (CpOH)o-

H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 122.4 (2C, CpC-OH), 88.2 (2C, CpC-

CCp), 73.2 (4C, (Cp-Cp)m-C-H), 70.6 (4C, (Cp-Cp)o-C-H), 65.6 (4C,(CpOH)o-C-H), 63.2 

(4C, (CpOH)m-C-H). IR: 3335 (O-H) cm-1. MS ES+: [M + CH3CN] m/z 533.9607 ([M+ 

CH3CN]+ Calc.: 533.9581). 
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7.4. Compounds synthesised in Chapter 4 

7.4.1. Branched Ligands 

7.4.1.1. Preparation of 3,5-(bis trimethylsilyl) diethynyl pyridine16 

 

 3,5-Dibromo pyridine (5.01 g, 21.15 mmol), PdCl2(PPh3)2 (0.16 g, 0.22 mmol) and CuI 

(0.04 g, 0.21 mmol) were dissolved in the minimum amount of toluene (60 mL); DIPA (20 

mL) and TMS-acetylene (10 mL) were then added. After sparging for 15 minutes, the reaction 

mixture was heated to 70 oC and stirred overnight. The solvent was removed, and the crude 

product redissolved in ethyl acetate and washed with water (50 mL x 3). The organic phase 

was dried over MgSO4 and the solvent removed to give a brown solid. Analysis of the crude 

product by 1H NMR spectroscopy revealed the product to be effectively pure (5.23 g, 19.31 

mmol, 91%) and so it was deprotected without further purification. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.57 (d, J= 2.0 Hz, 2H), 7.81 (t, J= 2.0 

Hz 1H), 0.25 (s, 18H). 

7.4.1.2. Preparation of 3,5-diethynyl pyridine17 (1a) 

 

Under aerobic conditions, the previously formed 3,5-(bis trimethylsilyl)diethynyl 

pyridine (2.60 g, 19.31 mmol) was dissolved in methanol:THF (1:1) (150 mL). 1 M NaOH(aq) 

(20 mL) was added, and the reaction mixture was stirred at room temperature for 2 h, during 

which time the brown colour intensified. After cooling to room temperature, the solvent was 

removed and the mixture redissolved in hexane: ethyl acetate (1:1). The organic phase was 

washed with brine (3 x 100 mL), dried over MgSO4 and the solvent removed. The brown crude 

product was redissolved in the minimum amount of hexane: DCM (1:1) and purified by (short) 

column chromatography (silica; n-hexane: DCM [1:1]). Removal of the solvent gave the 

product as an off-white solid Φ (2.06 g, 16.22 mmol 84%). 
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.65 (d, J= 2.1 Hz, 2H), 7.85 (t, J= 2.0 

Hz, 1H), 3.24 (s, 2H).  

Φ Product stored in the dark, in the freezer as it turns yellow and forms an impurity when 

stored on the bench-top. 

7.4.1.3. Synthesis of 2,6-diethynyl pyridine17 (1b) 

 

As written in 7.4.1.1 and 7.4.1.2, with the exception that 2,6-diethynyl pyridine (5.00 

g, 21.2 mmol) was used in place of 3,5-dibromo pyridine. The TMS protected intermediate was 

not isolated or characterised, and was used in the deprotection step without further purification. 

After column chromatography, a yellow contaminant was removed by washing with hexane to 

give the desired product as an off-white solid (1.44 g, 11.34 mmol, 54%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.65 (dd, J=7.8 Hz, 1H), 7.45 (d, J=7.8 

Hz 2H), 3.16 (s, 2H).  

7.4.1.4. Synthesis of 2-methyl-4-(6-((trimethylsilyl)ethynyl)pyridin-2-yl)but-3-yn-2-ol 

 

Synthesised in collaboration with Rachel Chan. 2,6-Dibromo pyridine (4.99 g, 17.70 

mmol), PdCl2(PPh3)2 (0.63 g, 0.89 mmol), PPh3 (3.57 g, 13.60 mmol) and CuI (0.21 g, 1.08 

mmol) were dissolved in toluene (50 mL). After sparging for 15 minutes, DIPA (2.00 mL) and 

2-methylbut-3-yn-2-ol (1.85 mL, 18.60 mmol) were added, and the red reaction mixture was 

stirred at 70 oC for 3 h. The progress of the reaction was monitored by TLC (silica; hexane: 

EtOAc; 4:1; developed with KMnO4) until no more alkynyl starting material was detected. 

Trimethylsilyl acetylene (16 mL, 70.80 mmol) was then added, and the brown reaction mixture 

was stirred at 60 oC for ~18 h. The mixture was cooled to room temperature and all volatiles 

were removed in vacuo to afford a brown solid. The crude product was purified by short column 

chromatography (silica; n-hexane: EtOAc [1:0 → 9:1]). The product was yielded as a yellow 

solid (3.19 g, 12.41 mmol, 70 %). 
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.56 (pseudo-t, 3JHH = 7.8 Hz, 1H, 

(PyrN)p-H), 7.34 (dd, 3JHH = 7.8, 4JHH =1.1 Hz, 1H, (Pyr-C≡C-TMS)o-H), 7.30 (dd, 3JHH = 

7.8, 4JHH =1.1 Hz, 1H, (Pyr-C≡C-prop)o-H), 2.08 (s, 1H), 1.61 (s, 6H, C(CH3)2), 0.25 (s, 9H, 

Si(CH3)3). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 143.3 (1C, PyrC-C≡C), 143.1 

(1C, PyrC-C≡C), 136.4 (1C, PyrN)p-C-H), 126.5 (1C, PyrN)m-C-H), 126.4 (1C, PyrN)m-C-

H), 103.0 (1C, Pyr-C≡C-TMS), 95.6 (1C, TMS-C≡C), 94.6 (1C, Prop-C≡C), 81.0 (1C, Pyr-

C≡C-prop), 65.2 (1C, C(CH3)2), 31.1 (2C, C(CH3)2), -0.3 (3C, Si(CH3)3).  MS ES+: m/z 

258.1323 ([M]+ Calc.: 258.1314).  

7.4.1.5. Synthesis of 4-(6-ethynylpyridin-2-yl)-2-methylbut-3-yn-2-ol 

  

Under aerobic conditions, (7.4.1.4) (1.50 g, 5.83 mmol) was dissolved in methanol:THF 

(1:1) (50 mL) and sparged with nitrogen for 15 min. A solution of TBAF (1 M in THF) (4.84 

mL, 4.84 mmol) was added and the reaction mixture was stirred for 4 h. The solvent was 

removed in vacuo, and the crude product was dissolved in ethyl acetate, washed with water and 

brine, and dried over MgSO4. The extract was filtered, and the solvents removed to afford the 

crude product as a brown oil. The brown crude product was redissolved in the minimum 

amount of hexane: DCM (1:1) and purified by (short) column chromatography (silica; n-

hexane → n-hexane:CH2Cl2 [8:2] → n-hexane:EtOAc [9:1]). Subsequent recrystallisation by 

slow evaporation (n-hexane/CH2Cl2) yielded the desired product in the form of pale yellow 

needles (0.87 g, 4.70 mmol, 81 %). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.63 (t, 3JHH = 7.8 Hz, 1H, Pyr(p-N)-H), 

7.36 (pseudo-t, 3JHH = 7.8 Hz, 2H, Pyr(m-N)-H), 3.15 (s, 1H, C≡C-H), 2.06 (s, 1H, OH), 1.63 

(s, 6H, C(CH3)2).
 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 143.4 (1C, PyrC-C≡C-

prop), 142.5 (1C, PyrC-C≡C-H), 136.5 (1C, Pyr(p-N)-C-H), 126.8 (1C, Pyr(m-N)-C-H), 126.6 

(1C, Pyr(m-N)-C-H), 94.5 (1C, C≡C-prop), 82.2 (1C, C≡C-H), 81.0 (1C, C≡C-prop), 77.8 

(1C, C≡C-H), 65.4 (1C, C(CH3)2), 31.1 (2C, C(CH3)2). MS ES+: m/z 186.0911 ([M]+ Calc.: 

186.0919). 
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7.4.1.6. Synthesis of 2-methyl-4-(4'-((trimethylsilyl)ethynyl)-[2,2'-bipyridin]-4-yl)but-3-yn-2-

ol 

 

A solution of 2,4-dibromo bipyridine (5.00 g, 15.92 mmol), PdCl2(PPh3)2 (1.05 g, 1.59 

mmol) and CuI (0.30 g, 1.59 mmol) in DIPA (22 mL) and toluene (80 mL) was sparged with 

nitrogen for 10 min. 2-Methylbut-3-yn-2-ol (1.65 mL, 15.92 mmol) was added and the red 

reaction mixture was stirred at 65 oC for 2 h. The progress of the reaction was monitored by 

TLC (silica; hexane: EtOAc; 4:1; developed with KMnO4) until no more alkynyl starting 

material was detected. Trimethylsilyl acetylene (8.80 mL, 63.68 mmol) was then added, and 

the brown reaction mixture was stirred overnight at 85 oC. The solvent was then removed, and 

the product was redissolved in DCM and dry loaded on to silica. The product was purified by 

flash column chromatography (silica; hexane: EtOAc; 1:0 → 2:3). The product was yielded as 

an off-white solid (0.99 g, 2.96 mmol, 19%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.63 (dd, J=  1.4, 0.9 Hz, 2H, Ar-H), 8.62 

(dd, J=  1.4, 0.9 Hz, 2H, Ar-H), 8.43 (dd, J = 1.6, 0.9 Hz, 1H, Ar-H), 8.41  (dd, J = 1.6, 0.8 Hz, 

1H, Ar-H), 7.33 (dd, J = 5.0, 1.6 Hz, 1H, Ar-H ), 7.29 (dd, J= 5.0, 1.6 Hz, 1H, Ar-H), 2.18 (s, 

1H, OH) 1.63 (s, 6H, CH3), 0.27 (s, 9H,  Si(CH3)3).
 13C{1H} NMR (100 MHz, CDCl3, 298 K): 

δ (ppm) 155.7 (1C, ArC-CAr), 155.7 (1C, ArC-CAr), 149.3 (2C, ArC-H), 132.5 (1C, ArC-

C≡C), 132.2 (1C, ArC-C≡C), 125.9 (1C, ArC-H), 125.8 (1C, ArC-H), 123.8 (1C, ArC-H), 

123.5 (1C,  ArC-H), 102.3 (1C, C≡C-TMS), 100.3 (1C, C≡C-TMS), 98.7 (1C, C≡C-PrOH), 

80.1 (1C, C≡C-PrOH), 65.7 (1C, C≡C-PrOH), 31.4 (2C, CH3), -0.2 (3C, Si(CH3)3). MS ES+: 

m/z 335.1587 ([M]+ Calc.: 335.1580)  

7.4.1.7. Synthesis of 4-(4'-ethynyl-[2,2'-bipyridin]-4-yl)-2-methylbut-3-yn-2-ol 
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Under ambient conditions, a solution of (7.4.1.6) (0.48 g, 1.43 mmol) in methanol was 

sparged for 10 minutes. A solution of TBAF (1 M in THF) (4.00 mL, 4.00 mmol) was added 

and the reaction mixture was stirred for 2 hrs. The solvent was removed in vacuo, and the crude 

product was redissolved in ethyl acetate, washed with water and dried over MgSO4. The 

product was obtained as an off-white solid (0.37 g, 1.40 mmol, 98%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.64 (ddd, J=  9.9 5.0, 0.9 Hz, 2H, Ar-

H), 8.48 (ddd, J= 1.6, 0.9 Hz, 1H, Ar-H), 8.41, (dd, J= 1.6, 0.9 Hz, 1H, Ar-H), 7.38 (dd, J= 

5.0, 1.6 Hz, 1H, Ar-H), 7.30 (dd, J= 5.0, 1.6 Hz, 1H, Ar-H), 3.32 (s, 1H, C≡C-H), 2.16 (s, 1H, 

OH) 1.64 (s, 6H, CH3. 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 155.9 (1C, ArC-

CAr) 155.5 (1C, ArC-CAr), 149.4 (2C, ArC-H), 132.2 (1C, ArC-C≡C-PrOH), 131.6 (1C, ArC-

C≡CH), 126.3 (1C, ArC-H), 125.9 (1C, ArC-H), 123.9 (1C, ArC-H), 123.6 (1C, ArC-H), 98.7 

(1C, C≡C-PrOH), 82.1 (1C, C≡C-H), 81.3 (1C, C≡C-H) , 80.1 (1C, C≡C-PrOH), 65.7 (1C, 

C-CPrOH), 31.4 (2C, CH3). MS ES+: m/z 263.1191 ([M]+ Calc.: 263.1184)  

7.4.1.8. Attainment of 4,4'-bis((trimethylsilyl)ethynyl)-2,2'-bipyridine18 

 

 The title molecule was obtained as a side product from (7.4.1.6) as an off-white solid 

(0.87 g, 2.50 mmol, 16%).  

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.62 (dd, J = 5.0, 0.9 Hz, 2H), 8.43 (dd, 

J = 1.6, 0.9 Hz, 2H), 7.33 (dd, J = 5.0, 1.6 Hz, 2H), 0.27 (s, 18H). LR-MS ES+: m/z 349 

([M]+ Calc.: 348) 

7.4.1.9. 4,4'-Diethynyl-2,2'-bipyridine18 (1e) 

 

Under ambient conditions, a solution of (7.4.1.8) (0.35 g, 1.72 mmol) in methanol/THF 

(1:1) was sparged with nitrogen for 10 minutes. K2CO3 (0.47 g, 3.43 mmol) was added and the 

reaction mixture was stirred for 2 h to give a yellow solution. The solvent was removed in 
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vacuo, and the crude product was redissolved in ethyl acetate, washed with water and dried 

over MgSO4. After solvent removal, the product was obtained as an off-white solid (0.32, 1.56 

mmol, 91%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.66 (dd, J = 5.0, 0.9 Hz, 2H, Ar-H), 8.48 

(t, J = 1.2 Hz, 2H, Ar-H), 7.38 (dd, J = 5.0, 1.6 Hz, 2H, Ar-H), 3.32 (s, 2H, C≡C-H). MS ES+: 

m/z 205.0769 ([M]+ Calc.: 205.0766) 

7.4.1.10. Preparation of 3,4-(bis trimethylsilyl) diethynyl thiophene19 

 

PdCl2(PPh3)2 (0.15 g, 0.21 mmol) and CuI (33 mg, 0.21 mmol) were dissolved in 

toluene (60 mL); 3,4-dibromo thiophene (5.03 g, 2.30 mL, 20.92 mmol), TMS-acetylene (8.51 

g, 12 mL, 86.81 mmol) and DIPA (20 mL) were then added. After sparging for 15 minutes, the 

reaction mixture was heated to 75 oC and stirred overnight. A further addition of TMS-

acetylene (4.25 g, 6.00 mL, 43.40 mmol), PdCl2(PPh3)2 (0.15 g, 0.21 mmol) and CuI (33 mg, 

0.21 mmol) was made, and the reaction mixture was heated to 90 oC and stirred overnight for 

a second time. The solvent was removed, and the crude product redissolved in hexane and 

washed with water (50 mL x 3). The organic phase was dried over MgSO4 and the solvent 

removed to give a brown solid. The product was purified by column chromatography (silica; 

n-hexane) to yield the product as a deep red oil (3.67 g, 13.29 mmol, 64 %). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.40 (s, 2H, Ar-H), 0.25 (s, 18H, 

Si(CH3)3). 

7.4.1.11. Deprotection of 3,4-(bis trimethylsilyl) diethynyl thiophene19 (1c) 

 

Under aerobic conditions, the previously formed 3,4-(bis-trimethylsilyl)diethynyl 

thiophene (7.4.1.10) (1.00 g, 3.62 mmol) was dissolved in methanol:THF (1:1) (150 mL). 0.5 

M NaOH(aq) (20 mL) was added and the reaction mixture was stirred in the dark, at room 

temperature for 2 h, with a constant flow of nitrogen bubbling through it. After cooling to room 
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temperature, the solvent was removed and the mixture redissolved in hexane. The organic 

phase was washed with water (3 x 100 mL), dried over MgSO4 and the solvent removed. 

Analysis of the crude product by 1H NMR spectroscopy revealed the 3,4-diethynyl thiophene 

to be effectively pure (0.45 g, 3.44 mmol, 94%) and so it was used immediately, without further 

purification. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.48 (s, 2H, Ar-H), 3.21 (s, 2H C≡C-H). 

7.4.1.12. Preparation of triisopropyl((4-((trimethylsilyl)ethynyl)thiophen-3-

yl)ethynyl)silane20  

 

To a solution of PdCl2(PPh3)2 (1.47 g, 2.07 mmol) and CuI (0.39 g, 2.07 mmol) in 

toluene (60 mL) and DIPA (10 mL), 3,4-dibromo thiophene (5.00 g, 20.07 mmol) was added. 

TMSA (3.50 mL, 24.80 mmol) was added and the yellow reaction mixture was stirred at 60 oC 

for 24 h. A second portion of TMSA (1.75 mL, 12.40 mmol) was added via syringe and the 

reaction mixture stirred for a further 24 h. TIPS-acetylene (4.10 mL, 41.70 mmol), 

PdCl2(PPh3)2 (0.74 g, 1.04 mmol) and CuI (0.20 g, 1.04 mmol) were then added and the 

reaction mixture was stirred at 60 oC for a further 18 h. The solvent was removed, the crude 

product dissolved in hexane and filtered, the solvent was then removed from the filtrate to give 

a yellow-brown oil. The product was purified by column chromatography (silica; n-hexane) to 

yield the product as a yellow oil (1.04 g, 2.87 mmol, 14%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.41 (d, J = 3.2 Hz, 1H, Ar-H), 7.39 (d, 

J = 3.2 Hz, 1H, Ar-H), 1.14 (s, 21H, TIPS-H), 0.22 (s, 18H, TMS-H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ (ppm) 13C NMR (101 MHz, CDCl3) δ 129.5 (1C, ThioC-H), 129.2 (1C, 

ThioC-H), 125.4 (1C, ThioC-C≡C), 125.2 (1C, ThioC-C≡C), 100.0 (1C, Thio-C≡C), 98.3 

C≡C), 96.5 (1C, C≡C-TMS), 93.0 (1C, C≡C-TIPS), 18.9 (6C, CH(CH3)2), 11.4 (3C, 

CH(CH3)2), 0.1 (3C, Si(CH3)3). MS ES+: m/z 361.1836 ([M]+ Calc.: 361.1836)  
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7.4.1.13. ((4-ethynylthiophen-3-yl)ethynyl)triisopropylsilane 

 

Under aerobic conditions, a solution of (7.4.1.12) (0.60 g, 1.61 mmol) in methanol:THF 

(1:1) (60 mL) was sparged with N2. K2CO3 (0.24 g, 1.76 mmol) was added, and the reaction 

mixture was stirred at room temperature, with sparging, for 3 h. To the pale yellow solution, 

DCM was added and the organic phase was washed with water (3 x 100 mL), dried over 

MgSO4, filtered. The solvent was removed to give a yellow oil (0.45 g, 1.58 mmol, 98%) that 

was used without further purification. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.44 (d, J = 3.2 Hz, 1H, Ar-H (o-C≡C-

H)), 7.41 (d, J = 3.2 Hz, 1H, Ar-H (o-C≡C-TIPS)), 3.13 (s, 1H, C≡C-H), 1.14 (d, J = 0.8 Hz, 

21H, Si(CH3)2CH). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 129.5 (1C, ThioC-H 

(o-C≡C-H), 128.8 (1C, ThioC-H (o-C≡C-TIPS), 125.8 (1C, ThioC-C≡C-TIPS), 124.4 (1C, 

ThioC-C≡C-H), 99.8 (1C, C≡C-TIPS), 93.5 (1C, C≡C-TIPS), 79.6 (1C, C≡C-H), 77.6 (1C, 

C≡C-H), 18.8 (6C, CH(CH3)2), 11.4 (3C, CH(CH3)2). MS ES+: m/z 289.1440 ([M]+ Calc.: 

289.1441). 

7.4.2. Terminal Ligands and Ferrocenes 

7.4.2.1. Synthesis of 1-iodo, 1’-(4-ethynylpyridine) ferrocene 

 

To a solution of FcI2 (6.00 g, 13.70 mmol), Pd(PtBu3)2 (0.14 g, 0.27 mmol) and CuI 

(0.05 g, 0.27 mmol) in toluene (50 mL) and DIPA (10 mL), 4-ethynylpyridine hydrochloride 

(0.40 g, 2.70 mmol) was added and the brown reaction mixture was stirred at 65 oC for 24 h. 

DCM was added and the mixture was filtered over celite and washed with DCM until the filtrate 

ran colourless. The product was purified by short column chromatography (Al(V), 
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hexane/DCM 1:0→9:1), and the solvent removed from the combined fractions to give the 

product as an orange solid (0.66 g, 1.60 mmol, 59%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.57 (dd, 3JHH = 4.4, 1.6 Hz, 2H, Ar-H), 

7.36 (dd, 3JHH= 4.4, 1.6 Hz, 2H, Ar-H), 4.51 (pseudo-t, 3JHH = 1.9 Hz, 2H), 4.46 (pseudo-t, 3JHH 

= 1.8 Hz, 2H), 4.32 (pseudo-t, 3JHH = 1.9 Hz, 2H), 4.25 (pseudo-t, 3JHH = 1.8 Hz, 2H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ (ppm) 149.5 (1C, ArC-H), 132.0 (1C, C-CC-FcI), 125.4 

(1C, ArC-H), 92.7 (1C, IFc-C≡C-Pyr), 84.5 (1C, IFc-C≡C-Pyr), 76.5 (1C, (CpI)C-H), 74.4 

(1C, (CpI)C-H), 72.5 (1C, (CpC≡C)C-H), 70.9 (1C, (CpC≡C)C-H), 66.0 (1C, CpC-C≡C), 

41.3 (1C, C-I). MS ES+: m/z 413.9456 ([M]+ Calc.: 413.9442). 

7.4.2.2. Synthesis of 1-iodo, 1’’’-(4-ethynylpyridine) biferrocene 

 

To a solution of Fc2I2 (1.78 g, 2.86 mmol), Pd(PtBu3)2 (40 mg, 0.07 mmol) and CuI (10 

mg, 0.07 mmol) in toluene ( mL) and DIPA (10 mL), 4-ethynylpyridine hydrochloride (0.10 g, 

0.72 mmol) was added. The brown reaction mixture was stirred at 65 oC for 24 h, then the 

solvent was removed. The crude brown product was filtered in ethyl acetate and purified by 

column chromatography (Al (V), hexane/EtOac; 1:0→7:3), aided by NEt3 (1 mL per 500 mL 

~0.2%). After solvent removal the product was obtained as a red solid (0.12 g, 0.20 mmol, 

28%). 

 1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.56 (br s, 2H, (PyrN)m-H), 7.25 (dd, 

3JHH= 4.4, 1.6 Hz, 2H, (PyrN)o-H), 4.46 (pseudo-t, 3JHH = 2.0 Hz, 2H, (FcPyr)(Cp-Cp)o-H), 

4.32 (pseudo-t, 3JHH = 2.0 Hz, 2H, (FcPyr)(Cp-C≡C)m-H), 4.31 (pseudo-t, 3JHH = 2.0 Hz, 2H, 

(FcI)(Cp-Cp)m-H), 4.30 (pseudo-t, 3JHH = 2.0 Hz, 2H, (FcPyr)(Cp-Cp)m-H), 4.15 (pseudo-t, 

3JHH = 2.0 Hz, 4H, (Cp-Pyr)o-H)/ (FcI)(Cp-Cp)o-H)), 4.14 (pseudo-t, 3JHH = 2.0 Hz, 2H, 

(CpI)m-H), 3.97 (pseudo-t, 3JHH = 2.0 Hz, 2H, (CpI)o-H), 13C{1H} NMR (100 MHz, CDCl3, 

298 K): δ (ppm)149.6 (2C, (PyrN)m-C-H), 132.3 (1C, PyrC- C≡C), 125.3 (2C, (PyrN)o-C-H),  

94.0 (1C, Cp-C≡C), 84.7 (1C, (FcPyr)CpC-CCp), 84.2 (1C, (FcI)CpC-CCp), 83.8 (1C, Pyr- 

C≡C), 75.8 (2C, (CpI)m-C-H), 73.0 (CpPyr)m-C-H, 70.9 (2C, (FcI)(Cp-Cp)o-C-H), 70.5, 

(CpPyr)o-C-H, 70.0 (2C, (CpI)o-C-H), 69.8 (2C, (Cp-Cp)m-C-H), 69.5 (2C, (Cp-Cp)m-C-H), 
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68.3 (2C, (FcPyr)(Cp-Cp)o-C-H), 64.6 (1C, CpC-C≡C), 40.8 (1C, C-I). MS ES+: m/z 

597.9423 ([M]+ Calc.: 597.9418). 

7.4.2.3. Synthesis of 1-iodo, 1’-(2-ethynyl thiophene) ferrocene (Fc(I)Thio) 

 

To a solution of FcI2 (2.00 g, 4.58 mmol), Pd(PtBu3)2 (61 mg, 0.12 mmol) and CuI (23 

mg, 0.12 mmol) in toluene (50 mL) and DIPA (10 mL), 2-ethynyl thiophene (0.29 g, 2.70 

mmol) was added in three portions, over 5 hours, and the brown reaction mixture was stirred 

at 65 oC for 24 h, then at room temperature for another 18 h. DCM was added and the mixture 

was filtered over celite and washed with DCM until the filtrate ran colourless. The product was 

purified by short column chromatography (SiO2, hexane/DCM 1:0→5:1), and the solvent 

removed from the combined fractions to give the product as a red-orange solid (0.60 g, 1.40 

mmol, 52%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.26 (m, 1H, Ar-H), 7.25 (s, Ar-H, 1H), 

7.01 – 6.97 (m, 1H, Ar-H), 4.48 (pseudo-t, J=1.8 Hz, 2H, (CpC≡C)C-H), 4.46 (pseudo-t, J = 

1.8 Hz, 2H, (CpI)C-H), 4.27 (pseudo-t, J = 1.9 Hz, 2H, (CpC≡C)C-H), 4.24 (pseudo-t, J = 1.8 

Hz, 2H, (CpI)C-H).1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.28 (dd, J = 5.2, 1.2 Hz, 

1H, Ar-H), 7.25 (dd, J = 3.6, 1.2 Hz, 1H, Ar-H), 7.00 (dd, J = 5.2, 3.6 Hz, 1H, Ar-H), 4.47 

(pseudo-q, J = 1.9 Hz, 4H, (2H) (CpI)m-H/(2H) (CpC≡C)m-H), 4.29 (pseudo-t, J = 1.9 Hz, 

2H, (CpC≡C)o-H), 4.25 (pseudo-t, J = 1.8 Hz, 2H, (CpI)o-H). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 131.6 (1C, ArC-H), 127.2 (1C, ArC-

H), 126.8 (1C, ArC-H), 124.1 (1C, ThioC-C≡C), 91.1 (1C, Thio-C≡C-FcI), 80.1 (1C, Thio-

C≡C-FcI), 76.5 (2C, (CpI)m-C-H), 74.1 (2C, (CpC≡C)m-C-H), 72.3 (2C, (CpC≡C)o-C-H), 

71.1 (2C, (CpI)o-C-H), 67.4 (1C, CpC-C≡C) 41.5 (1C, CpC-I).13C{1H} NMR (100 MHz, 

CD2Cl2, 298 K): δ (ppm) 132.0 (1C, ThioC-H), 127.7 (1C, ThioC-H), 127.3 (1C, ThioC-H), 

124.5 (1C, ThioC-C≡C), 91.5 (1C, Thio-C≡C-FcI), 80.3 (1C, Thio-C≡C-FcI), 77.0 (2C, 

CpI)m-C-H), 74.5 (2C, (CpC≡C)m-C-H), 72.7 (2C, (CpC≡C)o-C-H), 71.5 (2C, CpI)o-C-H), 

67.8 (1C, CpC-C≡C), 42.0 (1C, CpC-I). 

 MS ES+: m/z 417.8970 ([M]+ Calc.: 417.8976). 
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7.4.2.4Synthesis of 1, 1’-(2-ethynyl thiophene) ferrocene (Fc(Thio)2) 

 

Obtained as a side product from (7.4.2.3), eluting during short column chromatography 

in hexane/DCM (2:1) as red-brown solid (0.14 g, 0.36 mmol, 13%). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.22 (dd, J = 5.2, 1.2 Hz, 2H), 7.16 (dd, 

J = 3.6, 1.2 Hz, 2H), 6.94 (dd, J = 5.2, 3.6 Hz, 2H), 4.55 (t, J = 1.9 Hz, 4H, Cp-m-H), 4.34 (t, 

J = 1.9 Hz, 4H, Cp-o-H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ (ppm) 13C NMR (101 

MHz, CDCl3) δ 131.5 (2C, ThioC-H), 127.1 (2C, ThioC-H), 126.6 (2C, ThioC-H), 124.1 (2C, 

ThioC-C≡C), 91.2 (2C, Cp-C≡C), 79.8 (2C, Thio-C≡C), 73.1 (2C, (CpC≡C)m-C-H), 71.4 

(2C, (CpC≡C)o-C-H), 66.7 (2C, CpC-C≡C). MS ES+: m/z 397.9885 ([M]+ Calc.: 397.9886)  

7.4.2.5. Synthesis of 1-iodo, 1’’’-(2-ethynyl thiophene) biferrocene (Fc2(I)Thio) 

 

To a solution of Fc2I2 (6.90 g, 11.1 mmol), Pd(PtBu3)2 (0.14 g, 0.28 mmol) and CuI (53 

mg, 0.28 mmol) in toluene (50 mL) and DIPA (10 mL), 2-ethynyl thiophene (0.30 g, 2.78 

mmol) was added. The brown reaction mixture was stirred at 65 oC for 24 h, cooled to ambient 

temperature, then filtered. The product was purified by column chromatography (SiO2, 

hexane/DCM 1:0→1:1), with the product eluting in hexane/DCM (9:1). The solvent was 

removed from combined alike fractions to give the product as a red-orange solid (0.37 g, 0.61 

mmol, 22%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.24 (dd, J = 5.2, 1.1 Hz, 1H, Ar-H), 7.18 

(dd, J = 3.6, 1.2 Hz, 1H, Ar-H), 6.98 (dd, J = 5.2, 3.6 Hz, 1H, Ar-H), 4.44 (pseudo-t, J = 1.9 

Hz, 2H, (Cp-Cp)C-H), 4.35 (pseudo-t, J = 1.9 Hz, 2H, (Cp-Cp)C-H), 4.29 (pseudo-t, J = 1.9 

Hz, 2H, (Cp-Cp)C-H), 4.27 (pseudo-t, J = 1.9 Hz, 2H, (CpC≡C)C-H), 4.20 (pseudo-t, J = 1.9 

Hz, 2H, (Cp-Cp)C-H), 4.15 (pseudo-t, J = 1.8 Hz, 2H, (CpI)C-H), 4.09 (pseudo-t, J = 1.8 Hz, 
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2H, (CpC≡C)C-H), 3.98 (pseudo-t, J = 1.8 Hz, 2H, (CpI)C-H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 131.2 (1C, ArC-H), 127.1 (1C, ArC-H), 126.4 (1C, ArC-H), 124.4 

(1C, ThioC-C≡C), 92.2 (1C, Thio-C≡C-Fc), 84.8 (1C, CpC-CCp), 84.4 (1C, CpC-CCp), 79.1 

(1C, Thio-C≡C-FcI), 75.9 (2C, (CpI)C-H), 72.8 ((2C, (CpC≡C)C-H), 71.1 (2C, (Cp-Cp)C-H), 

70.3 (2C, (CpC≡C)C-H), 70.2 (2C, (CpI)C-H), 70.0 (2C, (Cp-Cp)C-H), 69.7 (2C, (Cp-Cp)C-

H), 68.6 (2C, (Cp-Cp)C-H), 65.7 (1C, CpC-C≡C), 40.9 (1C, CpC-I). MS ES+: m/z 601.8966 

([M]+ Calc.: 601.89541) 

7.4.2.6. Synthesis of 6-((trimethylsilyl)ethynyl)-2,2'-bipyridine21 

 

To solution of 6-bromo-2,2'-bipyridine (1.00 g, 4.25 mmol), PdCl2(PPh3)2 (0.30 g, 0.04 

mmol) and CuI (0.08 g, 0.43 mmol) in DIPA (22 mL) and toluene (80 mL). 

Ethynyltrimethylsilane (2.0 mL, 14.3 mmol) was added, and the brown reaction mixture was 

stirred at 65 oC for 18 h. After cooling to room temperature, DCM was added and the mixture 

filtered over celite. Alumina(V) was added and the solvent was removed from the filtrate. The 

product was purified by column chromatography (Al(V), hexane: DCM; 0:1 → 1:1) and, after 

solvent removal, was obtained as an off-white solid (0.80 g, 3.20 mmol, 75%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.66 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H, Ar-

H), 8.47 (dt, J = 8.0, 1.0 Hz, 1H, Ar-H), 8.35 (dd, J = 8.0, 1.1 Hz, 1H, Ar-H), 7.85 – 7.72 (m, 

2H, Ar-H), 7.49 (dd, J = 7.6, 1.1 Hz, 1H, Ar-H), 7.31 (ddd, J = 7.6, 4.8, 1.1 Hz, 1H, Ar-H), 

0.30 (s, 9H, Si(CH3)3). 

7.4.2.7. Synthesis of 6-Ethynyl-2,2'-bipyridine22 

 

Under ambient conditions, a solution of 6-((trimethylsilyl)ethynyl)-2,2'-bipyridine 

(0.48 g, 1.43 mmol) in methanol:THF (1:1) was sparged for 10 minutes. A solution of TBAF 

(1 M in THF) (4.00 mL, 4.00 mmol) was added and the reaction mixture was stirred for 18 hrs. 

The solvent was removed in vacuo, and the crude product was redissolved in ethyl acetate, 
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washed with water and dried over MgSO4. Following solvent removal, the product was 

obtained as an off-white solid (0.54 g, 3.00 mmol, 93%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.67 (ddd, J = 4.8, 1.8, 1.1 Hz, 1H, Ar-

H), 8.47 (dt, J = 8.0, 1.1 Hz, 1H, Ar-H), 8.41 (dd, J = 8.0, 1.1 Hz, 1H, Ar-H), 7.85 – 7.77 (m, 

2H, Ar-H), 7.51 (dd, J = 7.6, 1.1 Hz, 1H, Ar-H), 7.33 (ddd, J = 7.6, 4.8, 1.1 Hz, 1H, Ar-H), 

3.19 (s, 1H, C≡C-H). 

7.4.2.8. Synthesis of 1-iodo, 1’-(6-ethynyl-2,2'-bipyridine) ferrocene 

 

To a solution of FcI2 (6.0 g, 13.7 mmol), Pd(PtBu3)2 (0.14 g, 0.27 mmol) and CuI (0.05 

g, 0.27 mmol) in toluene (50 mL) and DIPA (10 mL), 6-ethynyl-2,2'-bipyridine (0.50 g, 2.70 

mmol) was added and the brown reaction mixture was stirred at 65 oC for 24 h. DCM was 

added and the mixture was filtered over celite and washed with DCM until the filtrate ran 

colourless. The product was purified by short column chromatography (SiO2, hexane/EtOAc 

1:0→0:1), and the solvent removed from the combined fractions to give the product as an 

orange solid (0.53 g, 1.40 mmol, 52%). 

 1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.72 – 8.65 (m, 1H, Ar-H), 8.48 (dt, J = 

8.0, 1.1 Hz, 1H, Ar-H), 8.34 (dd, J = 8.0, 1.1 Hz, 1H, Ar-H), 7.86 – 7.76 (m, 2H, Ar-H), 7.54 

(dd, J = 7.6, 1.1 Hz, 1H, Ar-H), 7.32 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H, Ar-H), 4.58 (pseudo-t, J = 

1.9 Hz, 2H, (CpC≡C)C-H), 4.49 (pseudo-t, J = 1.8 Hz, 2H, (CpI)C-H), 4.30 (pseudo-t, J = 1.9 

Hz, 2H, (CpC≡C)C-H), 4.27 (pseudo-t, J = 1.8 Hz, 2H, (CpI)C-H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 156.5 (1C, ArC-CAr), 155.6 (1C, ArC-CAr), 149.1 (1C, ArC-H), 

143.3, (1C, BipyC-C≡C), 137.0 (1C, ArC-H), 137.0 (1C, ArC-H), 127.2 (1C, ArC-H), 124.0, 

(1C, ArC-H) 121.6 (1C, ArC-H), 119.9 (1C, ArC-H), 93.1 (1C, IFc-C≡C-Bipy), 86.7 (1C, IFc-

C≡C-Bipy), 76.4 (2C, (CpI)C-H), 74.5 (2C, (CpC≡C)C-H), 72.6 (2C, (CpC≡C)C-H), 71.2 

(2C, (CpI)C-H), 66.2 (1C, CpC-C≡C), 42.6 (1C, C-I). MS ES+: m/z 490.9716 ([M]+ Calc.: 

490.9708). 
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7.4.3. Towards Branched Systems 

7.4.3.1. Synthesis of (μ-3,5-Py)(C≡C–[Fc]–I)2
23 (2) 

 

 FcI2 (3.00 g, 6.86 mmol) was added to a mixture of 3,5-diethynyl pyridine (0.15 g, 1.15 

mmol), Pd(PtBu3)2 (0.35 g, 0.69 mmol) and CuI (0.13 g, 0.69 mmol) in toluene (50 mL), and 

DIPA (10 mL). The reaction mixture was heated to 70 oC and stirred overnight. The solvent 

was removed, and the crude product was redissolved in DCM and washed with water (50 mL 

x 3). The organic phase was dried over MgSO4 and the solvent removed to give an orange-

brown oil. The product purified by (short) column chromatography (alumina (V); n-hexane→ 

DCM), with the product eluting in hexane:DCM (1:1). Following solvent removal, the product 

was obtained as a red-orange solid (0.48 g, 0.65 mmol, 56%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.64 (d, J=2.0 Hz, 2H, Ar-H), 7.90 (t, 

J=2.0 Hz, 1H, Ar-H), 4.50 (pseudo-t, J=1.9 Hz, 4H, Cp-H), 4.47 (pseudo-t, J=1.8 Hz, 4H, Cp-

H), 4.31 (pseudo-t, J=1.9 Hz, 4H, Cp-H), 4.25 (pseudo-t, J=1.8 Hz, 4H, Cp-H). MS ES+: m/z 

747.8362 ([M]+ Calc.: 747.8378) 

7.4.3.2. Synthesis of [Fc-(C≡C–)2](μ-3,5-Py-C≡C–[Fc]–I)2 (2a) 

 

Obtained as a side product from the synthesis of 2; following the solvent removal of alike 

fractions from column chromatography (alumina (V); n-hexane→ DCM), eluting in 

hexane:DCM (1:1) the product was yielded as a deep red solid (83 mg, 0.08 mmol, 7%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.61 (d, J = 2.0 Hz, 2H, (PyrN)o-H), 8.54 

(d, J = 2.0 Hz, 2H, (PyrN)o-H), 7.75 (t, J = 2.1 Hz, 2H, (PyrN)p-H), 4.59 (pseudo-t, J = 1.9 

Hz, 4H, (Cp-C≡C)m-H), 4.50 (pseudo-t, J = 1.9 Hz, 4H, (Cp-C≡C)m-H), 4.47 (pseudo-t, J = 

1.8 Hz, 4H, (CpI)m-H)), 4.38 (pseudo-t, J = 1.9 Hz, 4H, (Cp-C≡C)o-H), 4.30 (pseudo-t, J = 
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1.9 Hz, 4H, (Cp-C≡C)o-H), 4.25 (pseudo-t, J = 1.8 Hz, 4H, (CpI)o-H). 13C{1H} NMR (100 

MHz, CDCl3, 298 K): δ (ppm) 150.3 (2C, (PyrN)o-C-H), 150.2 (2C, (PyrN)o-C-H), 140.0 (2C, 

(PyrN)p-C-H), 120.7 (2C, PyrC-C≡C), 120.6 (2C, PyrC-C≡C), 91.6 (2C, Fc-C≡C), 91.3 (2C, 

Fc-C≡C), 83.2 (2C, Pyr-C≡C), 83.1 (2C, Pyr-C≡C), 76.6 (4C, (CpI)m-C-H), 74.4 (4C, (Cp-

C≡C)m-C-H), 73.3 (4C, (Cp-C≡C)m-C-H), 72.5 (4C, (Cp-C≡C)o-C-H), 71.5 (4C, (Cp-

C≡C)o-C-H), 71.1 (4C, (CpI)o-C-H), 66.6 (2C, CpC-C≡C), 66.4 (2C, CpC-C≡C), 41.4 (2C, 

CpC-I). MS ES+: m/z 1056.8643 ([M]+ Calc.: 1056.8625) 

7.4.3.3. Synthesis of (μ-3,5-Py)(C≡C–[Fc]– C≡C–TMS)2
23 

 

(μ-3,5-Py)(C≡C–[Fc]–I)2 (2) (0.40 g, 0.54 mmol), Pd(PtBu3)2 (28 mg, 0.05 mmol)  and 

CuI (0.01 g, 0.05 mmol) were dissolved in DIPA (10 mL) and toluene (50 mL). TMSA (0.60 

mL, 4.28 mmol) was then added. The solution was stirred at 60 oC for 18 h. The brown solution 

was filtered, and the solvent was removed in vacuo to give a brown crude solid. This was 

dissolved in ethyl acetate (100 mL) and filtered to reveal an orange solid. The solvent was 

removed from the filtrate, and the residual solid dissolved in ethyl acetate and filtered, giving 

a second crop of the orange precipitate. The desired product was obtained, without need for 

further purification, as an orange solid (240 mg, 0.35 mmol, 65%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.61 (d, 4JH-H = 2.0 Hz, 2H, (PyrN)o-H), 

7.86 (t, 4JH-H = 2.0 Hz, 1H, (PyrN)p-H), 4.51 (t, 3JH-H = 2.0 Hz, 4H, (Cp-Pyr)o-H), 4.48 (t, 3JH-

H = 2.0 Hz, 4H, (Cp-TMS)o-H), 4.32 (t, 3JH-H = 2.0 Hz, 4H, (Cp-Pyr)m-H), 4.28 (t, 3JH-H = 2.0 

Hz, 4H, (Cp-TMS)m-H), 0.21 (s, 18H, Si(CH3)3
13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 

(ppm) 150.2 (2C, (PyrN)o-C-H), 140.2 (1C, (PyrN)p-C-H), 120.8 (2C, PyrC-C≡C), 91.3 (2C, 

Fc-C≡C-Pyr), 92.0 (2C, TMS-C≡C-Fc or TMS-C≡C-Fc), 91.8 (2C, TMS-C≡C-Fc or TMS-

C≡C-Fc), 82.5 (2C, Pyr-C≡C-Fc), 73.7 (4C, (Cp-Pyr)o-C-H), 73.6 (4C, (Cp-TMS)o-C-H), 

72.0 (4C, (Cp-Pyr)m-C-H), 71.3 (4C, (Cp-TMS)m-C-H), 66.6 (2C, CpC-C≡C-Pyr), 65.5 (2C, 

CpC-C≡C-TMS), 0.34 (6C, Si(CH3)3). MS ES+: m/z 688.1245 ([M]+ Calc.: 688.1236). 
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7.4.3.4. Synthesis of (μ-3,5-Py)(C≡C–[Fc]–p-Py)2
23(2b) 

 

Synthesised and characterised in collaboration with Troy Bennett, using the following 

procedure. 2 (0.10 g, 0.13 mmol) and CuI (4 mg, 0.02 mmol) were dissolved in DIPA (20 mL) 

and toluene (50 mL). 4-Ethynyl pyridine hydrochloride (0.11 g, 1.00 mmol) was added and the 

solution was degassed for 15 minutes. Pd(PtBu3)2 (4 mg, 0.01 mmol) was added and the 

solution was stirred at 60 oC overnight. The solvent was removed in vacuo to give a black crude 

solid. This was dissolved in ethyl acetate (100 mL), washed with distilled water (2 x 100 mL) 

and brine (100 mL) before being dried over MgSO4 and filtered. The product was then purified 

through chromatography on an Al(V) column, eluting with n-hexane:DCM (1:0 → 1:3) to give 

the product as an orange-red solid (20 mg, 0.03 mmol, 21%). 

ALTERNATIVE ROUTE: 3,5-Diethynyl pyridine (15 mg, 0.12 mmol), (7.4.2.1) (0.40 

g, 0.97 mmol), Pd(PtBu3)2 (7 mg, 0.01 mmol) and CuI (2 mg, 0.01 mmol) were dissolved in 

the minimum amount toluene (10 mL). After sparging for 15 minutes, DIPA (10 mL) was 

added and the red reaction mixture was heated at 70 oC for 24 h. Following cooling to room 

temperature, the mixture was filtered over celite and then the solvent removed. The crude 

mixture was purified by column chromatography (Al(V), n-hexane:DCM, 1:0 → 1:4), After 

solvent removal,  the product was obtained as a deep orange solid (12 mg, 0.02 mmol, 14%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.48 (dd, 3JH-H = 4.0, 4JH-H = 1.2 Hz, 4H, 

(4-Pyr)o-H), 8.46 (d, 4JH-H = 2.0 Hz, 2H, (3,5-Pyr)o-H), 7.57 (t, 4JH-H = 2.0 Hz, 1H, (3,5-Pyr)p-

H), 7.21 (dd, 3JH-H = 4.0, 4JH-H = 1.2 Hz, 4H, (4-Pyr)m-H), 4.59 (quint, 3JH-H = 2.0 Hz, 8H, (4H) 

(3,5-Pyr-)Cp-o-H/ (4-Pyr-)Cp-m-H)), 4.40 (t, 3JH-H = 2.0 Hz, 4H, (3,5-Pyr-)Cp-m-H), 4.38 (t, 

3JH-H = 2.0 Hz, 4H, (4-Pyr-)Cp-o-H) 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 149.9 

(2C, (3,5-Pyr)o-C-H), 149.3 (4C, (4-Pyr)o-C-H), 139.6 (1C, (3,5-Pyr)p-C-H), 131.9 (4C, (4-

Pyr)m-C-H), 126.4 (2C,  4-PyrC-C≡C-Fc), 120.8 (2C,  3,5-PyrC-C≡C-Fc), 92.5 (2C, Fc-C≡C-

(4-Pyr), 91.2 (2C, Fc-C≡C-(3,5-Pyr), 84.9 (2C, (4-Pyr-)C≡C), 83.1 (2C, (3,5-Pyr-)C≡C), 73.4 

(4C, (Cp-3,5-Pyr)o-C-H), 73.3 (4C, (Cp-4-Pyr)m-C-H), 71.5 (4C, (Cp-3,5-Pyr)m-C-H), 71.3 
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(4C, (Cp-4-Pyr)o-C-H), 66.6 (2C, (3,5-Pyr-C≡C)-CCp), 66.1 (2C, (4-Pyr-C≡C)-CCp). MS 

ES+: m/z 698.0985 ([M]+ Calc.: 698.0977). 

7.4.3.5. Synthesis of μ-3,5-Py-(C≡C–[Fc]–C≡C–2-Thio)2 (2c) 

 

3,5-Diethynyl pyridine (0.03 g, 0.21 mmol), Fc(I)Thio (0.40 g, 0.96 mmol), Pd(PtBu3)2 

(70 mg, 0.13 mmol) and CuI (30 mg, 0.15 mmol) were dissolved in the minimum amount THF 

(40 mL). After sparging for 15 minutes, DIPA (20 mL) was added and the red reaction mixture 

was heated at 70 oC for 24 h. Following cooling to room temperature, the mixture was filtered 

over celite and then the solvent removed. The crude mixture was purified by flash column 

chromatography (SiO2, Sfar 25 g, n-hexane:DCM, 1:0 → 0:1), After solvent removal,  the 

product was obtained as a red-orange solid. (81 mg, 0.12 mmol, 55%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.49 (d, J = 2.1 Hz, 2H, (PyrN)o-H), 7.66 

(t, J = 2.0 Hz, 1H, (PyrN)p-H), 7.20 (dd, J = 5.1, 1.1 Hz, 2H, (Thio)o-C-H), 7.12(dd, J = 3.7, 

1.1 Hz, 2H, (Thio)p-H), 6.92 (dd, J = 5.1, 3.6 Hz, 2H, (Thio)m-H), 4.57 (t, J = 1.9 Hz, 2H, Cp-

H), 4.55 (t, J = 1.9 Hz, 2H, (Cp)C-H), 4.37 (t, J = 1.9 Hz, 2H, (Cp)C-H), 4.34 (t, J = 1.9 Hz, 

2H, (Cp)C-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 150.0 (2C, (PyrN)o-C-H), 

140.1 (1C, (PyrN)p-C-H), 131.4 (2C, (Thio)p-C-H), 127.1 (2C, (Thio)m-C-H), 126.7 (2C, 

(Thio)o-C-H), 123.9 (2C, ThioC-C≡C), 120.6 (2C, PyrC-C≡C), 91.3 (2C, Cp-C≡C), 90.8 (2C, 

Cp-C≡C), 83.1 (2C, Pyr-C≡C), 80.2 (2C, Thio-C≡C), 73.3 (2C, Cp-C-H), 73.0 (2C, Cp-C-

H), 71.3 (2C, Cp-C-H), 71.1 (2C, Cp-C-H), 67.3 (2C, CpC-C≡C), 66.4 (2C, CpC-C≡C). MS 

ES+: m/z 708.0219 ([M]+ Calc.: 708.0205). 

7.4.3.6. Synthesis of μ-3,5-Py-(C≡C–[Fc]–C≡C–6-(2,2'-Bipy)2 (2e) 
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A solution of (7.4.3.1) (0.10 g, 0.13 mmol), 6-ethynyl-2,2'-bipyridine (72 mg, 0.40 

mmol), Pd(PtBu3)2 (7 mg, 0.01 mmol) and CuI (4 mg, 0.02 mmol) in DIPA (20 mL) and THF 

(50 mL) was stirred at 60 oC for 18 hours. Further additions of Pd(PtBu3)2 (7 mg, 0.01 mmol) 

and CuI (4 mg, 0.02 mmol) were then made, and the reaction mixture stirred for a further 18 

hours at 60 oC. The solvent was removed in vacuo to give a brown crude solid. The crude 

mixture was dissolved in ethyl acetate and filtered, then purified by column chromatography 

(Al(V), hexane→ DCM/EtOAc). The desired product was eluted in n-hexane/DCM/EtOAc 

(3:5:2) using NEt3 to aid (1.00 mL per 500 mL, ~0.2%). After solvent removal, the product was 

recrystallised from ethyl acetate. Collection of the precipitate yielded the product as an orange-

red solid (5 mg, 5.88 μmol, <1%). Attempts were made to collect full characterisation of 2e, 

however, this was not achieved due to low quantities and solubility.  

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) 8.65 (dd, J = 3.9, 1.5 Hz, 2H, Ar-H), 8.43 

– 8.38 (m, 4H, Ar-H), 8.29 (dd, J = 7.9, 0.9 Hz, 2H, Ar-H), 7.79 (td, J = 7.9, 1.8 Hz, 2H, Ar-

H), 7.69 (t, J = 7.8 Hz, 2H, Ar-H), 7.60 (t, J = 1.4 Hz, 1H, Ar-H), 7.38 (d, J = 7.7 Hz, 2H, Ar-

H), 7.30 (m, 2H, Ar-H), 4.64 (pseudo-t, J = 1.9 Hz, 2H, Cp-H), 4.55 (pseudo-t, J = 1.9 Hz, 2H, 

Cp-H), 4.39 (pseudo-t, J = 1.9 Hz, 2H, Cp-H), 4.36 (pseudo-t, J = 1.9 Hz, 2H, Cp-H). MS ES+: 

m/z 852.1489 ([M]+ Calc.: 852.1513)  

7.4.3.7 Synthesis of μ-3,5-Py-(C≡C–[Fc]–C≡C–6-(2,2'-Bipy)(C≡C–[Fc]–C≡C–I) (2g) 

 

Obtained as a side product from the synthesis of (7.4.3.6), when the reaction was carried 

out for 18 hours without further additions of Pd(PtBu3)2 and CuI. The species was isolated by 

column chromatography (Al(V), hexane→ DCM/EtOAc) and was eluted in 

hexane/DCM/EtOAc (6:3:1) using NEt3 to aid (1.00 mL per 500 mL ~0.2%). After solvent 

removal, the product was recrystallised from ethyl acetate. Collection of the precipitate yielded 

the product as an orange-red solid (30 mg, 0.04 mmol, 29%). Full characterisation of this 

material was collected, however, the spectra could not be fully assigned due to difficulties in 

detecting some peaks representing tertiary carbons associated with the ethynylbipyridine motif. 
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.67 – 8.63 (m, 1H, BipyC-H), 8.53 (dd, 

J = 4.8, 2.0 Hz, 2H, PyrC-H), 8.41 (d, J = 8.0 Hz, 1H, BipyC-H), 8.29 (d, J = 7.9 Hz, 1H, 

BipyC-H), 7.80 (td, J = 7.8, 1.8 Hz, 1H, BipyC-H), 7.74 (t, J = 2.0 Hz, 1H, PyrC-H), 7.70 (t, J 

= 7.8 Hz, 1H, BipyC-H), 7.39 (d, J = 7.7 Hz, 1H, BipyC-H), 7.31 – 7.27 (m, 1H, BipyC-H), 

4.66 (t, J = 1.9 Hz, 2H), 4.60 (m, 2H), 4.45 (t, J = 1.9 Hz, 4H), 4.40 (t, J = 1.9 Hz, 2H), 4.39 

(t, J = 1.9 Hz, 2H), 4.29 (t, J = 1.9 Hz, 2H), 4.23 (t, J = 1.9 Hz, 2H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 150.2 (1C, PyrC-H), 150.1 (1C, PyrC-H), 149.2 (1C, BipyC-H), 140.0 

(1C, PyrC-H), 137.0 (2C, BipyC-H), 127.1 (1C, BipyC-H), 124.0 (1C, BipyC-H), 121.7 (1C, 

BipyC-H), 120.0 (1C, BipyC-H), 123.2 (2C, PyrC-C≡C), 91.46 (2C, Cp-C≡C), 83.1 (2C, 

C≡C), 76.6 (2C, CpC-H), 74.3 (2C, CpC-H), 73.6 (2C, CpC-H), 73.3 (2C, CpC-H), 72.4 (2C, 

CpC-H), 71.4 (4C, CpC-H), 71.1 (2C, CpC-H), 66.6 (1C, CpC-C≡C), 66.5 (2C, CpC-C≡C),p 

41.25 (1C, CpC-I). MS ES+: m/z 799.9964 ([M]+ Calc.: 799.9949). 

7.4.3.8 Synthesis of μ-3,5-Py-(C≡C–[Fc]–C≡C–p-PhSEtCN)2 (2d) 

 

(μ-3,5-Py)(C≡C–[Fc]–I)2 (2) (7.4.3.1) (0.15 g, 0.20 mmol), 3-(4-

Ethynylphenyl)thiopropionitrile (0.23 g, 1.20 mmol) and CuI (0.02 g, 0.02 mmol) were 

dissolved in DIPA (20 mL) and toluene (50 mL). This solution was degassed for 15 minutes 

and Pd(PtBu3)2 (0.01 g, 0.02 mmol) was added. The solution was stirred at 50 oC overnight. 

The solvent was removed in vacuo to give a black solid which was purified by chromatography 

on an alumina V column, eluting with DCM, to give the product as an orange-brown solid (0.14 

g, 0.16 mmol, 83%) 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.40 (d, J = 2.0 Hz, 2H, (PyrN)o-H), 7.58 

(t, J = 2.0 Hz, 1H, (PyrN)p-H), 7.31 (dt, J = 8.4, 2.0 Hz, 4H, (ArS-)o-H), 7.22 (dt, J = 8.4, 2.0 

Hz, 4H, (ArS-)m-H), 4.57 (t, J = 2.0 Hz, 4H, (Cp-Pyr)o-H), 4.56 (t, J = 2.0 Hz, 4H, (Cp-ArS)m-
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H), 4.37 (t, J = 2.0 Hz, 4H, (Cp-Pyr)m-H), 4.35 (t, J = 2.0 Hz, 4H, (Cp-ArS)o-H), 3.11 (t, J= 

7.6 Hz, 4H, ArS-CH2), 2.60 (t, J = 7.6 Hz, 4H, CH2-CN) ppm; 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 149.7 (2C, (PyrN)o-C-H), 139.9 (1C, (PyrN)p-C-H), 133.1 (2C, ArC-

S), 132.0 (4C, (ArS-)o-C-H), 130.5 (4C, (ArS-)m-C-H), 122.9 (2C, (ArS)C-C≡C), 120.6 (2C, 

(Pyr)C-C≡C), 118.0 (2C, CN), 91.3 (2C, Fc-C≡C–Pyr), 88.2 (2C, Fc-C≡C–ArS), 86.5 (2C, 

Fc-C≡C–ArS), 83.1 (2C, Fc-C≡C–Pyr), 73.2 (4C, (Cp-Pyr)o-C-H), 73.1 (4C, (Cp-ArS)m-C-

H), 71.2 (4C, (Cp-Pyr)m-C-H), 71.0 (4C, (Cp-ArS)o-C-H), 67.5 (2C, CpC-(C≡C-Pyr)), 66.5 

(2C, CpC-(C≡C-ArS)), 29.9 (2C, S-CH2), 18.3 (2C, CH2-CN). MS ES+: m/z 866.1051 ([M]+ 

Calc.: 866.1044). 

7.4.3.9 Synthesis of μ-3,5-Py-(C≡C–[Fc]–C≡C–p-PhSAc)2 (2f) 

 

To a solution of 2d (90 mg, 0.10 mmol) in THF (20 mL), was added a solution of 

NaOMe in MeOH (1 M, 0.25 mL, 0.25 mmol), and the mixture was stirred for 2h. Acetic 

anhydride (0.50 mL, 5.30 mmol) was then added and the reaction mixture stirred for a further 

1nh. The solvent was then removed and the product purified by passing over ‘deactivated’ 

silica, eluting in DCM, to give the desired product as an orange solid (72 mg, 0.09 mmol, 85%) 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.48 (d, 4JH-H = 2.0 Hz, 2H, (PyrN)o-H), 

7.62 (t, 4JH-H = 2.0 Hz, 1H, (PyrN)p-H), 7.41 (d, 3JH-H = 8.4 Hz, 4H, (ArS-)o-H), 7.29 (d, 3JH-H 

= 8.4 Hz, 4H, (ArS-)m-H), 4.57 (t, 3JH-H = 2.0 Hz, 8H, (4H) (Cp-Pyr)o-H and (4H) (Cp-ArS)m-

H),  4.37 (t, 3JH-H = 2.0 Hz, 4H, (Cp-Pyr)m-H), 4.36 (t, 3JH-H = 2.0 Hz, 4H, (Cp-ArS)o-H), 2.41 

(s, 6H, CO-CH3). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 193.6 (2C, C=O), 149.9 

(2C, (PyrN)o-C-H), 139.4 (1C, (PyrN)p-C-H), 134.2 (2C, ArC-S), 131.8 (4C, (ArS-)o-C-H), 

127.3 (4C, (ArS-)m-C-H), 124.9 (2C, (ArS)C-C≡C), 120.6 (2C, (Pyr)C-C≡C), 91.7 (2C, Fc-

C≡C–Pyr), 88.9 (2C, Fc-C≡C–ArS), 86.3 (2C, Fc-C≡C–ArS), 83.4 (2C, Fc-C≡C–Pyr), 73.2 
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(4C, (Cp-Pyr)o-C-H), 73.1 (4C, (Cp-ArS)m-C-H), 71.3 (4C, (Cp-Pyr)m-C-H), 71.1 (4C, (Cp-

ArS)o-C-H), 67.0 (2C, CpC-(C≡C-Pyr)), 66.1 (2C, CpC-(C≡C-ArS)), 30.3 (2C, CO-CH3). 

MS ES+: m/z 844.0718 ([M]+ Calc.: 844.0730).  

7.4.3.10. Synthesis of (μ-3,5-Py)(C≡C–[Fc2]–I)2 (3) 

 

 3,5-Diethynyl pyridine (68 mg, 0.54 mmol), Fc2I2 (2.01 g, 3.22 mmol), Pd(PtBu3)2 (28 

mg, 0.05 mmol) and CuI (11 mg, 0.05 mmol) were dissolved in the minimum amount THF (40 

mL). DIPA (20 mL) was then added. After sparging for 15 minutes, the reaction mixture was 

heated to 70 oC and stirred overnight. Following cooling to room temperature, the mixture was 

filtered over celite and then the solvent removed. The crude product was redissolved in DCM 

and washed with water (50 mL x 3). The organic phase was dried over MgSO4 and the solvent 

removed to give an orange-brown oily residue. The product was purified by column 

chromatography (silica; n-hexane→ DCM), with the product eluting in hexane:DCM (1:4). 

Recrystallisation from hexane and DCM gave the product as a red-orange solid. (120 mg, 0.11 

mmol, 20%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.51 (d, J=2.0 Hz, 2H, (PyrN)o-H), 7.71 

(t, J=2.0 Hz, 1H, (PyrN)p-H), 4.47 (pseudo-t, J=2.0 Hz, 4H, (Cp-Cp)m-H), 4.33 (pseudo-q, 

J=2.0 Hz, 8H, (4H, (CpC≡C) o/m-H)/ (4H, (Cp-Cp) m-H)), 4.31 (pseudo-t, J=2.0 Hz, 4H, (Cp-

Cp)o-H),  4.18 (pseudo-t, J=2.0 Hz, 4H, (Cp-Cp) o-H), 4.15 (pseudo-t, J=2.0 Hz, 8H, (4H, 

(CpI) m-H)/ (4H, (CpC≡C) o/m-H)), 3.98 (pseudo-t, J=2.0 Hz, 4H, (CpI) o-H). MS ES+: m/z 

1115.8348 ([M]+ Calc.: 1115.8329). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 149.8 

(2C, (PyrN)o-C-H), 140.1 (1C, (PyrN)p-C-H), 120.9 (2C, (PyrC-C≡C), 92.6 (2C, Fc-C≡C–

Pyr), 84.7 (1C, CpC-CCp), 84.4 (1C, CpC-CCp), 82.4 (2C, (Pyr-C≡C), 76.0 (2C, (CpI)m-C-

H), 72.9 (2C, (CpC≡C) o/m-H), 71.0 (2C, (Cp-Cp)o-C-H), 70.4 (2C, (CpC≡C) o/m-H), 70.2 

(2C, (CpI)o-C-H), 69.9 (2C, (Cp-Cp) o-C-H), 69.7 (2C, (Cp-Cp) m-C-H), 68.4 (2C, (Cp-Cp) 

m-C-H), 65.2 (2C, CpC-C≡C), 41.0 (2C, CpC-I). 
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7.4.3.11. Synthesis of (μ-3,5-Py)(C≡C–[Fc2]– C≡C-m-Py)2 (3a) 

 

4-Ethynyl pyridine (0.74 g, 0.717 mmol), 3 (0.10, 0.09 mmol), Pd(PtBu3)2 (5 mg, 0.01 

mmol) and CuI (2 mg, 0.01 mmol) were dissolved in the minimum amount toluene (30 mL). 

DIPA (10 mL) was then added. The reaction mixture was heated to 80 oC and stirred overnight. 

Following cooling to room temperature, the mixture was filtered over celite and then the 

solvent removed. The crude product was redissolved in DCM and washed with water (50 mL 

x 3). The organic phase was dried over MgSO4 and the solvent removed to give an orange-

brown oily residue. The product was purified by column chromatography (silica; n-hexane→ 

DCM), with the product eluting in hexane:DCM (1:4). Recrystallisation from hexane and DCM 

gave the product as a red-orange solid. (5 mg, 0.01 mmol, 5%).  

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.53 (m, 4H, (4-Pyr)o-H), 8.48 (m. 2H, 

(3,5-Pyr)o-H), 7.64 (t, J=2.0 Hz, 1H, (3,5-Pyr)p-H), 7.23 (d, J=5.6 Hz, 4H, (4-Pyr)m-H), 4.42 

(pseudo-dt, J= 5.2, 2.0 Hz, 8H, Cp-H), 4.31 (pseudo-dt, J=5.6, 2.0 Hz, 8H, Cp-H),  4.21 

(pseudo-dt, J=3.6, 2.0 Hz, 8H, Cp-H), 4.13 (pseudo-dt, J=5.6, 2.0 Hz, 8H, Cp-H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ (ppm) 149.9 (2C, (3,5-Pyr)o-C-H), 149.7 (4C, (4-Pyr)o-C-

H), 140.0 (1C, (3,5-Pyr)p-C-H), 132.4 (4C, (4-Pyr)m-C-H), 125.4 (2C,  4-PyrC-C≡C-Fc), 

120.8 (2C, 3,5-PyrC-C≡C-Fc), 94.1 (2C, Fc-C≡C-(4-Pyr), 92.5 (2C, Fc-C≡C-(3,5-Pyr),  84.5 

(2C, CpC-CCp), 84.3 (2C, CpC-CCp), 84.0 (2C, (4-Pyr-)C≡C), 82.4 (2C, (3,5-Pyr-)C≡C), 

73.1 (4C, CpC-H), 72.9 (4C, CpC-H), 70.7 (4C, CpC-H), 70.4 (4C, CpC-H), 69.9 (4C, CpC-

H), 69.8 (4C, CpC-H), 68.3 (4C, CpC-H), 68.2 (4C, CpC-H), 65.3 (2C, (3,5-Pyr-C≡C)-CCp), 

64.8 (2C, (4-Pyr-C≡C)-CCp). MS ES+: m/z 1066.0939 ([M]+ Calc.: 1066.0927). 

7.4.3.12. Synthesis of μ-3,5-Py-(C≡C–[Fc2]–C≡C–2-Thio)2 (3b) 
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To a solution of 3,5-diethynyl pyridine (7 mg, 0.06 mmol), Fc2(I)Thio (0.20 g, 0.33 

mmol), Pd(PtBu3)2 (28 mg, 0.06 mmol) and CuI (0.01 g, 0.06 mmol) in toluene (40 mL), DIPA 

(20 mL) was added. The brown reaction mixture was heated at 65 oC for 24 h, cooled to ambient 

temperature and filtered. The brown-red mixture was purified by column chromatography (Al 

(V), n-hexane:DCM, 1:0 → 0:1), with the product eluting in hexane/DCM (7:3). After solvent 

removal from combined fractions, the red-brown product was filtered over celite in Et2O, then 

again in DCM. The solvent was removed to reveal the product as a deep red solid. (8 mg, 0.01 

mmol, 14%). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 8.50 (br s, 2H, (Pyr)o-H), 7.66 (d, J = 

8.3 Hz, 1H, (Pyr)p-H), 7.25 (dd, J = 5.2, 1.2 Hz, 2H, Thio-H), 7.16 (dd, J = 3.6, 1.1 Hz, 2H, 

Thio-H), 6.98 (dd, J = 5.2, 3.6 Hz, 2H, Thio-H), 4.49 (t, J = 1.9 Hz, 4H, Cp-H), 4.45 (t, J = 1.8 

Hz, 4H, Cp-H), 4.34 – 4.32 (m, 4H, Cp-H), 4.27 (t, J = 1.8 Hz, 4H, Cp-H), 4.25 (t, J = 1.8 Hz, 

4H, Cp-H), 4.23 (t, J = 1.8 Hz, 4H, Cp-H), 4.16 – 4.15 (m, 4H, Cp-H), 4.11 (t, J = 1.8 Hz, 4H, 

Cp-H). 13C NMR (100 MHz, CD2Cl2, 298 K) δ (ppm) 150.4 (2C, (PyrN)o-C-H), 140.4 (1C, 

(PyrN)p-C-H), 131.6 (2C, (Thio)C-H), 127.6 (2C, (Thio)C-H), 126.9 (2C, (Thio)C-H), 124.7 

(2C, (ThioC-C≡C), 120.2 (2C, PyrC-C≡C), 93.1 (2C, Cp-C≡C-Pyr), 92.6 (2C, Cp-C≡C-

Thio), 85.3 (2C, CpC-CCp), 84.6 (2C, CpC-CCp), 82.6 (2C, Pyr-C≡C), 79.4 (2C, Thio-C≡C), 

73.3 (4C, Cp-H), 73.2 (4C, Cp-H), 70.9 (4C, Cp-H), 70.7 (4C, Cp-H), 70.3 (8C, Cp-H), 69.0 

(4C, Cp-H), 68.8 (4C, Cp-H), 66.1 (2C, CpC-C≡C), 65.6 (2C, CpC-C≡C). MS ES+: m/z 

1075.0103 ([M]+ Calc.: 1075.0078).  

7.4.3.13. Evidence for (μ-3,5-Py)(C≡C–[Fc3]–I)2 (4) 

 

3,5-Diethynyl pyridine (5 mg, 0.04 mmol), Fc3I2 (0.20 g, 0.25 mmol), Pd(PtBu3)2 (2 

mg, 0.02 mmol) and CuI (1 mg, 0.02 mmol) were dissolved in the minimum amount of toluene 

(15 mL). DIPA (5 mL) was then added. The reaction mixture was heated to 70 oC and stirred 

overnight. Following cooling to room temperature, the mixture was filtered over celite and then 

the solvent removed. The crude product was redissolved in DCM and washed with water (50 

mL x 3). The organic phase was dried over MgSO4 and the solvent removed to give an orange-
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brown oily residue. Preliminary purification by (short) column chromatography (silica; n-

hexane→ DCM→CHCl3), with the product eluting in DCM: CHCl3 (4:1) gave the crude 

product as a deep brown solid. Further purification by (short) column chromatography on 

alumina (V) was attempted; however, this resulted in decomposition of the product.  

Crude 1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.48 (d, 2H), 7.63 (t, 1H), 4.26 

(pseudo-t), 4.22 (pseudo-t), 4.14 (m), 4.09 (pseudo-q), 4.06 (pseudo-t), 4.01 (pseudo-t), 3.90 

(pseudo-t). MS ES+: m/z 1483.8305 ([M]+ Calc.: 1483.8280). 

7.4.3.14. Synthesis of (μ-3,5-Py)(C≡C–[Rc]–I)2 (5) 

 

3,5-Diethynyl pyridine (22 mg, 0.17 mmol), Pd(PtBu3)2 (12 mg, 0.01 mmol) and CuI 

(40 mg, 0.21 mmol) were dissolved in toluene (40 mL); RcI2 (0.50 g, 1.03 mmol) and DIPA 

(20 mL) were then added. The reaction mixture was heated to 90 oC and stirred overnight. 

Following cooling to room temperature, the mixture was filtered over celite and then the 

solvent removed. The crude product was redissolved in DCM and washed with water (50 mL 

x 3). The organic phase was dried over MgSO4 and the solvent removed to give a yellow-

orange solid. The product purified by column chromatography (silica; n-hexane→ DCM→ 

CHCl3), with the product eluting in DCM:CHCl3 (1:1). The product was washed with hexane 

and filtered in DCM to give the product as an off-white solid (41 mg, 28%) after solvent 

removal. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.59 (m, 2H, (PyrN)o-H), 7.83 (t, J=2.0 

Hz, 1H, (PyrN)p-H), 4.91 (pseudo-t, J=2.0 Hz, 4H, (Cp)m-C-H), 4.89 (pseudo-t, J=1.6 Hz, 4H, 

(Cp)m-C-H), 4.65 (pseudo-t, J=2.0 Hz, 4H, (Cp-C≡C)o-H), 4.53 (pseudo-t, J=1.6 Hz, 4H, 

(CpI)o-H). 13C NMR (126 MHz, CDCl3 298 K) δ (ppm) 131.94 (2C (PyrN)o-C-H), 129.11(2C, 

PyrC-C≡C), 128.62 (1C (PyrN)o-C-H), 90.43 (2C, Cp-C≡C), 80.60 (2C, Pyr-C≡C), 79.00 

(4C, (Cp)m-C-H), 76.05 (4C, (Cp)m-C-H), 73.50 (4C, (Cp-C≡C)o-C-H), 72.85 (4C, (Cp-I)o-

C-H), 70.69 (2C, C-C≡C), 38.82 (2C, C-I). MS ES+: m/z 839.7789 ([M]+ Calc.: 839.7776). 
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7.4.3.15. Evidence for μ-2,6-Py-(C≡C–[Fc]–C≡C–p-Pyr)(C≡C–iPrOH) (8) 

 

Synthesised and characterised in collaboration with Rachel Chan. 

To a solution of Fc(I)Pyr (100 mg, 0.24 mmol), Pd(PtBu3)2 (12 g, 24 μmol) and CuI 

(4.57 mg, 24 μmol) in toluene (40 mL) and DIPA (10 mL), 4-(6-ethynylpyridin-2-yl)-2-

methylbut-3-yn-2-ol (12 mg, 0.06 mmol) was added The brown reaction mixture was heated 

at 70 oC for 18 h. Following cooling to room temperature, DCM was added and the mixture 

was filtered over celite. The solvent was removed and the crude mixture was purified by 

column chromatography (Al(V), ; n-hexane → n-hexane/CH2Cl2 [1:1]→ EtOAc)), After 

solvent removal,  the product was obtained as an orange solid (11 mg, 39 %). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.42 (d, 3JHH = 5.1 Hz, 2H), 7.43 (t, 3JHH 

= 7.8 Hz, 1H), 7.25 – 7.13 (m, 4H), 4.60 (pseudo-t, 3JHH = 1.9 Hz, 2H), 4.56 (pseudo-t, 3JHH = 

1.9 Hz, 2H), 4.36 – 4.31 (m, 4H), 2.18 (s, 1H), 1.61 (s, 6H). MS ES+: m/z 470.1275 ([M]+ 

Calc.: 470.3536). 

7.4.3.16. Synthesis of (μ-2,6-Py)(C≡C–[Fc]–C≡C–p-Py)2 (7) 

 

Synthesised and characterised in collaboration with Rachel Chan. 

2,6-Diethynylpyridine (4 mg, 35 μmol) was added to a mixture of Fc(I)Pyr (0.15 g, 

0.28 mmol), Pd(PtBu3)2 (2 mg, 3.5 μmol), CuI (1 mg, 3.5 μmol), in DIPA (ca. 10 mL) and 

toluene (ca. 100 mL). The resulting dark brown solution was stirred at 70 °C for ~18h. The 

reaction mixture was cooled to room temperature and all volatiles were removed in vacuo to 

afford a brown solid The crude reaction mixture was purified using column chromatography 
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(alumina V; n-hexane → n-hexane/CH2Cl2 [1:1] → n-hexane/EtOAc [1:1]). (4 mg, 6 μmol 

16 %). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.43 (d, 3JHH = 5.4 Hz, 4H, (4-Pyr)o-H), 

7.46 (t, 3JHH = 7.8 Hz, 1H, (2,6-Pyr)p-H), 7.39 (d, 3JHH = 6.0 Hz, 4H, (4-Pyr)m-H), 7.21 – 7.19 

(m, 2H, (2,6-Pyr)m-H), 4.63 (t, 3JHH = 2.1 Hz, 4H), 4.58 (t, 3JHH = 1.9 Hz, 4H), 4.38 (t, 3JHH = 

1.9 Hz, 4H), 4.36 (t, 3JHH = 1.9 Hz, 4H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 

149.6 (4C, (4-Pyr)o-C-H), 144.0 (2C, (2,6-Pyr)C-C≡C), 136.1 (1C, (2,6-Pyr)p-C-H), 132.1 

(2C, (4-Pyr) C-C≡C), 125.5 (4C, (4-Pyr)m-C-H), 125.3 (4C, (2,6-Pyr)m-C-H), 92.5 (2C, Cp-

C≡C), 91.7 (2C, Cp-C≡C), 86.6 (2C, Pyr-C≡C), 84.8 (2C, Pyr-C≡C), 73.6 (4C, (Cp)m-C-H), 

73.4 (4C, (Cp)m-C-H), 71.4 (4C, (Cp)o-C-H), 71.3 (4C, (Cp)o-C-H), 66.4 (2C, CpC-C≡C), 

66.3 (2C, CpC-C≡C). MS ES+: [M + H] m/z 698.0990 ([M + H]+ Calc.: 698.0982). 

7.4.3.17. μ-4,4'-(2,2'-Bipy)(C≡C–[Fc]–I)2 (6) 

 

4,4’-diethynyl-2,2’-bipyridine (0.10 g, 0.49 mmol), Pd(PtBu3)2 (25 mg, 0.05 mmol) and 

CuI (10 mg, 0.05 mmol) were dissolved in toluene (30 mL); FcI2 (2.00 g, 4.58 mmol) and 

DIPA (10 mL) were then added. The reaction mixture was heated to 60 oC and stirred overnight. 

The solvent was removed, and the crude product was redissolved in ethyl actetate and filtered. 

The product purified by (short) column chromatography (Al (II); n-hexane→ DCM→EtOAc), 

with the product eluting in hexane:DCM (6:4). Following solvent removal, the product was 

obtained as a deep red solid (0.17 g, 0.21 mmol, 42%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.65 (dd, J = 5.2, 1.7 Hz, 2H, Ar-H), 8.49 

(s, 2H, Ar-H), 7.39 (dt, J = 5.1, 1.7 Hz, 2H, Ar-H), 4.52 (pseudo-t, J = 2.0 Hz, 4H, (Cp-C≡C)m-

H), 4.47 (pseudo-t, J = 2.0 Hz, 4H, (Cp-I)m-H), 4.32 (pseudo-t, J = 2.0 Hz, 4H, (Cp-C≡C)o-

H), 4.26 (pseudo-t, J = 2.0 Hz, 4H, (Cp-I)o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ 

(ppm) 154.1 (2C, ArC-CAr), 149.3 (2C, BipyC-H), 133.3 (2C, BipyC-C≡C), 126.0 (2C, 

BipyC-H), 123.1 (2C, BipyC-H), 94.1 (2C, Cp-C≡C), 84.8 (2C, Bipy-C≡C), 76.6 (4C, (Cp-
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C≡C)o-C-H), 74.5 (4C, (Cp-C≡C)m-C-H), 72.8 (4C, (Cp-I)m-C-H), 71.2 (4C, (Cp-I)o-C-H), 

65.8 (2C, CpC-C≡C), 41.4 (2C, CpC-I). MS ES+: m/z 824.8663 ([M]+ Calc.: 824.8650). 

7.4.3.18. μ-4,4'-(2,2'-Bipy)(C≡C–[Fc]–C≡C–(p-Pyr)2 (6a) 

 

 To a solution of Fc(I)Pyr (0.40 g, 0.97 mmol), Pd(PtBu3)2 (9 mg, 0.02 mmol) and CuI 

(4 mg, 0.02 mmol) in THF (40 mL) and DIPA (10 mL), 4,4'-diethynyl-2,2'-bipyridine (24 mg, 

0.12 mmol) was added. The brown reaction mixture was heated at 60 oC for 16 h, after which 

time the solvent was removed. The crude mixture was then filtered in copious amounts of 

hexane, and the remaining solid washed with ethyl acetate. The remaining solid was filtered in 

DCM and found to be the desired product. The collected ethyl acetate washings were 

concentrated and recrystallised by the addition of hexane, and subsequent cooling. The 

precipitate was collected and combined with the previously obtained solid. The remaining 

mother liquor was concentrated and recrystallised again to yield a third crop of product, which 

was combined with the previous batches. After drying the product was obtained as an orange-

brown solid (44 mg, 0.06 mmol, 47%). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 8.58 (br s, 2H, (Bipy)-H), 8.36 (br s, 4H, 

(PyrN)o-H), 8.17 (br s, 2H, (Bipy)-H), 7.27 (br s, 2H, (Bipy)-H), 7.18 (d, J = 4.6 Hz, 4H, 

(PyrN)m-H), 4.65 (pseudo-t, J = 1.9 Hz, 4H, Cp-m-H), 4.63 (pseudo-t, J = 1.9 Hz, 4H, Cp-m-

H), 4.44 (pseudo-q, J = 1.9 Hz, 8H, Cp-o-H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ 

(ppm) 154.2 (2C, BipyC-CBipy), 150.0 (4C, (PyrN)o-C-H), 149.7 (2C, BipyC-H), 133.6 (2C, 

PyrC-C≡C), 132.4 (2C, BipyC-C≡C), 126.3 (2C, BipyC-H), 125.6 (4C, (PyrN)m-C-H), 123.1, 

(2C, BipyC-H), 92.7 (2C, Cp-C≡C), 92.7 (2C, Cp-C≡C), 85.2 (4C, Ar-C≡C), 73.9 (8C, 

(Cp)m-C-H), 71.9 (8C, (Cp)o-C-H), 66.8 (4C, CpC-C≡C). MS ES+: [M + H] m/z 775.1244 

([M + H]+ Calc.: 775.1248) 
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7.4.3.19. μ-4,4'-(2,2'-Bipy)(C≡C–[Fc]–C≡C–(2-Thio)2 (6b) 

 

A solution of Fc(I)Thio (0.20 g, 0.45 mmol), 4,4'-diethynyl-2,2'-bipyridine (24 mg, 

0.12 mmol), Pd(PtBu3)2 (10 mg, 0.02 mmol) and CuI (8 mg, 0.04 mmol) in THF (25 mL) and 

DIPA (5.00 mL) was stirred at 60 oC for 18 h. After cooling to ambient temperature, the mixture 

was filtered, and the solvent removed. The crude mixture was then filtered over alumina (V) in 

hexane/DCM (7:3) to remove unreacted starting material, and in hexane/EtOAc (1:1) to obtain 

the product. The solvent from the second filtrate was concentrated and subsequently 

recrystallised by addition of hexane to remove impurities. The precipitate was collected to 

obtain the product as a deep red solid (0.035 g, 0.045 mmol, 37%). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 8.52 (br s, 2H), 8.29 (br s, 2H), 7.24 (br 

s, 2H), 7.13 (d, J = 5.0 Hz, 2H), 7.08 (d, J = 3.6 Hz, 2H), 6.83 (d, J = 6.2 Hz, 2H), 4.62 (pseudo-

t, J = 1.9 Hz, 4H), 4.57 (pseudo-t, J = 1.9 Hz, 4H), 4.40 (pseudo-t, J = 1.9 Hz, 4H), 4.37 

(pseudo-t, J = 1.9 Hz, 4H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): 156.0 (2C, BipyC-

CBipy), 132.4 (2C, BipyC-H), 131.8 (2C, Thio-C-H), 129.1 (2C, BipyC-H), 128.1 (2C, BipyC-

C≡C), 127.5 (2C, Thio-C-H), 127.0 (2C, Thio-C-H), 124.3 (4C; (2C, Thio-C-C≡C)/ (2C, 

BipyC-H), 91.1 (2C, Cp-C≡C), 90.7 (2C, Cp-C≡C), 80.4 (4C, Ar-C≡C), 80.2 (4C, Ar-C≡C), 

73.9 (4C, Cp-C-H), 73.4 (4C, Cp-C-H), 72.0 (4C, Cp-C-H), 71.6 (4C, Cp-C-H), 67.7 (2C, CpC-

C≡C), 66.5 (2C, CpC-C≡C). MS ES+: m/z 785.0486 ([M]+ Calc.: 785.0471). 

7.4.3.20. Preparation of 1-iodo-1’-(((4-ethynylthiophen-yl(3-ethynyl)-triisopropylsilane) 

ferrocene (9) 

 

 To a solution of FcI2 (2.29 g, 3.25 mmol), CuI (20 mg, 0.10 mmol) and Pd(PtBu3)2 (53 

mg, 0.10 mmol) in toluene (30 mL) and DIPA (10 mL), ((4-ethynylthiophen-3-
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yl)ethynyl)triisopropylsilane (30 mg, 1.05 mmol) was added. The resulting brown mixture was 

stirred at 60 oC for 18 h, then cooled to ambient temperature and filtered. The crude brown 

mixture was purified by column chromatography (SiO2, hexane→DCM), with the product 

eluting in hexane/DCM (9:1). After combining alike fractions, the desired product was 

obtained as a yellow-brown oil (0.60 g, 1.01 mmol, 95%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.43 (d, J = 3.2 Hz, 1H, Ar-H), 7.41 (d, 

J = 3.2 Hz, 1H, Ar-H), 4.45 (pseudo-t, J = 1.9 Hz, 2H, (CpI)m-H), 4.44 (pseudo-t, J = 1.9 Hz, 

2H, (CpC≡C)m-H), 4.23 (pseudo-t, J = 1.9 Hz, 2H, (CpC≡C)o-H), 4.22 (pseudo-t, J = 1.8 Hz, 

2H, (CpI)o-H), 1.15 (s, 21H, SiCH(CH3)2). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 

129.3 (1C, ArC-H), 127.7 (1C, ArC-H), 125.7 (1C, ThioC-C≡C), 125.1 (1C, ThioC-C≡C), 

100.4 (1C, Thio-C≡C-TIPS), 92.9 (1C, Thio-C≡C-TIPS), 89.2 (1C, Thio-C≡C-Cp), 80.8 (1C, 

Thio-C≡C-Cp), 76.3 (2C, (CpI)C-H), 74.0 (2C, (CpC≡C)C-H), 72.5 (2C, (CpC≡C)C-H), 71.4 

(2C, (CpI)C-H), 67.5 (1C, CpC-C≡C), 41.0 (1C, CpC-I), 19.0 (2C, SiCH(CH3)2), 11.5 (1C, 

SiCH(CH3)2). MS ES+: m/z 598.0319 ([M]+ Calc.: 598.0310.        

7.4.3.21 Preparation of 1-iodo-1’-(((4-ethynylthiophen-yl(3-ethynyl)-triisopropylsilane) 

ferrocene (10) 

 

To a degassed solution of 9 (0.60 g, 1.01 mmol) in THF/MeOH (1:1) (40 mL) was 

added TBAF (1 M in THF) (3.00 mL, 1.00 mmol) was added, and the reaction mixture was 

stirred, with sparging, for 18 h. To the pale yellow solution, DCM was added and the organic 

phase was washed with water (3 x 60 mL), dried over MgSO4 and filtered. The solvent was 

removed to give a deep orange solid (0.400 g, 0.89 mmol, 88%) that was used without further 

purification. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.50 (d, J = 3.1 Hz, 1H, Ar-H), 7.43 (d, 

J = 3.2 Hz, 1H Ar-H), 4.48 (pseudo-t, J = 1.9 Hz, 2H (CpC≡C)m-H), 4.46 (pseudo-t, J = 1.9 

Hz, 2H, (CpI)m-H), 4.26 (pseudo-q, J = 1.7 Hz, 4H, (2H) (CpI)o-H/ (2H) (CpC≡C)o-H), 3.25 

(s, 1H, C≡C-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 129.9 (1C, ThioC-H), 

127.9 (1C, ThioC-H), 125.7 (1C, ThioC-C≡C-Fc), 123.9 (1C, ThioC-C≡C-H), 89.5 (1C, Cp-
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C≡C), 80.0 (1C, Thio-C≡C-H), 79.6 (1C, Thio-C≡C-H), 77.8 (1C, Thio-C≡C-Cp), 76.7 (2C, 

(CpI)C-H), 74.5 (2C, (CpC≡C)C-H), 72.4 (2C, (CpC≡C)C-H), 71.5 (2C, (CpI)C-H), 66.9 (1C, 

CpC-C≡C), 40.7 (1C, CpC-I). MS ES+: m/z 441.8970 ([M]+ Calc.: 441.8976). 

7.4.3.22 Preparation of (μ-3,4-Thio)(C≡C–[Fc]–I)2 (11) 

 

 To a solution of 10 (0.39 g, 0.88 mmol), CuI (0.02 g, 0.09 mmol) and Pd(PtBu3)2 (45 

mg, 0.09 mmol) in toluene (30 mL) and DIPA (10 mL) was added FcI2 (1.54 g, 3.53 mmol). 

The brown reaction mixture was stirred at 60 oC for 18 h, and after cooling to ambient 

temperature the solvent was removed. The brown slurry was filtered in hexane, and purified by 

short column chromatography on silica (hexane/DCM, 1:0→ 7:3). With the product eluting in 

10-15% DCM in hexane, which after solvent removal was obtained as an orange-brown solid 

(0.21 g, 0.28 mmol, 31%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.45 (s, 2H, ThioC-H), 4.52 (t, J = 1.9 

Hz, 2H, (CpC≡C)m-H), 4.46 (t, J = 1.8 Hz, 2H, (CpI)m-H), 4.26 (t, J = 1.9 Hz, 2H, (CpC≡C)o-

H), 4.24 (t, J = 1.8 Hz, 2H, (CpI)o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 

127.9 (2C, ThioC-H), 125.4 (2C, ThioC- C≡C), 89.2 (1C, Cp-C≡C), 80.9 (1C, Thio-C≡C), 

76.5 (2C, (CpI)m-C-H), 74.3 (2C, (CpC≡C)m-C-H), 72.5 (2C, (CpC≡C)o-C-H), 71.5 (2C, 

(CpI)o-C-H), 67.3 (2C, CpC-C≡C), 41.0 (2C, CpC-I). MS ES+: m/z 751.7922 ([M]+ Calc.: 

751.7918). 

7.4.3.23 Synthesis of [Fc-(C≡C–)2](μ-3,4-Thio-C≡C–[Fc]–I)2 (11a) 

 

 Obtained as a side product from 11, eluting during short column chromatography on 

silica (hexane/DCM; 7:3). After solvent removal the product was obtained as a brown solid (58 

mg, 0.05 mmol, 6%).  
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1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.44 (d, J = 3.2 Hz, 2H, Thio-H), 7.37 

(d, J = 3.2 Hz, 2H, Thio-H), 4.61 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.53 (pseudo-t, J = 1.9 Hz, 

4H, Cp-H), 4.47 (pseudo-t, J = 2.1 Hz, 4H, Cp-H), 4.36 (pseudo-t, J = 1.8 Hz, 4H, Cp-H), 4.25 

(pseudo-dt, J = 3.6, 1.9 Hz, 8H, Cp-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 13C 

NMR (101 MHz, CDCl3) δ 127.8 (2C, ThioC-H), 127.7 (2C, ThioC-H), 125.3 (4C, ThioC-

C≡C), 89.4 (2C, Cp-C≡C), 89.2 (2C, Cp-C≡C), 81.0 (2C, Thio-C≡C), 80.8 (2C, Thio-C≡C), 

76.5 (4C, CpC-H), 74.2 (4C, CpC-H), 73.2 (4C, CpC-H), 72.5 (4C, CpC-H), 71.6 (4C, CpC-

H), 71.5 (4C, CpC-H), 67.3 (2C, CpC-C≡C), 66.9 (2C, CpC-C≡C), 41.0 (2C, CpC-I). MS 

ES+: [M + H) m/z 1066.7800 ([M + H]+ Calc.: 1066.7775). 

7.4.3.24 Preparation of (μ-3,4-Thio)(C≡C–[Fc]– C≡C-p-Pyr)2 (11b) 

 

A solution of 11 (50 mg, 0.07 mmol), 4-ethynyl pyridine hydrochloride (75 mg, 0.53), 

CuI (3 mg, 0.013 mmol) and Pd(PtBu3)2 (7 mg, 0.013 mmol) in toluene (20 mL) and DIPA (5 

mL) was stirred at 60 oC for 18 h. After cooling to ambient temperature, the mixture was 

filtered, and the solvent removed. The brown slurry was then filtered in hexane, and the 

remaining solid was washed in ethyl acetate. The ethyl acetate washings were concentrated, 

and the product was recrystallised by the addition of hexane and subsequent cooling. The 

precipitate was collected and washed with hexane to reveal the product as an orange-brown 

solid (31 mg, 0.04 mmol, 67%). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 8.49 – 8.40 (m, 4H, (PyrN)o-H), 7.25 

(s, 2H, Thio-H), 7.24 – 7.20 (m, 4H, (PyrN)m-H), 4.59 (pseudo-dt, J = 2.7, 1.9 Hz, 8H, (Cp)m-

C-H), 4.39 (pseudo-t, J = 1.9 Hz, 4H, (Cp-)o-C-H), 4.35 (Cp-)o-C-H). 13C{1H} NMR (100 

MHz, CD2Cl2, 298 K): δ (ppm) 150.1 (4C, (PyrN)o-CH), 132.3 (2C, PyrC-C≡C), 128.2 (2C, 

ThioC-H), 125.7 (4C, (PyrN)m-CH), 125.5 (2C, ThioC-C≡C), 93.0 (2C, (Cp-C≡C), 89.2 (2C, 

Cp-C≡C), 85.0 (2C, Pyr-C≡C), 81.4 (2C, Thio-C≡C), 73.9 (4C, (Cp-C≡C)m-C-H), 73.6 (4C, 

(Cp-C≡C)m-C-H), 72.1 (4C, (Cp-C≡C)o-C-H, 71.6 (4C, (Cp-C≡C)o-C-H), 67.9 (2C, (CpC-

C≡C), 66.3 (2C, (CpC-C≡C). MS ES+: [M + H) m/z 703.0608 ([M + H]+ Calc.: 703.0594). 
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7.4.3.25 Preparation of (μ-3,4-Thio)(C≡C–[Fc]– C≡C-2-Thio)2 (11c) 

 

To a solution of 11 (50 mg, 0.07 mmol), CuI (3 mg, 0.013 mmol) and Pd(PtBu3)2 (7 

mg, 0.013 mmol) in toluene (20 mL) and DIPA (5.00 mL) was added 2-ethynyl thiophene (0.05 

mL, 0.53 mmol). The dark brown mixture was stirred at 60 oC for 18 h and, after cooling to 

ambient temperature, the mixture was filtered and the solvent removed. The brown slurry was 

then filtered in hexane, and the remaining solid was washed in ethyl acetate. The ethyl acetate 

washings were concentrated and the product was recrystallised by the addition of hexane and 

subsequent cooling. The precipitate was collected and washed with hexane to reveal the 

product as an orange-brown solid (40 mg, 0.06 mmol, 85%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 1H NMR (400 MHz, Chloroform-d) δ 

7.29 (s, 2H, 3,4-Thio-H), 7.21 (dd, J = 5.2, 1.2 Hz, 2H, 2-Thio-H), 7.15 (dd, J = 3.6, 1.2 Hz, 

2H, 2-Thio-H), 6.93 (dd, J = 5.2, 3.6 Hz, 2H, 2-Thio-H), 4.58 (pseudo-t, J = 1.9 Hz, 4H, Cp-

H), 4.54 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.32 (pseudo-dt, J = 2.6, 1.9 Hz, 8H, Cp-H). 13C{1H} 

NMR (100 MHz, CDCl3, 298 K): δ (ppm) 131.4 (2C, 2-ThioC-H), 127.5 (2C, 3,4-ThioC-H), 

127.1 (2C, 2-ThioC-H), 126.6 (2C, 2-ThioC-H), 125.3 (2C, 3,4-ThioC-C≡C), 124.1 (2C, 2-

ThioC-C≡C), 91.3 (2C, Cp-C≡C), 89.2 (2C, Cp-C≡C), 80.8 (2C, Thio-C≡C), 79.8 (2C, Thio-

C≡C), 73.1 (4C, CpC-H), 73.0 (4C, CpC-H), 71.6 (4C, CpC-H), 71.4 (4C, CpC-H), 66.9 (2C, 

CpC-C≡C), 66.6 (2C, CpC-C≡C). MS ES+: [M + H) m/z 712.9827 ([M + H]+ Calc.: 

712.9817). 
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7.4.3.26 Synthesis of (μ-3,4-Thio)(C≡C–[Fc]–C≡C–p-PhSEtCN)2 (11d) 

 

A solution of 11 (0.13 g, 0.17 mmol), 3-(4-ethynylphenyl)thiopropionitrile (0.19 g, 1.00 

mmol), CuI (7 mg, 0.04 mmol) and Pd(PtBu3)2 (17 mg, 0.03 mmol) in THF (15 mL) and DIPA 

(7.00 mL) was stirred at 60 oC for 18 h. After cooling to ambient temperature, the mixture was 

filtered, and the solvent removed. The brown slurry was then filtered in hexane, and the 

remaining solid was washed in ethyl acetate. The ethyl acetate washings were concentrated, 

and the product was recrystallised by the addition of hexane and subsequent cooling. The 

precipitate was collected and washed with hexane, and the solvent was removed from the 

filtrate. The residue was then washed in copious amounts of methanol and recrystallised from 

ethyl acetate and hexane to yield a second crop of the desired product. The precipitate was 

collected and washed with hexane to yield the product as an orange-brown solid (0.14 g, 0.16 

mmol, 93%).  

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.38 (d, J = 8.3 Hz, 4H, (ArS)o-H), 7.28 

(s, 2H, ThioC-H), 7.27 (d, J = 9.0 Hz, 4H, (ArS)m-H), 4.59 (t, J = 1.9 Hz, 4H), 4.57 (t, J = 1.9 

Hz, 4H), 4.35 (dt, J = 3.7, 1.8 Hz, 8H), 3.14 (t, J = 7.1 Hz, 4H, ArS-CH2), 2.61 (t, J = 7.1 Hz, 

4H, CH2-CN). 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ (ppm) 133.8 (2C, ArC-S), 132.5 

(4C, (ArS-)o-C-H), 130.7 (4C, (ArS-)m-C-H), 128.1 (2C, ThioC-H), 125.6 (2C, ThioC-C≡C), 

123.2 (2C, (ArS)C-C≡C), 118.5 (2C, CN), 89.5 (2C, Cp-C≡C), 88.9 (2C, Cp-C≡C), 86.6 (2C, 

Ar-C≡C), 81.2 (2C, Thio-C≡C), 73.6 (4C, CpC-H), 73.5 (4C, CpC-H), 71.8 (4C, CpC-H), 

71.5 (4C, CpC-H), 67.5 (2C, CpC-C≡C), 67.4 (2C, CpC-C≡C), 30.2 (2C, S-CH2), 18.7 (2C, 

CH2-CN). MS ES+: [M+H] m/z 871.0674 ([M+H]+ Calc.: 871.0661).  
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7.4.3.27 Synthesis of (μ-3,4-Thio)(C≡C–[Fc]–C≡C– p-PhSAc)2 (11e) 

 

To a solution of 11d (0.10 g, 0.12 mmol) in THF (20 mL), was added a solution of 

NaOMe in MeOH (5M, 0.20 mL, 1.00 mmol), and the mixture was stirred for 2h. Acetic 

anhydride (0.40 mL, 4.24 mmol) was then added and the reaction mixture stirred for a further 

1nh. The solvent was then removed, and the product recrystallised from ethyl acetate and 

hexane. The precipitate was collected and washed with cold ethyl acetate. The solvent was then 

removed from the mother liquor and the remaining residue was washed with methanol. The 

two solids were combined to obtain the product as an orange-brown solid (53 mg, 0.06 mmol, 

54%). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 7.47 – 7.42 (m, 4H, (ArS)o-H), 7.33 – 

7.28 (m, 4H, (ArS)m-H), 7.27 (s, 2H, ThioC-H), 4.59 (dt, J = 4.8, 1.9 Hz, 8H, CpC-H), 4.36 

(dt, J = 6.0, 1.9 Hz, 8H, CpC-H), 2.41 (s, 6H, CO-CH3). 13C{1H} NMR (100 MHz, CD2Cl2, 

298 K): δ (ppm) 193.9 (2C, C=O), 134.8 (4C, (ArS)m-C-H), 132.3 (4C, (ArS)o-C-H), 128.2 

(2C, ThioC-H), 128.0 (2C, ArC-S), 125.5 (4C, (2C, ThioC-C≡C) and (2C, ArC-C≡C)), 89.7 

(2C, CpC-C≡C), 89.5 (2C, CpC-C≡C), 86.5 (2C, Ar-C≡C), 81.2 (2C, Thio-C≡C), 73.7 (4C, 

CpC-H), 73.6 (4C, CpC-H), 71.9 (4C, CpC-H), 71.7 (4C, CpC-H), 67.6 (4C, CpC-C≡C), 67.2 

(4C, CpC-C≡C), 30.6 (2C, CO-CH3). MS ES+: [M+H] m/z 848.0277 ([M+H]+ Calc.: 

848.0263).  
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7.4.3.28 Synthesis of Re(CO)3Br((μ-3,5-Py)(C≡C–[Fc]–I)2) (Re-2) 

 

A solution of 2 (27 mg, 0.04 mmol) and bromopentacarbonylrhenium (I) (7 mg, 0.18 

mmol) in toluene (20 mL) was stirred at 85 oC for 18 h. The solvent was removed, and the 

crude product purified by flash column chromatography (SiO2; (hexane/DCM, 1:0→ 1:1). 

After combination of selected fractions of and subsequent solvent removal, the product was 

obtained as an orange-red solid (26 mg, 0.01 mmol, 35%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.86 (d, J = 1.8 Hz, 4H, (PyrN)o-H), 8.02 

(t, J = 1.8 Hz, 2H, (PyrN)p-H), 4.52 (pseudo-t, J = 1.8 Hz, 8H, (Cp-Pyr)m-H), 4.46 (pseudo-t, 

J = 1.9 Hz, 8H, (CpI)m-H), 4.34 (pseudo-t, J = 1.9 Hz, 8H, (Cp-Pyr)m-H), 4.24 (pseudo-t, J = 

1.9 Hz, 8H, (CpI)o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 194.6 (2C, CO), 

191.8 (1C, CO), 154.2 (4C, (PyrN)o-C-H), 142.3 (2C, (PyrN)p-C-H), 123.5 (4C, PyrC-C≡C), 

94.8 (4C, Cp-C≡C), 81.5 (4C, Pyr-C≡C), 76.7 (8C, (CpI)m-C-H), 74.5 (8C, (Cp-Pyr)m-C-H), 

72.6 (8C, (Cp-Pyr)o-C-H), 71.0 (8C, (CpI)o-C-H), 65.7 (4C, CpC-C≡C), 42.2 (4C, C-I). MS 

ES+: [M + CH3CN + Na] m/z 1907.5378 ([M + CH3CN + Na]+ Calc.: 1907.5363). 
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7.4.3.29 Synthesis of Re(CO)3Br(μ-4,4'-(2,2'-Bipy)(C≡C–[Fc]–I)2) )(Re-6) 

 

A solution of 2 (25 mg, 0.03 mmol) and bromopentacarbonylrhenium (I) (12 mg, 0.03 

mmol) in DIPA (20 mL) was stirred at 85 oC for 1.5 h. The solvent was removed, and the crude 

product recrystallised from hexane/DCM. After filtering, the product was obtained as a red 

solid (24 mg, 0.02 mmol, 68%).  

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.97 (d, J = 5.8 Hz, 1H, Bipy (o-N)C-H), 

8.93 (d, J = 5.8 Hz, 1H, Bipy(o-N)C-H), 8.22 (d, J = 1.7 Hz, 2H, (BipyC-CBipy)o-C-H), 7.50 

(dd, J = 5.8, 1.7 Hz, 1H, Bipy(m-N)C-H), 7.47 (dd, J = 5.8, 1.6 Hz, 1H, Bipy(m-N)C-H), 4.63 

(dq, J = 2.8, 1.4 Hz, 2H, (Cp-C≡C)o-H), 4.59 (dq, J = 2.4, 1.2 Hz, 2H, (Cp-C≡C)o-H), 4.51 

(t, J = 1.7 Hz, 4H, (CpI)m-H), 4.44 (tt, J = 3.1, 1.6 Hz, 4H, (Cp-C≡C)m-H), 4.29 (p, J = 1.5 

Hz, 4H, (CpI)o-H). 13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 196.8 (2C, CO), 184.3 

(1C, CO), 155.7 (1C, BipyC-CBipy), 155.4 (1C, BipyC-CBipy), 153.1 (1C, Bipy (o-N)C-H), 

152.9 (1C, Bipy (o-N)C-H), 135.4 (1C, BipyC-C≡C), 135.3 (1C, BipyC-C≡C), 128.3 (1C, 

Bipy (m-N)C-H), 128.2 (1C, Bipy(m-N)C-H), 124.8 (1C, (BipyC-CBipy)o-C-H), 124.7 (1C, 

(BipyC-CBipy)o-C-H), 100.0 (2C, Fc-C≡C), 84.0 (2C, Bipy-C≡C), 76.9 (4C, (CpI)m-C-H), 

75.1 (2C, (Cp-C≡C)o-C-H), 75.0  (2C, (Cp-C≡C)o-C-H), 73.5  (4C, (Cp-C≡C)m-C-H), 71.2 

(4C, (CpI)o-C-H), 64.6 (2C, CpC-C≡C), 41.7 (1C, CpC-I). MS ES+: [M + CH3CN - Br] m/z 

1135.8260 ([M + CH3CN - Br]+ Calc.: 1135.8242). 
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7.5. Compounds synthesised in Chapter 5 

7.5.1. Synthesis of 1-iodo, 1’-(4-(4'-ethynyl-[2,2'-bipyridin]-4-yl)-2-methylbut-3-yn-2-ol) 

ferrocene 

 

 

 

 

To a solution of FcI2 (2.00 g, 4.58 mmol), Pd(PtBu3)2 (61 mg, 0.12 mmol) and CuI (23 

mg, 0.12 mmol) in toluene (50 mL) and DIPA (10 mL). 4-(4'-Ethynyl-[2,2'-bipyridin]-4-yl)-2-

methylbut-3-yn-2-ol (0.24 g, 0.92 mmol) was added, and the brown reaction mixture was 

stirred at 65 oC for 24 h. After cooling to ambient temperature, DCM was added and the mixture 

was filtered over celite and washed with DCM until the filtrate ran colourless. The product was 

purified by short column chromatography (hexane/EtOAc; 1:0→0:1), and the solvent removed 

from the combined fractions to give the product as an orange solid (0.32 g, 0.56 mmol, 61%). 

X-ray crystallographic analysis confirmed the structure of the product, and revealed the structure 

crystallised with two independent molecules (A and B) in the asymmetric unit. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.69 (t, J = 4.8 Hz, 2H), 8.41 (s, 1H), 

8.37 (s, 1H), 7.40 (dd, J = 5.1, 1.6 Hz, 1H), 7.33 (dd, J = 5.0, 1.5 Hz, 1H), 4.53 (t, J = 1.9 Hz, 

2H, (CpC≡C)C-H), 4.48 (t, 2H, (CpI)C-H), 4.33 (t, J = 1.9 Hz, 2H, (CpC≡C)C-H), 4.26 (t, J 

= 1.8 Hz, 2H, (CpI)C-H), 2.11 (s, 1H, OH), 1.64 (s, 6H, CH3). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 155.4 (1C, ArC-CAr), 154.8 (1C, ArC-CAr), 149.3 (2C, ArC-H), 

133.3 (1C, ArC-C≡C), 132.3 (1C, ArC-C≡C), 126.0 (1C, ArC-H), 125.8 (1C, ArC-H), 123.6 

(1C, ArC-H), 123.2 (1C, ArC-H), 98.2 (1C, Ar-C≡C-PrOH), 94.2 (1C, Ar-C≡C-PrOH), 84.9 

(1C, Ar-C≡C-Fc), 80.0 (1C, Ar-C≡C-Fc), 76.6 (2C, (CpI)C-H), 74.5 (2C, (CpC≡C)C-H), 72.9 

(A) (B) 
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(2C, (CpC≡C)C-H), 71.2 (2C, (CpI)C-H), 66.0 (1C, C≡C-CFc), 65.8 (1C, C-CPrOH),41.1 

(1C, C-I) 31.4 (2C, CH3). MS ES+: m/z 573.0113 ([M]+ Calc.: 573.0126)  

7.5.2. Synthesis of 1-iodo, 1’’’--(4-(4'-ethynyl-[2,2'-bipyridin]-4-yl)-2-methylbut-3-yn-2-

ol) biferrocene 

 

To a solution of Fc2I2 (2.00 g, 3.22 mmol), Pd(PtBu3)2 (32 mg, 0.06 mmol) and CuI 

(0.01 g, 0.06 mmol) in toluene (50 mL) and DIPA (10 mL). 4-(4'-Ethynyl-[2,2'-bipyridin]-4-

yl)-2-methylbut-3-yn-2-ol (0.17 g, 0.64 mmol) was added, and the brown reaction mixture was 

stirred at 65 oC for 24 h. After cooling to ambient temperature, DCM was added and the mixture 

was filtered over celite and washed with DCM until the filtrate ran colourless. The product was 

purified by short column chromatography (hexane/EtOAc; 1:0→0:1), and the solvent removed 

from the combined fractions to give the product as an orange solid (0.16 g, 0.22 mmol, 35%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) δ 8.63 (dd, J = 18.1, 5.0 Hz, 2H, (ArN)o-

H), 8.41 (d, J = 12.3 Hz, 2H, (ArN)m-H), 7.29 (dd, J = 11.7, 5.1 Hz, 2H, (Ar-Ar)o-H), 4.46 

(pseudo-t, J = 1.9 Hz, 2H, (Cp-Cp)-H), 4.33 (pseudo-t, J = 1.9 Hz, 2H, (CpC≡C)m-H), 4.31 

(pseudo-t, J = 1.9 Hz, 2H, (Cp-Cp)-H), 4.30 (pseudo-t, J = 1.9 Hz, 2H, (Cp-Cp)-H), 4.15 

(pseudo-q, J = 1.7 Hz, 4H, (2H) (Cp-Cp)-H, (2H) (CpC≡C)o-C-H), 4.12 (pseudo-t, J = 1.8 Hz, 

2H, (CpI)m-H), 3.95 (pseudo-t, J = 1.8 Hz, 2H, (CpI)o-H), 2.30 (s, 1H, OH), 1.64 (s, 6H, CH3). 

13C{1H} NMR (100 MHz, CDCl3, 298 K): δ (ppm) 155.9 (1C, ArC-CAr), 155.4 (1C, ArC-

CAr), 149.3 (1C, (ArN)o-C-H), 149.2 (1C, (ArN)o-C-H), 133.5 (1C, ArC-C≡C), 132.2 (1C, 

ArC-C≡C), 125.7 (1C, (Ar-Ar)o-C-H), 125.4 (1C, (Ar-Ar)o-C-H), 123.6 (1C, (ArN)m-C-H), 

123.1 (1C, (ArN)m-C-H), 98.7 (1C, Ar-C≡C-PrOH), 94.4 (1C, Ar-C≡C-PrOH), 84.8 (1C, 

CpC-CCp), 84.3 (2C, (1C) CpC-CCp/ (1C) Ar-C≡C-Fc), 80.1 (1C, Ar-C≡C-Fc), 75.9 (2C, 

(CpI)m-C-H), 73.1 (2C, (CpC≡C)m-C-H), 71.0 (2C, (CpC≡C)o-C-H), 70.7 (2C, (Cp-Cp)C-

H), 70.1 (2C, (CpI)o-C-H), 70.0 (2C, (Cp-Cp)C-H), 69.7 (2C, (Cp-Cp)C-H), 68.5 (2C, (Cp-

Cp)C-H), 65.7  (1C, C-CPrOH), 64.7 (1C, CpC-C≡C-Ar), 40.9 (1C, CpC-I), 31.4 (2C, CH3). 

MS ES+: m/z 757.0096 ([M]+ Calc.: 757.0102). 
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7.5.3. Synthesis of [(μ-3,5-Py)(C≡C–[Fc]– C≡C)]2 (12) 

 

3,5-diethynyl pyridine (35 mg, 0.67 mmol), 2 (0.20 g, 0.67 mmol), Pd(PtBu3)2 (5 mg, 

0.01 mmol) and CuI (2 mg, 0.01 mmol) were dissolved in the toluene (150 mL). DIPA (20 mL) 

was then added. The reaction mixture was heated to 70 oC and stirred overnight. Following 

cooling to room temperature, the mixture was filtered over celite and then the solvent removed. 

The crude product was redissolved in CHCl3 and washed with water (50 mL x 3). The organic 

phase was dried over MgSO4 and the solvent removed to give an orange-brown solid. The 

product was purified by column chromatography (silica; Et2O:CHCl3; (1:0→0:1) with NEt3 (2-

3%) added to aid streaking. Macrocycle containing fractions were purified further by column 

chromatography on alumina (V) (DCM→ CHCl3→ Acetone) to giver the macrocyclic product 

as a fine orange powder. Recrystallisation from hexane and DCM gave the product as a red-

orange solid. (12 mg, 0.02 mmol, 3%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.29 (d, J= 2.0, 4H), 7.43 (t, J=2.0 Hz, 

2H), 4.50 (pseudo-t, J= 2.0 Hz, 8H), 4.34 (pseudo-t, J= 2.0 Hz, 8H). MS ES+: m/z 619.0545 

([M]+ Calc.: 619.0555). 

7.5.4 Synthesis of (μ-3,5-Py-C≡C–[Fc]– C≡C)-(μ-3,5-Py-C≡C–[Fc2]– C≡C) (15) 
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 A solution of 2a (65 mg, 0.06 mmol) in NMP (100 mL) was sparged with N2 for 20 

minutes, after which time CuTc was added (0.14 g, 0.66 mmol). The brown reaction mixture 

was stirred at 80oC for 2 days. The mixture was cooled to ambient temperature and a saturated 

solution of ammonium chloride (100 mL) was added. After stirring for 30 minutes, the organic 

solution was washed with copious amounts of water (3 x 500 mL). After solvent removal, the 

crude product was filtered over celite in hexane and the remaining solid residue filtered in 

EtOAc. The EtOAc washings were collected and the solvent removed. The orange-red product 

was recrystallised from diethylether at -78 oC and obtained by filtration as an orange solid (4 

mg, 4.99 μmol, 8%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.57-8.56 (m, 2H, (PyrN)o-H), 8.50-8.49 

(m, 2H, (PyrN)o-H), 7.51 (m, 2H, (PyrN)p-H), 4.57 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.47 

(pseudo-t, J = 1.8 Hz, 4H, Cp-H), 4.38 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.30 (pseudo-t, J = 

1.8 Hz, 4H, Cp-H), 4.21 – 4.19 (m, 4H, Cp-H), 4.19 – 4.18 (m, 4H, Cp-H). 

1H NMR (400 MHz, CD2Cl2, 298 K): δ (ppm) 8.54-8.52 (m, 2H, (PyrN)o-H), 8.46-

8.445 (m, 2H, (PyrN)o-H), 7.52 – 7.50 (m, 2H, (PyrN)p-H), 4.59 (pseudo-t, J = 1.9 Hz, 4H, 

Cp-H), 4.48 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.40 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.32 

(pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.20 (s, 8H, Cp-H). 13C{1H} NMR (100 MHz, CD2Cl2, 298 

K): δ (ppm) 149.8 (4C, (PyrN)o-C-H), 138.6 (2C, (PyrN)p-C-H), 120.5 (2C, PyrC-C≡C), 

120.4 (2C, PyrC-C≡C), 92.8 (2C, Fc-C≡C), 90.42 (2C, Fc-C≡C), 84.96 (2C, CpC-CCp), 

83.28 (2C, Pyr-C≡C), 82.19 (2C, Pyr-C≡C), 73.72 (4C, CpC-H), 73.50 (4C, CpC-H), 70.07 

(4C, CpC-H), 69.83 (4C, CpC-H), 69.80 (4C, CpC-H), 69.29 (4C, CpC-H), 67.43 (2C, CpC-

C≡C), 64.65 (2C, CpC-C≡C). MS ES+: m/z 802.0465 ([M]+ Calc.: 802.0457).  

7.5.5 Evidence for (C≡C–[Fc]– C≡C)[(μ-3,5-Py)(C≡C-Fc)]2 (15a) 

 

 Obtained as a side product from above. After removal of the orange precipitate, the 

solvent was removed to yield the orange-yellow solid in trace amounts (<1 mg), with 3% 

contamination with the above. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 8.59 – 8.57 (m, 2H, (PyrN)o-H), 8.55 – 

8.53 (m, 2H, (PyrN)o-H), 7.73 – 7.72 (m, 2H(PyrN)p-H), 4.59 (pseudo-t, J = 1.9 Hz, 4H, Cp-
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H), 4.53 (pseudo-t, J = 2.0 Hz, 4H, Cp-H), 4.38 (pseudo-t, J = 2.0 Hz, 4H, Cp-H), 4.28 (pseudo-

t, J = 1.8 Hz, 4H, Cp-H), 4.26 (s, 10H, Cp-H). MS ES+: m/z 804.0668 ([M]+ Calc.: 804.0516).  

7.5.6 Attempted cyclisation of 11a 

 A solution of 11a (50 mg, 0.05 mmol) in NMP (50 mL) was sparged with N2 for 20 

minutes, after which time CuTc was added (89 mg, 0.47 mmol). The brown reaction mixture 

was stirred at 80oC for 2 days. The mixture was cooled to ambient temperature and a saturated 

solution of ammonium chloride (100 mL) was added. After stirring for 30 minutes, DCM (50 

mL) was added and the organic solution was washed with copious amounts of water (3 x 500 

mL). The crude product was passed over a silica column using flash column chromatography 

(SiO2; hexane/DCM 1:0→ 1:1).  

7.5.6.1 (C≡C–[Fc2]–C≡C)[(μ-3,4-Thio-C≡C)2-Fc] (16) 

 

Eluted during column chromatography in hexane/DCM (4:1) and was yielded as a 

brown solid after solvent removal (4 mg, 0.005 mmol, 10%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.87 (m, 2H, Thio-H), 7.55 (m, 2H, Thio-

H), 4.69 (pseudo-t, J = 1.8 Hz, 4H, Cp-H), 4.66 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.61 (pseudo-

t, J = 1.8 Hz, 4H, Cp-H), 4.36 (pseudo-t, J = 1.9 Hz, 4H, Cp-H), 4.33 (pseudo-t, J = 2.0 Hz, 

4H, Cp-H), 4.0 (pseudo-t, J = 1.8 Hz, 4H, Cp-). MS ES+: m/z 811.09674 ([M]+ Calc.: 

811.9681). 

7.5.6.2 (C≡C–[Fc]– C≡C)[(μ-3,4-Thio)(C≡C-Fc)]2 (16a) 
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Eluted during column chromatography in hexane/DCM (4:1) and obtained as a mixture 

with 11a. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.38 (d, J = 3.2 Hz, 2H, Thio-H), 7.34 

(d, J = 3.2 Hz, 2H, Thio-H), 4.59 (pseudo-t, J = 1.6 Hz, 4H, Cp-H), 4.53 (pseudo-t, J = 1.9 Hz, 

4H, Cp-H), 4.33 (pseudo-t, J = 1.6 Hz, 4H, Cp-H), 4.23 (s, 10H, Cp-H), 4.23 – 4.21 (m, 4H, 

Cp-H). MS ES+: m/z 813.9764 ([M]+ Calc.: 813.9817). 

7.5.7 Attempted Sonogashira coupling of 9 and 10 

 A solution of 10 (62 mg, 0.14 mmol) in THF (10 mL) was added dropwise to a solution 

of 9 (0.17 g, 0.28 mmol), CuI (13 mg, 0.07 mmol) and Pd(PtBu3)2 (35 mg, 0.07 mmol) in a 

THF (15 mL) and DIPA (5 mL) mixture. The reaction mixture was heated to 60 oC and stirred 

overnight. The mixture was cooled to room temperature, filtered over celite and the solvent 

removed. The products were separated by flash column chromatography (silica; n-hexane→ 

DCM→DCM/MeOH (1:1)). 

7.5.7.1 Evidence for (C≡C–[Fc]– C≡C)[(μ-3,4-Thio-C≡C-Fc-I)(μ-3,4-Thio-C≡C-TIPS)] 

(13) 

 

Eluted during column chromatography in DCM/MeOH (1:1). Following the 

combinations of alike fractions and the subsequent solvent removal, the product was obtained 

as a brown solid (28 mg, 0.03 mmol, 22%) with an unknown amount of an organic contaminant, 

as well as 1H NMR inactive components. 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.41 (d, J = 3.3 Hz, 1H, Thio-H), 7.37 

(d, J = 3.4 Hz, 1H, Thio-H), 7.34 (d, J = 3.2 Hz, 1H, Thio-H), 7.23 (d, J = 3.4 Hz, 1H, Thio-

H), 4.60 (t, J = 1.9 Hz, 2H, Cp-H), 4.57 (t, J = 1.9 Hz, 2H, Cp-H), 4.51 (t, J = 1.9 Hz, 2H, Cp-

H), 4.45 (t, J = 1.8 Hz, 2H, Cp-H), 4.36 (t, J = 1.9 Hz, 2H, Cp-H), 4.34 (t, J = 1.9 Hz, 2H, Cp-

H), 4.23 (dt, J = 3.6, 1.6 Hz, 4H, Cp-H). MS ES+: [M + 2 CH3CN] m/z 994.0498 ([M + 2 

CH3CN]+ Calc.: 994.0.677).  
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7.5.7.2 Evidence for [(μ-3,4-Thio(C≡C-Fc-I)(C≡C-)]2 (14) 

 

Eluted during column chromatography on silica (hexane/DCM (3:2)). After 

combination of fractions and subsequent solvent removal the product was yielded as an orange-

red solid (49 mg, 0.06 mmol, 39%). 

1H NMR (400 MHz, CDCl3, 298 K): δ (ppm) 7.48 (d, J = 3.4 Hz, 2H, Thio-H), 7.27 

(d, J = 3.4 Hz, 2H, Thio-H), 4.50 (pseudo-t, J = 1.9 Hz, 4H (Cp-C≡C)m-H), 4.48 (pseudo-t, J 

= 1.8 Hz, 4H, (CpI)m-H), 4.27 (pseudo-t, J = 1.9 Hz, 8H, Cp-o-H). 13C{1H} NMR (100 MHz, 

CDCl3, 298 K): δ (ppm) 128.5 (2C, (Thio-C≡C-C≡C)o-C-H), 125.1 (1C, ThioC-C≡C-Fc), 

123.0 (2C, (Thio-C≡C-Fc)o-C-H), 113.7 (1C, ThioC-C≡C-C≡C-CThio), 90.2 (2C, Cp-C≡C), 

79.9 (2C, Ar-C≡C-Fc), 76.6 (4C, (CpI)m-C-H), 74.5 (4C, (Cp-C≡C)m-C-H), 72.4 (4C, (Cp-

C≡C)o-C-H), 71.3 (4C, (CpI)o-C-H), 66.7 (2C, CpC-C≡C), 0.8 (2C, C-I). MS ES+: molecular 

ion not observed (m/z 969.9227). 

7.6 References 

1 M. S. Inkpen, S. Scheerer, M. Linseis, A. J. P. White, R. F. Winter, T. Albrecht and N. J. 

Long, Nat. Chem., 2016, 8, 825–830. 

2 M. Roemer and C. A. Nijhuis, Dalton Trans., 2014, 43, 11815–11818. 

3 L. Bednarik and E. Neuse, J. Organomet. Chem., 1979, 168, C8–C12. 

4 H. Yasuhara and S. Nakashima, Bull. Chem. Soc. Jpn., 2016, 89, 1344–1353. 

5 M. Watanabe, T. Iwamoto, S. Kawata, A. Kubo, H. Sano and I. Motoyama, Inorg. Chem., 

1992, 31, 177–182. 

6 A. N. Nesmeyanov, V. A. Sazonova and V. N. Drozd, Tetrahedron Lett., 1959, 1, 13–15. 

7 A. N. Nesmeyanov, V. A. Sasonova and V. N. Drozd, Dokl. Akad. Nauk SSSR, 1959, 129, 

1060–1063. 

8 S. Akabori, M. Ohtomi, M. Sato and S. Ebine, Bull. Chem. Soc. Jpn., 1983, 56, 1455–

1458. 

9 M. Korb, D. Schaarschmidt and H. Lang, Organometallics, 2014, 33, 2099–2108. 



Chapter 7 

360 
 

10 M. Korb and H. Lang, Eur. J. Inorg. Chem., 2017, 2017, 276–287. 

11 P. Frenzel, S. W. Lehrich, M. Korb, A. Hildebrandt and H. Lang, J. Organomet. Chem., 

2017, 845, 98–106. 

12 S. Akabori, T. Kumagai, T. Shirahige, S. Sato, K. Kawazoe, C. Tamura and M. Sato, 

Organometallics, 1987, 6, 2105–2109. 

13 M. Korb and H. Lang, Organometallics, 2014, 33, 6643–6659. 

14 K. Kirchner, K. S. Kwan and H. Taube, Inorg. Chem., 1993, 32, 4974–4975. 

15 T. Smith, K. S. Kwan, H. Taube, A. Bino and S. Cohen, Inorg. Chem., 1984, 23, 1943–

1945. 

16 Hirofumi Goto, Jennifer M. Heemstra, A. David J. Hill and J. S. Moore, Org. Lett., 2004, 

6, 889–892. 

17 D. Vojta, G. Kovačević and M. Vazdar, Spectrochim. Acta - Part A Mol. Biomol. 

Spectrosc., 2015, 136, 1912–1923. 

18 R. Ziessel, J. Suffert and M. T. Youinou, J. Org. Chem., 1996, 61, 6535–6546. 

19 A. Arnanz, M. L. Marcos, S. Delgado, J. González-Velasco and C. Moreno, J. Organomet. 

Chem., 2008, 693, 3457–3470. 

20 M. J. O’Connor, R. B. Yelle, L. N. Zakharov and M. M. Haley, J. Org. Chem., 2008, 73, 

4424–4432. 

21 P. A. Scattergood, J. Roberts, S. A. E. Omar and P. I. P. Elliott, Inorg. Chem., 2019, 58, 

8607–8621. 

22 S. Sinn, B. Schulze, C. Friebe, D. G. Brown, M. Jäger, E. Altuntaş, J. Kübel, O. Guntner, 

C. P. Berlinguette, B. Dietzek and U. S. Schubert, Inorg. Chem., 2014, 53, 2083–2095. 

23 M. S. Inkpen, T. Albrecht and N. J. Long, Organometallics, 2013, 32, 6053–6060. 



361 
 

Chapter 8 Appendix 

8.1  FcTc 

8.1.1  Cyclic voltammetry Data: 
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8.1.2 X-ray crystallographic data: 

Full crystallographic experimental data, including full lists of bond lengths (Å) and angles (°). Structure 

obtained and solved by Dr Andrew White (ICL). 

 

Identification code NL2032 

Formula C15H12FeO2S 

Formula weight 312.16 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 8.2791(2) Å a = 90° 

 b = 10.2539(2) Å b = 105.021(3)° 

 c = 15.6948(4) Å g = 90° 

Volume, Z 1286.85(6) Å3, 4 

Density (calculated) 1.611 Mg/m3 

Absorption coefficient 1.326 mm-1 

F(000) 640 

Crystal colour / morphology Orange-brown blocks 

Crystal size 0.452 x 0.305 x 0.281 mm3 

q range for data collection 2.553 to 28.204° 

Index ranges -10<=h<=10, -13<=k<=13, -20<=l<=20 
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Reflns collected / unique 16219 / 2879 [R(int) = 0.0337] 

Reflns observed [F>4s(F)] 2423 

Absorption correction Analytical 

Max. and min. transmission 0.766 and 0.653 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2879 / 56 / 193 

Goodness-of-fit on F2 1.030 

Final R indices [F>4s(F)] R1 = 0.0323, wR2 = 0.0748 

R indices (all data) R1 = 0.0418, wR2 = 0.0805 

Largest diff. peak, hole 0.398, -0.357 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 

Bond lengths (Å) and angles (°) for FcTc 

Fe(1)-C(1) 

Fe(1)-C(6)  

Fe(1)-C(10)  

Fe(1)-C(7) 

Fe(1)-C(5) 

Fe(1)-C(8)       

Fe(1)-C(9)       

Fe(1)-C(2)     

Fe(1)-C(4)       

Fe(1)-C(3)       

C(1)-O(11)       

C(1)-C(2)        

C(1)-C(5)        

C(2)-C(3)        

C(3)-C(4)  

C(4)-C(5)        

C(6)-C(7)        

C(6)-C(10)       

C(7)-C(8)        

C(8)-C(9)        

C(9)-C(10)       

O(11)-C(12)      

C(12)-O(12)      

C(12)-C(13')    

C(12)-C(13)      

C(13)-C(17)      

C(13)-S(14)      

S(14)-C(15)      

C(15)-C(16)      

C(16)-C(17)      

C(13')-C(17')   

C(13')-S(14')   

S(14')-C(15')   

C(15')-C(16')   

C(16')-C(17')

           

2.0028(19) 

2.029(3) 

2.031(3) 

2.034(2)      

2.036(2) 

2.036(2) 

2.036(3) 

2.0428(18) 

2.044(2) 

2.046(2) 

1.403(2) 

1.413(3) 

1.415(3) 

1.423(3) 

1.414(3) 

1.410(3) 

1.396(4) 

1.401(5) 

1.411(4) 

1.401(4) 

1.405(5) 

1.353(2) 

1.197(3) 

1.445(15) 

1.470(3) 

1.399(5) 

1.708(4) 

1.712(4) 

1.354(5) 

1.385(5) 

1.365(15) 

1.688(16) 

1.709(17) 

1.376(16) 

1.418(18) 

C(1)-Fe(1)-C(6) 105.16(10) 

C(1)-Fe(1)-C(10) 118.74(12) 

C(6)-Fe(1)-C(10) 40.36(14) 

C(1)-Fe(1)-C(7) 123.23(11) 

C(6)-Fe(1)-C(7) 40.19(12) 

C(10)-Fe(1)-C(7) 67.80(13) 

C(1)-Fe(1)-C(5) 41.00(8) 

C(6)-Fe(1)-C(5) 117.42(12) 

C(10)-Fe(1)-C(5) 152.57(13) 

C(7)-Fe(1)-C(5) 105.64(12) 

C(1)-Fe(1)-C(8) 161.52(11) 

C(6)-Fe(1)-C(8) 67.81(11) 

C(10)-Fe(1)-C(8) 67.76(12) 

C(7)-Fe(1)-C(8) 40.56(11) 

C(5)-Fe(1)-C(8) 125.53(12) 

C(1)-Fe(1)-C(9) 154.85(12) 

C(6)-Fe(1)-C(9) 67.92(13) 

C(10)-Fe(1)-C(9) 40.41(14) 

C(7)-Fe(1)-C(9) 67.99(13) 

C(5)-Fe(1)-C(9) 163.95(13) 

C(8)-Fe(1)-C(9) 40.26(12) 

C(1)-Fe(1)-C(2) 40.88(8) 

C(6)-Fe(1)-C(2) 124.34(10) 

C(10)-Fe(1)-C(2) 107.78(10) 

C(7)-Fe(1)-C(2) 160.67(10) 

C(5)-Fe(1)-C(2) 69.15(9) 

C(8)-Fe(1)-C(2) 157.09(10) 

C(9)-Fe(1)-C(2) 121.73(11) 

C(1)-Fe(1)-C(4) 68.14(8) 

C(6)-Fe(1)-C(4) 153.15(12) 

C(10)-Fe(1)-C(4) 165.77(13) 

C(7)-Fe(1)-C(4) 120.29(11) 

C(5)-Fe(1)-C(4) 40.45(9) 

C(8)-Fe(1)-C(4) 109.92(11) 

C(9)-Fe(1)-C(4) 128.82(12) 

C(2)-Fe(1)-C(4) 68.55(8) 

C(1)-Fe(1)-C(3) 68.19(8) 

C(6)-Fe(1)-C(3) 163.23(11) 

C(10)-Fe(1)-C(3) 128.02(11) 

C(7)-Fe(1)-C(3) 156.30(10) 

C(5)-Fe(1)-C(3) 68.38(9) 

C(8)-Fe(1)-C(3) 123.14(10) 

C(9)-Fe(1)-C(3) 111.16(10) 

C(2)-Fe(1)-C(3) 40.74(8) 

C(4)-Fe(1)-C(3) 40.44(9) 

O(11)-C(1)-C(2) 124.55(18) 

O(11)-C(1)-C(5) 125.34(19) 

C(2)-C(1)-C(5) 109.85(18) 

O(11)-C(1)-Fe(1) 120.06(14) 

C(2)-C(1)-Fe(1) 71.08(11) 

C(5)-C(1)-Fe(1) 70.74(12) 

C(1)-C(2)-C(3) 106.32(17) 

C(1)-C(2)-Fe(1) 68.04(11) 

C(3)-C(2)-Fe(1) 69.77(11) 

C(4)-C(3)-C(2) 108.43(18) 

C(4)-C(3)-Fe(1) 69.68(12) 

C(2)-C(3)-Fe(1) 69.49(11) 

C(5)-C(4)-C(3) 108.64(18) 

C(5)-C(4)-Fe(1) 69.46(12) 

C(3)-C(4)-Fe(1) 69.88(11) 

C(4)-C(5)-C(1) 106.76(19) 

C(4)-C(5)-Fe(1) 70.08(12) 

C(1)-C(5)-Fe(1) 68.26(11) 

C(7)-C(6)-C(10) 108.3(3) 

C(7)-C(6)-Fe(1) 70.09(15) 

C(10)-C(6)-Fe(1) 69.88(15) 

C(6)-C(7)-C(8) 107.8(3) 

C(6)-C(7)-Fe(1) 69.72(14) 

C(8)-C(7)-Fe(1) 69.79(14) 

C(9)-C(8)-C(7) 108.0(3) 

C(9)-C(8)-Fe(1) 69.88(14) 

C(7)-C(8)-Fe(1) 69.65(14) 

C(8)-C(9)-C(10) 107.8(3) 

C(8)-C(9)-Fe(1) 69.86(15) 

C(10)-C(9)-Fe(1) 69.59(15) 

C(6)-C(10)-C(9) 108.1(3) 

C(6)-C(10)-Fe(1) 69.75(16) 

C(9)-C(10)-Fe(1) 70.00(16) 

C(12)-O(11)-C(1) 117.46(16) 

O(12)-C(12)-O(11)                     123.72(19) 

O(12)-C(12)-C(13') 129.7(9) 

O(11)-C(12)-C(13') 106.3(8) 

O(12)-C(12)-C(13) 125.7(2) 

O(11)-C(12)-C(13) 110.5(2) 

C(17)-C(13)-C(12) 128.2(4) 

C(17)-C(13)-S(14) 110.8(3) 

C(12)-C(13)-S(14) 120.9(3) 

C(13)-S(14)-C(15) 91.29(16) 

C(16)-C(15)-S(14) 112.3(2) 

C(15)-C(16)-C(17) 112.9(3) 

C(16)-C(17)-C(13) 112.2(4) 

C(17')-C(13')-C(12)                      132.2(18) 

C(17')-C(13')-S(14')                     114.0(11) 

C(12)-C(13')-S(14') 112.0(12) 

C(13')-S(14')-C(15') 89.6(9) 

C(16')-C(15')-S(14') 112.3(14) 

C(15')-C(16')-C(17') 109.2(14) 

C(13')-C(17')-C(16')                    109.9(11) 
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8.2  FcTc2 

8.2.1  Cyclic voltammetry Data: 
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8.2.2 X-ray crystallographic data 

Full crystallographic experimental data, including full lists of bond lengths (Å) and angles (°). Structure 

obtained and solved by Dr Andrew White (ICL). 

 

Identification code NL2045 

Formula C20H14FeO4S2 

Formula weight 438.28 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 10.368(3) Å a = 80.429(17)° 

 b = 11.080(2) Å b = 86.575(19)° 

 c = 16.757(3) Å g = 68.75(2)° 

Volume, Z 1769.3(7) Å3, 4 

Density (calculated) 1.645 Mg/m3 

Absorption coefficient 1.113 mm-1 

F(000) 896 
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Crystal colour / morphology Yellow needles 

Crystal size 0.392 x 0.045 x 0.013 mm3 

q range for data collection 2.327 to 28.209° 

Index ranges -13<=h<=13, -14<=k<=14, -21<=l<=20 

Reflns collected / unique 11061 / 11061 [R(int) = ?] 

Reflns observed [F>4s(F)] 3844 

Absorption correction Analytical 

Max. and min. transmission 0.984 and 0.806 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11061 / 380 / 574 

Goodness-of-fit on F2 0.847 

Final R indices [F>4s(F)] R1 = 0.0756, wR2 = 0.1646 

R indices (all data) R1 = 0.1931, wR2 = 0.1940 

Largest diff. peak, hole 1.016, -0.807 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 

Bond lengths (Å) and angles (°) for FcTc2 

Fe(1A)-C(6A) 1.999(16) 

Fe(1A)-C(3A) 2.013(17) 

Fe(1A)-C(7A) 2.014(15) 

Fe(1A)-C(8A) 2.033(14) 

Fe(1A)-C(2A) 2.035(13) 

Fe(1A)-C(10A) 2.046(14) 

Fe(1A)-C(4A) 2.047(16) 

Fe(1A)-C(1A) 2.054(13) 

Fe(1A)-C(5A) 2.055(13) 

Fe(1A)-C(9A) 2.079(14) 

C(1A)-O(11A) 1.380(15) 

C(1A)-C(5A) 1.386(17) 

C(1A)-C(2A) 1.438(17) 

C(2A)-C(3A) 1.440(18) 

C(3A)-C(4A) 1.430(19) 

C(4A)-C(5A) 1.451(18) 

C(6A)-O(18A) 1.401(17) 

C(6A)-C(10A) 1.415(18) 

C(6A)-C(7A) 1.425(19) 

C(7A)-C(8A) 1.433(19) 

C(8A)-C(9A) 1.436(18) 

C(9A)-C(10A) 1.400(19) 

O(11A)-C(12A) 1.370(16) 

C(12A)-O(12A) 1.165(17) 

C(12A)-C(13') 1.46(3) 

C(12A)-C(13A) 1.47(2) 

C(13A)-C(17A) 1.40(3) 

C(13A)-S(14A) 1.689(17) 

S(14A)-C(15A) 1.685(19) 

C(15A)-C(16A) 1.39(2) 

C(16A)-C(17A) 1.36(4) 

C(13')-C(17') 1.40(3) 

C(13')-S(14') 1.69(3) 

S(14')-C(15') 1.69(3) 

C(15')-C(16') 1.40(3) 

C(16')-C(17') 1.37(5) 

O(18A)-C(19A) 1.338(16) 

C(19A)-O(19A) 1.168(15) 

C(19A)-C(20') 1.50(3) 

C(19A)-C(20A) 1.51(2) 

C(20A)-C(24A) 1.34(3) 

C(20A)-S(21A) 1.74(2) 

S(21A)-C(22A) 1.72(2) 

C(6A)-Fe(1A)-C(3A) 162.2(6) 

C(6A)-Fe(1A)-C(7A) 41.6(6) 

C(3A)-Fe(1A)-C(7A) 155.3(5) 

C(6A)-Fe(1A)-C(8A) 69.1(6) 

C(3A)-Fe(1A)-C(8A) 120.6(6) 

C(7A)-Fe(1A)-C(8A) 41.5(5) 

C(6A)-Fe(1A)-C(2A) 124.0(6) 

C(3A)-Fe(1A)-C(2A) 41.7(5) 

C(7A)-Fe(1A)-C(2A) 160.5(6) 

C(8A)-Fe(1A)-C(2A) 157.1(5) 

C(6A)-Fe(1A)-C(10A) 40.9(5) 

C(3A)-Fe(1A)-C(10A) 125.2(6) 

C(7A)-Fe(1A)-C(10A) 70.1(6) 

C(8A)-Fe(1A)-C(10A) 69.3(6) 

C(2A)-Fe(1A)-C(10A) 107.3(6) 

C(6A)-Fe(1A)-C(4A) 155.4(6) 

C(3A)-Fe(1A)-C(4A) 41.2(5) 

C(7A)-Fe(1A)-C(4A) 118.2(6) 

C(8A)-Fe(1A)-C(4A) 104.9(6) 

C(2A)-Fe(1A)-C(4A) 70.7(6) 

C(10A)-Fe(1A)-C(4A) 161.1(6) 

C(6A)-Fe(1A)-C(1A) 108.4(6) 

C(3A)-Fe(1A)-C(1A) 68.0(6) 

C(7A)-Fe(1A)-C(1A) 123.1(6) 

C(8A)-Fe(1A)-C(1A) 159.5(5) 

C(2A)-Fe(1A)-C(1A) 41.2(5) 

C(10A)-Fe(1A)-C(1A) 123.1(6) 

C(4A)-Fe(1A)-C(1A) 68.4(6) 

C(6A)-Fe(1A)-C(5A) 120.6(6) 

C(3A)-Fe(1A)-C(5A) 68.5(6) 

C(7A)-Fe(1A)-C(5A) 105.2(6) 

C(8A)-Fe(1A)-C(5A) 123.0(6) 

C(2A)-Fe(1A)-C(5A) 69.3(6) 

C(10A)-Fe(1A)-C(5A) 156.7(6) 

C(4A)-Fe(1A)-C(5A) 41.4(5) 

C(1A)-Fe(1A)-C(5A) 39.4(5) 

C(6A)-Fe(1A)-C(9A) 67.2(6) 

C(3A)-Fe(1A)-C(9A) 109.4(6) 

C(7A)-Fe(1A)-C(9A) 68.7(6) 

C(8A)-Fe(1A)-C(9A) 40.9(5) 

C(2A)-Fe(1A)-C(9A) 122.3(6) 

C(10A)-Fe(1A)-C(9A) 39.7(5) 

C(4A)-Fe(1A)-C(9A) 124.6(7) 

C(2B)-Fe(1B)-C(9B) 124.4(6) 

C(2B)-Fe(1B)-C(8B) 161.4(7) 

C(9B)-Fe(1B)-C(8B) 41.0(6) 

C(2B)-Fe(1B)-C(5B) 68.1(6) 

C(9B)-Fe(1B)-C(5B) 157.3(7) 

C(8B)-Fe(1B)-C(5B) 121.4(6) 

C(2B)-Fe(1B)-C(6B) 121.5(6) 

C(9B)-Fe(1B)-C(6B) 67.0(6) 

C(8B)-Fe(1B)-C(6B) 67.9(6) 

C(5B)-Fe(1B)-C(6B) 125.7(7) 

C(2B)-Fe(1B)-C(1B) 38.9(5) 

C(9B)-Fe(1B)-C(1B) 160.9(7) 

C(8B)-Fe(1B)-C(1B) 157.6(7) 

C(5B)-Fe(1B)-C(1B) 39.6(5) 

C(6B)-Fe(1B)-C(1B) 111.0(6) 

C(2B)-Fe(1B)-C(3B) 42.6(6) 

C(9B)-Fe(1B)-C(3B) 108.0(7) 

C(8B)-Fe(1B)-C(3B) 123.1(7) 

C(5B)-Fe(1B)-C(3B) 67.1(7) 

C(6B)-Fe(1B)-C(3B) 158.5(7) 

C(1B)-Fe(1B)-C(3B) 66.5(6) 

C(2B)-Fe(1B)-C(7B) 156.2(7) 

C(9B)-Fe(1B)-C(7B) 69.6(6) 

C(8B)-Fe(1B)-C(7B) 41.3(6) 

C(5B)-Fe(1B)-C(7B) 106.4(6) 

C(6B)-Fe(1B)-C(7B) 41.7(5) 

C(1B)-Fe(1B)-C(7B) 122.5(6) 

C(3B)-Fe(1B)-C(7B) 158.6(7) 

C(2B)-Fe(1B)-C(4B) 69.1(6) 

C(9B)-Fe(1B)-C(4B) 121.5(7) 

C(8B)-Fe(1B)-C(4B) 106.9(6) 

C(5B)-Fe(1B)-C(4B) 40.7(6) 

C(6B)-Fe(1B)-C(4B) 161.6(7) 

C(1B)-Fe(1B)-C(4B) 66.7(6) 

C(3B)-Fe(1B)-C(4B) 39.1(6) 

C(7B)-Fe(1B)-C(4B) 122.8(7) 

C(2B)-Fe(1B)-C(10B) 107.5(6) 

C(9B)-Fe(1B)-C(10B) 39.9(5) 

C(8B)-Fe(1B)-C(10B) 68.5(6) 

C(5B)-Fe(1B)-C(10B) 161.6(7) 

C(6B)-Fe(1B)-C(10B) 40.0(5) 

C(1B)-Fe(1B)-C(10B) 126.1(6) 

C(3B)-Fe(1B)-C(10B) 122.7(6) 



367 
 

C(22A)-C(23A) 1.33(2) 

C(23A)-C(24A) 1.43(5) 

C(20')-C(24') 1.35(3) 

C(20')-S(21') 1.74(3) 

S(21')-C(22') 1.74(3) 

C(22')-C(23') 1.34(3) 

C(23')-C(24') 1.42(5) 

Fe(1B)-C(2B) 2.025(13) 

Fe(1B)-C(9B) 2.033(15) 

Fe(1B)-C(8B) 2.047(14) 

Fe(1B)-C(5B) 2.048(14) 

Fe(1B)-C(6B) 2.052(15) 

Fe(1B)-C(1B) 2.053(13) 

Fe(1B)-C(3B) 2.057(16) 

Fe(1B)-C(7B) 2.064(15) 

Fe(1B)-C(4B) 2.065(16) 

Fe(1B)-C(10B) 2.066(14) 

C(1B)-C(2B) 1.360(18) 

C(1B)-C(5B) 1.389(18) 

C(1B)-O(11B) 1.431(16) 

C(2B)-C(3B) 1.48(2) 

C(3B)-C(4B) 1.38(2) 

C(4B)-C(5B) 1.43(2) 

C(6B)-O(18B) 1.400(15) 

C(6B)-C(10B) 1.410(18) 

C(6B)-C(7B) 1.464(19) 

C(7B)-C(8B) 1.45(2) 

C(8B)-C(9B) 1.43(2) 

C(9B)-C(10B) 1.40(2) 

O(11B)-C(12B) 1.356(17) 

C(12B)-O(12B) 1.160(19) 

C(12B)-C(13B) 1.49(2) 

C(12B)-C(13") 1.50(3) 

C(13B)-C(17B) 1.35(2) 

C(13B)-S(14B) 1.67(3) 

S(14B)-C(15B) 1.68(3) 

C(15B)-C(16B) 1.35(2) 

C(16B)-C(17B) 1.53(5) 

C(13")-C(17") 1.36(3) 

C(13")-S(14") 1.67(3) 

S(14")-C(15") 1.67(3) 

C(15")-C(16") 1.35(2) 

C(16")-C(17") 1.53(5) 

O(18B)-C(19B) 1.321(19) 

C(19B)-O(19B) 1.233(19) 

C(19B)-C(20B) 1.46(2) 

C(19B)-C(20") 1.47(3) 

C(20B)-C(24B) 1.39(3) 

C(20B)-S(21B) 1.73(2) 

S(21B)-C(22B) 1.75(2) 

C(22B)-C(23B) 1.40(2) 

C(23B)-C(24B) 1.28(5) 

C(20")-C(24") 1.39(3) 

C(20")-S(21") 1.74(3) 

S(21")-C(22") 1.74(3) 

C(22")-C(23") 1.39(3) 

C(23")-C(24") 1.29(5) 

 

C(1A)-Fe(1A)-C(9A) 158.5(6) 

C(5A)-Fe(1A)-C(9A) 161.4(5) 

O(11A)-C(1A)-C(5A) 129.9(12) 

O(11A)-C(1A)-C(2A) 119.3(12) 

C(5A)-C(1A)-C(2A) 110.7(12) 

O(11A)-C(1A)-Fe(1A) 125.3(10) 

C(5A)-C(1A)-Fe(1A) 70.3(8) 

C(2A)-C(1A)-Fe(1A) 68.7(7) 

C(1A)-C(2A)-C(3A) 104.4(12) 

C(1A)-C(2A)-Fe(1A) 70.1(8) 

C(3A)-C(2A)-Fe(1A) 68.4(8) 

C(4A)-C(3A)-C(2A) 110.8(14) 

C(4A)-C(3A)-Fe(1A) 70.7(9) 

C(2A)-C(3A)-Fe(1A) 70.0(9) 

C(3A)-C(4A)-C(5A) 105.3(13) 

C(3A)-C(4A)-Fe(1A) 68.1(9) 

C(5A)-C(4A)-Fe(1A) 69.6(9) 

C(1A)-C(5A)-C(4A) 108.7(12) 

C(1A)-C(5A)-Fe(1A) 70.2(8) 

C(4A)-C(5A)-Fe(1A) 69.0(8) 

O(18A)-C(6A)-C(10A) 122.3(13) 

O(18A)-C(6A)-C(7A) 127.1(13) 

C(10A)-C(6A)-C(7A) 110.3(14) 

O(18A)-C(6A)-Fe(1A) 130.7(11) 

C(10A)-C(6A)-Fe(1A) 71.3(9) 

C(7A)-C(6A)-Fe(1A) 69.8(9) 

C(6A)-C(7A)-C(8A) 106.3(13) 

C(6A)-C(7A)-Fe(1A) 68.6(8) 

C(8A)-C(7A)-Fe(1A) 70.0(9) 

C(7A)-C(8A)-C(9A) 107.2(13) 

C(7A)-C(8A)-Fe(1A) 68.5(8) 

C(9A)-C(8A)-Fe(1A) 71.3(8) 

C(10A)-C(9A)-C(8A) 109.6(13) 

C(10A)-C(9A)-Fe(1A) 68.9(8) 

C(8A)-C(9A)-Fe(1A) 67.9(8) 

C(9A)-C(10A)-C(6A) 106.6(13) 

C(9A)-C(10A)-Fe(1A) 71.4(9) 

C(6A)-C(10A)-Fe(1A) 67.7(8) 

C(12A)-O(11A)-C(1A) 118.4(12) 

O(12A)-C(12A)-O(11A) 124.9(15) 

O(12A)-C(12A)-C(13') 125(3) 

O(11A)-C(12A)-C(13') 110(3) 

O(12A)-C(12A)-C(13A) 124.6(16) 

O(11A)-C(12A)-C(13A) 109.6(15) 

C(17A)-C(13A)-C(12A) 128(2) 

C(17A)-C(13A)-S(14A) 110.4(14) 

C(12A)-C(13A)-S(14A) 119.5(14) 

C(15A)-S(14A)-C(13A) 92.8(10) 

C(16A)-C(15A)-S(14A) 111.0(14) 

C(17A)-C(16A)-C(15A) 112.7(13) 

C(16A)-C(17A)-C(13A) 112.4(15) 

C(17')-C(13')-C(12A) 114(7) 

C(17')-C(13')-S(14') 111(2) 

C(12A)-C(13')-S(14') 124(4) 

C(13')-S(14')-C(15') 91(2) 

C(16')-C(15')-S(14') 111(2) 

C(17')-C(16')-C(15') 112(2) 

C(16')-C(17')-C(13') 112(2) 

C(19A)-O(18A)-C(6A) 119.1(12) 

O(19A)-C(19A)-O(18A) 128.5(14) 

O(19A)-C(19A)-C(20') 127(2) 

O(18A)-C(19A)-C(20') 104(2) 

O(19A)-C(19A)-C(20A) 120.2(15) 

O(18A)-C(19A)-C(20A) 111.3(15) 

C(24A)-C(20A)-C(19A) 128(3) 

C(24A)-C(20A)-S(21A) 110.7(16) 

C(19A)-C(20A)-S(21A) 121.4(17) 

C(7B)-Fe(1B)-C(10B) 70.0(6) 

C(4B)-Fe(1B)-C(10B) 156.4(7) 

C(2B)-C(1B)-C(5B) 112.1(14) 

C(2B)-C(1B)-O(11B) 118.4(14) 

C(5B)-C(1B)-O(11B) 129.4(15) 

C(2B)-C(1B)-Fe(1B) 69.4(8) 

C(5B)-C(1B)-Fe(1B) 70.0(8) 

O(11B)-C(1B)-Fe(1B) 124.3(10) 

C(1B)-C(2B)-C(3B) 104.7(14) 

C(1B)-C(2B)-Fe(1B) 71.6(8) 

C(3B)-C(2B)-Fe(1B) 69.8(8) 

C(4B)-C(3B)-C(2B) 108.3(15) 

C(4B)-C(3B)-Fe(1B) 70.8(10) 

C(2B)-C(3B)-Fe(1B) 67.6(8) 

C(3B)-C(4B)-C(5B) 107.8(14) 

C(3B)-C(4B)-Fe(1B) 70.1(9) 

C(5B)-C(4B)-Fe(1B) 69.0(9) 

C(1B)-C(5B)-C(4B) 106.9(15) 

C(1B)-C(5B)-Fe(1B) 70.4(9) 

C(4B)-C(5B)-Fe(1B) 70.3(8) 

O(18B)-C(6B)-C(10B) 121.6(14) 

O(18B)-C(6B)-C(7B) 127.3(14) 

C(10B)-C(6B)-C(7B) 111.1(13) 

O(18B)-C(6B)-Fe(1B) 126.7(9) 

C(10B)-C(6B)-Fe(1B) 70.5(9) 

C(7B)-C(6B)-Fe(1B) 69.6(9) 

C(8B)-C(7B)-C(6B) 103.6(13) 

C(8B)-C(7B)-Fe(1B) 68.7(9) 

C(6B)-C(7B)-Fe(1B) 68.7(8) 

C(9B)-C(8B)-C(7B) 108.8(14) 

C(9B)-C(8B)-Fe(1B) 69.0(8) 

C(7B)-C(8B)-Fe(1B) 70.0(7) 

C(10B)-C(9B)-C(8B) 109.8(16) 

C(10B)-C(9B)-Fe(1B) 71.3(8) 

C(8B)-C(9B)-Fe(1B) 70.0(9) 

C(9B)-C(10B)-C(6B) 106.7(14) 

C(9B)-C(10B)-Fe(1B) 68.8(9) 

C(6B)-C(10B)-Fe(1B) 69.4(8) 

C(12B)-O(11B)-C(1B) 117.1(13) 

O(12B)-C(12B)-O(11B) 127.4(18) 

O(12B)-C(12B)-C(13B) 124.2(19) 

O(11B)-C(12B)-C(13B) 107.8(18) 

O(12B)-C(12B)-C(13") 124(2) 

O(11B)-C(12B)-C(13") 109(2) 

C(17B)-C(13B)-C(12B) 125(3) 

C(17B)-C(13B)-S(14B) 115.1(18) 

C(12B)-C(13B)-S(14B) 118(2) 

C(13B)-S(14B)-C(15B) 91.8(15) 

C(16B)-C(15B)-S(14B) 115(2) 

C(15B)-C(16B)-C(17B) 108.8(18) 

C(13B)-C(17B)-C(16B) 108.8(18) 

C(17")-C(13")-C(12B) 120(4) 

C(17")-C(13")-S(14") 114(2) 

C(12B)-C(13")-S(14") 125(3) 

C(13")-S(14")-C(15") 92.7(18) 

C(16")-C(15")-S(14") 114(2) 

C(15")-C(16")-C(17") 108(2) 

C(13")-C(17")-C(16") 108(2) 

C(19B)-O(18B)-C(6B) 123.6(13) 

O(19B)-C(19B)-O(18B) 124.7(17) 

O(19B)-C(19B)-C(20B) 127(2) 

O(18B)-C(19B)-C(20B) 107.9(18) 

O(19B)-C(19B)-C(20") 120(2) 

O(18B)-C(19B)-C(20") 115(3) 

C(24B)-C(20B)-C(19B) 137(3) 

C(24B)-C(20B)-S(21B) 110.1(16) 

C(19B)-C(20B)-S(21B) 113(2) 



368 
 

C(22A)-S(21A)-C(20A) 90.9(11) 

C(23A)-C(22A)-S(21A) 112.3(17) 

C(22A)-C(23A)-C(24A) 112.4(16) 

C(20A)-C(24A)-C(23A) 113.1(17) 

C(24')-C(20')-C(19A) 130(6) 

C(24')-C(20')-S(21') 110(2) 

C(19A)-C(20')-S(21') 114(3) 

C(20')-S(21')-C(22') 90.5(17) 

C(23')-C(22')-S(21') 109(2) 

C(22')-C(23')-C(24') 113(2) 

C(20')-C(24')-C(23') 113(2) 

C(20B)-S(21B)-C(22B) 90.3(11) 

C(23B)-C(22B)-S(21B) 109.2(17) 

C(24B)-C(23B)-C(22B) 115.5(17) 

C(23B)-C(24B)-C(20B) 114.9(18) 

C(24")-C(20")-C(19B) 127(5) 

C(24")-C(20")-S(21") 110(2) 

C(19B)-C(20")-S(21") 120(3) 

C(22")-S(21")-C(20") 90.0(14) 

C(23")-C(22")-S(21") 110(2) 

C(24")-C(23")-C(22") 115(2) 

C(23")-C(24")-C(20")        115(2) 

  

8.3  Fc2Tc: 

8.3.1  Cyclic voltammetry Data: 
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8.3.2 X-ray crystallographic data: 

Full crystallographic experimental data, including full lists of bond lengths (Å) and angles (°). Structure 

obtained and solved by Dr Andrew White (ICL). 
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Identification code NL2039 

Formula C25H20Fe2O2S 

Formula weight 496.17 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 20.3000(7) Å a = 90° 

 b = 8.1147(2) Å b = 102.320(3)° 

 c = 12.4897(4) Å g = 90° 

Volume, Z 2010.02(11) Å3, 4 

Density (calculated) 1.640 Mg/m3 

Absorption coefficient 1.568 mm-1 

F(000) 1016 

Crystal colour / morphology Orange blocks 

Crystal size 0.223 x 0.120 x 0.064 mm3 

q range for data collection 2.712 to 28.275° 

Index ranges -26<=h<=14, -10<=k<=6, -12<=l<=15 

Reflns collected / unique 7018 / 4018 [R(int) = 0.0199] 

Reflns observed [F>4s(F)] 3041 

Absorption correction Analytical 

Max. and min. transmission 0.925 and 0.821 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4018 / 0 / 271 

Goodness-of-fit on F2 1.028 

Final R indices [F>4s(F)] R1 = 0.0371, wR2 = 0.0770 

R indices (all data) R1 = 0.0579, wR2 = 0.0854 

Largest diff. peak, hole 0.682, -0.308 eÅ-3 

Mean and maximum shift/error 0.000 and 0.001 

 

Bond lengths (Å) and angles (°) for Fc2Tc 

Fe(1)-C(1) 2.018(3) 

Fe(1)-C(7) 2.024(3) 

Fe(1)-C(2) 2.029(3) 

Fe(1)-C(8) 2.036(3) 

Fe(1)-C(3) 2.038(3) 

Fe(1)-C(9) 2.048(3) 

C(1)-Fe(1)-C(7) 104.58(12) 

C(1)-Fe(1)-C(2) 40.83(11) 

C(7)-Fe(1)-C(2) 119.46(12) 

C(1)-Fe(1)-C(8) 120.94(12) 

C(7)-Fe(1)-C(8) 40.93(11) 

C(2)-Fe(1)-C(8) 156.09(12) 

C(16)-Fe(2)-C(11) 107.02(12) 

C(19)-Fe(2)-C(11) 154.59(14) 

C(18)-Fe(2)-C(11) 163.24(13) 

C(13)-Fe(2)-C(11) 68.43(12) 

C(12)-Fe(2)-C(11) 40.74(11) 

O(21)-C(1)-C(5) 123.9(2) 
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Fe(1)-C(4) 2.049(3) 

Fe(1)-C(6) 2.051(3) 

Fe(1)-C(10) 2.051(3) 

Fe(1)-C(5) 2.053(3) 

Fe(2)-C(15) 2.031(3) 

Fe(2)-C(14) 2.032(3) 

Fe(2)-C(20) 2.035(3) 

Fe(2)-C(17) 2.036(3) 

Fe(2)-C(16) 2.036(3) 

Fe(2)-C(19) 2.037(3) 

Fe(2)-C(18) 2.039(3) 

Fe(2)-C(13) 2.041(3) 

Fe(2)-C(12) 2.046(3) 

Fe(2)-C(11) 2.048(3) 

C(1)-O(21) 1.402(3) 

C(1)-C(5) 1.410(4) 

C(1)-C(2) 1.412(4) 

C(2)-C(3) 1.413(4) 

C(3)-C(4) 1.414(4) 

C(4)-C(5) 1.414(4) 

C(6)-C(7) 1.420(4) 

C(6)-C(10) 1.427(4) 

C(6)-C(11) 1.470(4) 

C(7)-C(8) 1.419(4) 

C(8)-C(9) 1.411(4) 

C(9)-C(10) 1.429(4) 

C(11)-C(15) 1.423(4) 

C(11)-C(12) 1.425(4) 

C(12)-C(13) 1.418(4) 

C(13)-C(14) 1.411(4) 

C(14)-C(15) 1.422(4) 

C(16)-C(17) 1.394(4) 

C(16)-C(20) 1.402(5) 

C(17)-C(18) 1.414(4) 

C(18)-C(19) 1.403(5) 

C(19)-C(20) 1.425(5) 

O(21)-C(22) 1.361(3) 

C(22)-O(22) 1.202(3) 

C(22)-C(23) 1.444(4) 

C(23)-C(27) 1.381(4) 

C(23)-S(24) 1.719(3) 

S(24)-C(25) 1.699(3) 

C(25)-C(26) 1.368(4) 

C(26)-C(27) 1.392(4) 

 

C(1)-Fe(1)-C(3) 67.72(12) 

C(7)-Fe(1)-C(3) 157.09(12) 

C(2)-Fe(1)-C(3) 40.67(12) 

C(8)-Fe(1)-C(3) 161.56(12) 

C(1)-Fe(1)-C(9) 157.95(12) 

C(7)-Fe(1)-C(9) 68.64(12) 

C(2)-Fe(1)-C(9) 160.87(12) 

C(8)-Fe(1)-C(9) 40.43(12) 

C(3)-Fe(1)-C(9) 126.31(13) 

C(1)-Fe(1)-C(4) 67.52(12) 

C(7)-Fe(1)-C(4) 158.47(13) 

C(2)-Fe(1)-C(4) 68.54(12) 

C(8)-Fe(1)-C(4) 124.49(12) 

C(3)-Fe(1)-C(4) 40.48(12) 

C(9)-Fe(1)-C(4) 110.74(13) 

C(1)-Fe(1)-C(6) 120.73(11) 

C(7)-Fe(1)-C(6) 40.79(11) 

C(2)-Fe(1)-C(6) 105.37(11) 

C(8)-Fe(1)-C(6) 68.55(12) 

C(3)-Fe(1)-C(6) 123.08(12) 

C(9)-Fe(1)-C(6) 68.64(11) 

C(4)-Fe(1)-C(6) 160.52(13) 

C(1)-Fe(1)-C(10) 158.11(11) 

C(7)-Fe(1)-C(10) 68.60(12) 

C(2)-Fe(1)-C(10) 123.01(12) 

C(8)-Fe(1)-C(10) 68.33(12) 

C(3)-Fe(1)-C(10) 110.06(13) 

C(9)-Fe(1)-C(10) 40.82(12) 

C(4)-Fe(1)-C(10) 125.97(13) 

C(6)-Fe(1)-C(10) 40.73(11) 

C(1)-Fe(1)-C(5) 40.52(11) 

C(7)-Fe(1)-C(5) 120.78(12) 

C(2)-Fe(1)-C(5) 69.09(11) 

C(8)-Fe(1)-C(5) 106.87(12) 

C(3)-Fe(1)-C(5) 68.27(12) 

C(9)-Fe(1)-C(5) 123.61(12) 

C(4)-Fe(1)-C(5) 40.32(12) 

C(6)-Fe(1)-C(5) 156.68(12) 

C(10)-Fe(1)-C(5) 160.80(12) 

C(15)-Fe(2)-C(14) 40.97(11) 

C(15)-Fe(2)-C(20) 152.12(14) 

C(14)-Fe(2)-C(20) 166.35(15) 

C(15)-Fe(2)-C(17) 106.14(13) 

C(14)-Fe(2)-C(17) 118.12(13) 

C(20)-Fe(2)-C(17) 67.58(14) 

C(15)-Fe(2)-C(16) 117.34(13) 

C(14)-Fe(2)-C(16) 151.58(14) 

C(20)-Fe(2)-C(16) 40.29(15) 

C(17)-Fe(2)-C(16) 40.04(12) 

C(15)-Fe(2)-C(19) 164.09(15) 

C(14)-Fe(2)-C(19) 127.47(15) 

C(20)-Fe(2)-C(19) 40.97(15) 

C(17)-Fe(2)-C(19) 67.87(14) 

C(16)-Fe(2)-C(19) 68.27(15) 

C(15)-Fe(2)-C(18) 125.77(14) 

C(14)-Fe(2)-C(18) 107.42(14) 

C(20)-Fe(2)-C(18) 68.16(14) 

C(17)-Fe(2)-C(18) 40.59(13) 

C(16)-Fe(2)-C(18) 68.08(14) 

C(19)-Fe(2)-C(18) 40.26(14) 

C(15)-Fe(2)-C(13) 68.42(12) 

C(14)-Fe(2)-C(13) 40.53(13) 

C(20)-Fe(2)-C(13) 129.38(15) 

C(17)-Fe(2)-C(13) 153.22(13) 

C(16)-Fe(2)-C(13) 166.14(14) 

C(19)-Fe(2)-C(13) 109.85(14) 

C(18)-Fe(2)-C(13) 120.03(13) 

O(21)-C(1)-C(2) 125.6(2) 

C(5)-C(1)-C(2) 110.2(2) 

O(21)-C(1)-Fe(1) 120.41(18) 

C(5)-C(1)-Fe(1) 71.06(16) 

C(2)-C(1)-Fe(1) 70.00(16) 

C(1)-C(2)-C(3) 106.3(3) 

C(1)-C(2)-Fe(1) 69.18(16) 

C(3)-C(2)-Fe(1) 70.01(17) 

C(2)-C(3)-C(4) 108.6(3) 

C(2)-C(3)-Fe(1) 69.32(16) 

C(4)-C(3)-Fe(1) 70.17(17) 

C(5)-C(4)-C(3) 108.5(3) 

C(5)-C(4)-Fe(1) 70.00(16) 

C(3)-C(4)-Fe(1) 69.35(17) 

C(1)-C(5)-C(4) 106.3(3) 

C(1)-C(5)-Fe(1) 68.41(15) 

C(4)-C(5)-Fe(1) 69.68(17) 

C(7)-C(6)-C(10) 107.5(2) 

C(7)-C(6)-C(11) 126.7(3) 

C(10)-C(6)-C(11) 125.8(3) 

C(7)-C(6)-Fe(1) 68.59(16) 

C(10)-C(6)-Fe(1) 69.64(15) 

C(11)-C(6)-Fe(1) 125.2(2) 

C(8)-C(7)-C(6) 108.3(3) 

C(8)-C(7)-Fe(1) 70.02(17) 

C(6)-C(7)-Fe(1) 70.62(16) 

C(9)-C(8)-C(7) 108.4(3) 

C(9)-C(8)-Fe(1) 70.23(17) 

C(7)-C(8)-Fe(1) 69.06(16) 

C(8)-C(9)-C(10) 107.8(3) 

C(8)-C(9)-Fe(1) 69.34(17) 

C(10)-C(9)-Fe(1) 69.69(16) 

C(6)-C(10)-C(9) 108.0(3) 

C(6)-C(10)-Fe(1) 69.64(16) 

C(9)-C(10)-Fe(1) 69.50(17) 

C(15)-C(11)-C(12) 107.5(2) 

C(15)-C(11)-C(6) 126.7(3) 

C(12)-C(11)-C(6) 125.8(3) 

C(15)-C(11)-Fe(2) 68.96(16) 

C(12)-C(11)-Fe(2) 69.55(16) 

C(6)-C(11)-Fe(2) 125.8(2) 

C(13)-C(12)-C(11) 107.9(3) 

C(13)-C(12)-Fe(2) 69.51(18) 

C(11)-C(12)-Fe(2) 69.71(16) 

C(14)-C(13)-C(12) 108.5(3) 

C(14)-C(13)-Fe(2) 69.42(18) 

C(12)-C(13)-Fe(2) 69.88(17) 

C(13)-C(14)-C(15) 107.8(3) 

C(13)-C(14)-Fe(2) 70.05(18) 

C(15)-C(14)-Fe(2) 69.46(17) 

C(14)-C(15)-C(11) 108.2(3) 

C(14)-C(15)-Fe(2) 69.57(17) 

C(11)-C(15)-Fe(2) 70.22(16) 

C(17)-C(16)-C(20) 108.1(3) 

C(17)-C(16)-Fe(2) 69.97(18) 

C(20)-C(16)-Fe(2) 69.8(2) 

C(16)-C(17)-C(18) 108.7(3) 

C(16)-C(17)-Fe(2) 69.99(19) 

C(18)-C(17)-Fe(2) 69.83(18) 

C(19)-C(18)-C(17) 107.6(3) 

C(19)-C(18)-Fe(2) 69.77(19) 

C(17)-C(18)-Fe(2) 69.58(17) 

C(18)-C(19)-C(20) 107.7(3) 

C(18)-C(19)-Fe(2) 69.97(19) 

C(20)-C(19)-Fe(2) 69.43(19) 

C(16)-C(20)-C(19) 107.9(3) 

C(16)-C(20)-Fe(2) 69.92(19) 
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C(15)-Fe(2)-C(12) 68.56(13) 

C(14)-Fe(2)-C(12) 68.53(13) 

C(20)-Fe(2)-C(12) 109.56(14) 

C(17)-Fe(2)-C(12) 163.92(12) 

C(16)-Fe(2)-C(12) 127.60(13) 

C(19)-Fe(2)-C(12) 121.17(14) 

C(18)-Fe(2)-C(12) 154.65(13) 

C(13)-Fe(2)-C(12) 40.61(12) 

C(15)-Fe(2)-C(11) 40.83(11) 

C(14)-Fe(2)-C(11) 68.79(12) 

C(20)-Fe(2)-C(11) 119.23(13) 

C(17)-Fe(2)-C(11) 125.54(12) 

C(19)-C(20)-Fe(2) 69.6(2) 

C(22)-O(21)-C(1) 117.3(2) 

O(22)-C(22)-O(21) 123.2(2) 

O(22)-C(22)-C(23) 125.5(3) 

O(21)-C(22)-C(23) 111.2(2) 

C(27)-C(23)-C(22) 125.7(2) 

C(27)-C(23)-S(24) 111.1(2) 

C(22)-C(23)-S(24) 123.1(2) 

C(25)-S(24)-C(23) 91.62(15) 

C(26)-C(25)-S(24) 112.0(2) 

C(25)-C(26)-C(27) 112.9(3) 

C(23)-C(27)-C(26)                 112.4(3) 

 

8.4  Fc2Tc2  

8.4.1  Cyclic voltammetry Data: 
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8.4.2 X-ray crystallographic data 

Full crystallographic experimental data, including full lists of bond lengths (Å) and angles (°). Structure 

obtained and solved by Dr Andrew White (ICL). 

 

Identification code NL2040 

Formula C30H22Fe2O4S2 

Formula weight 622.29 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 12.1753(3) Å a = 90° 

 b = 14.7071(4) Å b = 91.748(3)° 

 c = 14.1536(4) Å g = 90° 

Volume, Z 2533.23(12) Å3, 4 

Density (calculated) 1.632 Mg/m3 

Absorption coefficient 1.347 mm-1 

F(000) 1272 

Crystal colour / morphology Orange blocks 
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Crystal size 0.517 x 0.307 x 0.240 mm3 

q range for data collection 2.578 to 28.331° 

Index ranges -15<=h<=16, -17<=k<=19, -18<=l<=18 

Reflns collected / unique 24994 / 5585 [R(int) = 0.0329] 

Reflns observed [F>4s(F)] 4436 

Absorption correction Analytical 

Max. and min. transmission 0.800 and 0.660 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5585 / 124 / 385 

Goodness-of-fit on F2 1.088 

Final R indices [F>4s(F)] R1 = 0.0423, wR2 = 0.0944 

R indices (all data) R1 = 0.0592, wR2 = 0.1038 

Largest diff. peak, hole 0.627, -0.454 eÅ-3 

Mean and maximum shift/error 0.000 and 0.001 

 

Bond lengths (Å) and angles (°) for Fc2Tc2 

Fe(1)-C(4) 2.036(3) 

Fe(1)-C(9) 2.036(3) 

Fe(1)-C(1) 2.036(3) 

Fe(1)-C(10) 2.041(3) 

Fe(1)-C(8) 2.042(3) 

Fe(1)-C(3) 2.045(3) 

Fe(1)-C(5) 2.048(3) 

Fe(1)-C(7) 2.050(3) 

Fe(1)-C(2) 2.052(3) 

Fe(1)-C(6) 2.062(3) 

Fe(2)-C(16) 2.027(3) 

Fe(2)-C(18) 2.041(3) 

Fe(2)-C(13) 2.044(3) 

Fe(2)-C(14) 2.045(3) 

Fe(2)-C(17) 2.046(3) 

Fe(2)-C(19) 2.047(3) 

Fe(2)-C(15) 2.051(3) 

Fe(2)-C(12) 2.054(3) 

Fe(2)-C(20) 2.057(3) 

Fe(2)-C(11) 2.072(3) 

C(1)-O(21) 1.403(3) 

C(1)-C(5) 1.404(4) 

C(1)-C(2) 1.407(4) 

C(2)-C(3) 1.424(4) 

C(3)-C(4) 1.423(5) 

C(4)-C(5) 1.422(4) 

C(6)-C(7) 1.425(4) 

C(6)-C(10) 1.428(4) 

C(6)-C(11) 1.459(4) 

C(7)-C(8) 1.415(4) 

C(8)-C(9) 1.401(5) 

C(9)-C(10) 1.415(5) 

C(11)-C(12) 1.423(4) 

C(11)-C(15) 1.429(4) 

C(12)-C(13) 1.418(4) 

C(13)-C(14) 1.408(5) 

C(14)-C(15) 1.420(4) 

C(16)-O(28) 1.406(3) 

C(16)-C(17) 1.410(4) 

C(16)-C(20) 1.410(4) 

C(17)-C(18) 1.425(4) 

C(18)-C(19) 1.417(5) 

C(19)-C(20) 1.427(4) 

O(21)-C(22) 1.359(4) 

C(4)-Fe(1)-C(9) 122.32(13) 

C(4)-Fe(1)-C(1) 67.60(12) 

C(9)-Fe(1)-C(1) 158.95(15) 

C(4)-Fe(1)-C(10) 159.30(13) 

C(9)-Fe(1)-C(10) 40.62(13) 

C(1)-Fe(1)-C(10) 124.24(13) 

C(4)-Fe(1)-C(8) 106.34(13) 

C(9)-Fe(1)-C(8) 40.20(15) 

C(1)-Fe(1)-C(8) 160.32(14) 

C(10)-Fe(1)-C(8) 67.98(14) 

C(4)-Fe(1)-C(3) 40.82(14) 

C(9)-Fe(1)-C(3) 106.75(13) 

C(1)-Fe(1)-C(3) 67.60(12) 

C(10)-Fe(1)-C(3) 123.58(14) 

C(8)-Fe(1)-C(3) 120.93(13) 

C(4)-Fe(1)-C(5) 40.74(13) 

C(9)-Fe(1)-C(5) 158.79(14) 

C(1)-Fe(1)-C(5) 40.20(12) 

C(10)-Fe(1)-C(5) 159.02(13) 

C(8)-Fe(1)-C(5) 123.06(14) 

C(3)-Fe(1)-C(5) 68.60(14) 

C(4)-Fe(1)-C(7) 121.35(14) 

C(9)-Fe(1)-C(7) 67.97(14) 

C(1)-Fe(1)-C(7) 125.27(12) 

C(10)-Fe(1)-C(7) 68.12(13) 

C(8)-Fe(1)-C(7) 40.46(13) 

C(3)-Fe(1)-C(7) 156.73(13) 

C(5)-Fe(1)-C(7) 107.66(13) 

C(4)-Fe(1)-C(2) 68.56(13) 

C(9)-Fe(1)-C(2) 122.26(15) 

C(1)-Fe(1)-C(2) 40.26(12) 

C(10)-Fe(1)-C(2) 108.45(14) 

C(8)-Fe(1)-C(2) 157.06(14) 

C(3)-Fe(1)-C(2) 40.68(13) 

C(5)-Fe(1)-C(2) 68.56(13) 

C(7)-Fe(1)-C(2) 161.30(12) 

C(4)-Fe(1)-C(6) 157.65(13) 

C(9)-Fe(1)-C(6) 68.40(12) 

C(1)-Fe(1)-C(6) 109.83(11) 

C(10)-Fe(1)-C(6) 40.73(12) 

C(8)-Fe(1)-C(6) 68.21(12) 

C(3)-Fe(1)-C(6) 160.73(14) 

C(5)-Fe(1)-C(6) 122.71(12) 

C(7)-Fe(1)-C(6) 40.54(12) 

C(2)-C(3)-Fe(1) 69.91(17) 

C(5)-C(4)-C(3) 108.4(3) 

C(5)-C(4)-Fe(1) 70.10(17) 

C(3)-C(4)-Fe(1) 69.93(18) 

C(1)-C(5)-C(4) 106.6(3) 

C(1)-C(5)-Fe(1) 69.43(17) 

C(4)-C(5)-Fe(1) 69.16(17) 

C(7)-C(6)-C(10) 106.9(3) 

C(7)-C(6)-C(11) 126.6(3) 

C(10)-C(6)-C(11) 126.5(3) 

C(7)-C(6)-Fe(1) 69.28(16) 

C(10)-C(6)-Fe(1) 68.86(16) 

C(11)-C(6)-Fe(1) 126.42(19) 

C(8)-C(7)-C(6) 108.3(3) 

C(8)-C(7)-Fe(1) 69.47(18) 

C(6)-C(7)-Fe(1) 70.17(16) 

C(9)-C(8)-C(7) 108.4(3) 

C(9)-C(8)-Fe(1) 69.69(19) 

C(7)-C(8)-Fe(1) 70.07(17) 

C(8)-C(9)-C(10) 108.3(3) 

C(8)-C(9)-Fe(1) 70.12(18) 

C(10)-C(9)-Fe(1) 69.87(17) 

C(9)-C(10)-C(6) 108.2(3) 

C(9)-C(10)-Fe(1) 69.51(18) 

C(6)-C(10)-Fe(1) 70.41(16) 

C(12)-C(11)-C(15) 106.9(3) 

C(12)-C(11)-C(6) 126.8(3) 

C(15)-C(11)-C(6) 126.3(3) 

C(12)-C(11)-Fe(2) 69.14(16) 

C(15)-C(11)-Fe(2) 68.90(16) 

C(6)-C(11)-Fe(2) 126.94(19) 

C(13)-C(12)-C(11) 108.3(3) 

C(13)-C(12)-Fe(2) 69.35(17) 

C(11)-C(12)-Fe(2) 70.51(16) 

C(14)-C(13)-C(12) 108.4(3) 

C(14)-C(13)-Fe(2) 69.92(18) 

C(12)-C(13)-Fe(2) 70.16(16) 

C(13)-C(14)-C(15) 107.9(3) 

C(13)-C(14)-Fe(2) 69.81(17) 

C(15)-C(14)-Fe(2) 69.93(17) 

C(14)-C(15)-C(11) 108.4(3) 

C(14)-C(15)-Fe(2) 69.51(17) 

C(11)-C(15)-Fe(2) 70.53(16) 

O(28)-C(16)-C(17) 125.4(3) 



377 
 

C(22)-O(22) 1.198(4) 

C(22)-C(23') 1.443(14) 

C(22)-C(23) 1.466(5) 

C(23)-C(27) 1.445(8) 

C(23)-S(24) 1.709(6) 

S(24)-C(25) 1.697(6) 

C(25)-C(26) 1.369(7) 

C(26)-C(27) 1.456(9) 

C(23')-C(27') 1.405(16) 

C(23')-S(24') 1.686(16) 

S(24')-C(25') 1.699(16) 

C(25')-C(26') 1.410(14) 

C(26')-C(27') 1.46(2) 

O(28)-C(29) 1.367(3) 

C(29)-O(29) 1.202(4) 

C(29)-C(30') 1.443(11) 

C(29)-C(30) 1.475(6) 

C(30)-C(34) 1.474(9) 

C(30)-S(31) 1.729(8) 

S(31)-C(32) 1.699(7) 

C(32)-C(33) 1.362(8) 

C(33)-C(34) 1.402(10) 

C(30')-C(34') 1.388(15) 

C(30')-S(31') 1.705(14) 

S(31')-C(32') 1.735(14) 

C(32')-C(33') 1.384(13) 

C(33')-C(34') 1.404(18) 

C(2)-Fe(1)-C(6) 124.89(12) 

C(16)-Fe(2)-C(18) 67.79(12) 

C(16)-Fe(2)-C(13) 156.87(13) 

C(18)-Fe(2)-C(13) 124.55(12) 

C(16)-Fe(2)-C(14) 162.27(13) 

C(18)-Fe(2)-C(14) 105.83(12) 

C(13)-Fe(2)-C(14) 40.27(14) 

C(16)-Fe(2)-C(17) 40.50(12) 

C(18)-Fe(2)-C(17) 40.82(12) 

C(13)-Fe(2)-C(17) 161.20(13) 

C(14)-Fe(2)-C(17) 123.99(13) 

C(16)-Fe(2)-C(19) 67.62(12) 

C(18)-Fe(2)-C(19) 40.55(13) 

C(13)-Fe(2)-C(19) 107.87(12) 

C(14)-Fe(2)-C(19) 119.07(12) 

C(17)-Fe(2)-C(19) 68.53(13) 

C(16)-Fe(2)-C(15) 126.54(12) 

C(18)-Fe(2)-C(15) 118.67(13) 

C(13)-Fe(2)-C(15) 67.89(13) 

C(14)-Fe(2)-C(15) 40.56(12) 

C(17)-Fe(2)-C(15) 106.60(13) 

C(19)-Fe(2)-C(15) 153.44(12) 

C(16)-Fe(2)-C(12) 122.81(12) 

C(18)-Fe(2)-C(12) 162.70(12) 

C(13)-Fe(2)-C(12) 40.48(12) 

C(14)-Fe(2)-C(12) 67.98(13) 

C(17)-Fe(2)-C(12) 156.01(12) 

C(19)-Fe(2)-C(12) 126.97(12) 

C(15)-Fe(2)-C(12) 67.89(12) 

C(16)-Fe(2)-C(20) 40.38(12) 

C(18)-Fe(2)-C(20) 68.57(12) 

C(13)-Fe(2)-C(20) 121.28(13) 

C(14)-Fe(2)-C(20) 154.65(13) 

C(17)-Fe(2)-C(20) 68.85(12) 

C(19)-Fe(2)-C(20) 40.69(11) 

C(15)-Fe(2)-C(20) 164.05(12) 

C(12)-Fe(2)-C(20) 109.67(12) 

C(16)-Fe(2)-C(11) 109.83(11) 

C(18)-Fe(2)-C(11) 154.23(13) 

C(13)-Fe(2)-C(11) 68.06(12) 

C(14)-Fe(2)-C(11) 68.26(11) 

C(17)-Fe(2)-C(11) 120.28(12) 

C(19)-Fe(2)-C(11) 164.45(12) 

C(15)-Fe(2)-C(11) 40.56(11) 

C(12)-Fe(2)-C(11) 40.35(11) 

C(20)-Fe(2)-C(11) 127.41(11) 

O(21)-C(1)-C(5) 124.8(3) 

O(21)-C(1)-C(2) 124.7(3) 

C(5)-C(1)-C(2) 110.5(3) 

O(21)-C(1)-Fe(1) 127.0(2) 

C(5)-C(1)-Fe(1) 70.36(17) 

C(2)-C(1)-Fe(1) 70.46(17) 

C(1)-C(2)-C(3) 106.7(3) 

C(1)-C(2)-Fe(1) 69.28(17) 

C(3)-C(2)-Fe(1) 69.41(18) 

C(4)-C(3)-C(2) 107.9(3) 

C(4)-C(3)-Fe(1) 69.25(18) 

O(28)-C(16)-C(20) 123.9(3) 

C(17)-C(16)-C(20) 110.7(3) 

O(28)-C(16)-Fe(2) 125.63(19) 

C(17)-C(16)-Fe(2) 70.44(16) 

C(20)-C(16)-Fe(2) 70.95(16) 

C(16)-C(17)-C(18) 106.3(3) 

C(16)-C(17)-Fe(2) 69.06(16) 

C(18)-C(17)-Fe(2) 69.42(17) 

C(19)-C(18)-C(17) 108.4(3) 

C(19)-C(18)-Fe(2) 69.97(17) 

C(17)-C(18)-Fe(2) 69.76(17) 

C(18)-C(19)-C(20) 108.5(3) 

C(18)-C(19)-Fe(2) 69.48(17) 

C(20)-C(19)-Fe(2) 70.02(16) 

C(16)-C(20)-C(19) 106.1(3) 

C(16)-C(20)-Fe(2) 68.67(16) 

C(19)-C(20)-Fe(2) 69.29(16) 

C(22)-O(21)-C(1) 114.5(2) 

O(22)-C(22)-O(21) 123.7(3) 

O(22)-C(22)-C(23') 127.4(9) 

O(21)-C(22)-C(23') 108.5(9) 

O(22)-C(22)-C(23) 124.4(4) 

O(21)-C(22)-C(23) 111.8(3) 

C(27)-C(23)-C(22) 123.7(6) 

C(27)-C(23)-S(24) 112.5(4) 

C(22)-C(23)-S(24) 122.6(4) 

C(25)-S(24)-C(23) 91.5(2) 

C(26)-C(25)-S(24) 114.1(4) 

C(25)-C(26)-C(27) 112.0(5) 

C(23)-C(27)-C(26) 107.9(5) 

C(27')-C(23')-C(22) 126(2) 

C(27')-C(23')-S(24') 113.2(12) 

C(22)-C(23')-S(24') 113.9(13) 

C(23')-S(24')-C(25') 89.0(9) 

C(26')-C(25')-S(24') 112.1(12) 

C(25')-C(26')-C(27') 108.7(11) 

C(23')-C(27')-C(26') 109.0(10) 

C(29)-O(28)-C(16) 115.4(2) 

O(29)-C(29)-O(28) 123.4(3) 

O(29)-C(29)-C(30') 129.2(7) 

O(28)-C(29)-C(30') 107.1(7) 

O(29)-C(29)-C(30) 123.3(4) 

O(28)-C(29)-C(30) 113.3(4) 

C(34)-C(30)-C(29) 126.3(6) 

C(34)-C(30)-S(31) 110.2(4) 

C(29)-C(30)-S(31) 121.4(5) 

C(32)-S(31)-C(30) 91.3(3) 

C(33)-C(32)-S(31) 113.0(5) 

C(32)-C(33)-C(34) 113.9(6) 

C(33)-C(34)-C(30) 107.6(5) 

C(34')-C(30')-C(29) 131.8(15) 

C(34')-C(30')-S(31') 112.9(9) 

C(29)-C(30')-S(31') 112.4(9) 

C(30')-S(31')-C(32') 89.0(6) 

C(33')-C(32')-S(31') 111.3(10) 

C(32')-C(33')-C(34') 111.7(10) 

C(30')-C(34')-C(33') 110.9(10) 
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8.5  Fc3Tc 

8.5.1  Cyclic voltammetry Data: 
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8.6  Fc3Tc2 

8.6.1  Cyclic voltammetry Data: 
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8.7  RcTc: 

8.7.1  Cyclic voltammetry Data: 
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8.7.2 X-ray crystallographic data 

Full crystallographic experimental data, including full lists of bond lengths (Å) and angles (°). Structure 

obtained and solved by Dr Andrew White (ICL). 

 

Identification code NL2043 

Formula C15H12O2RuS 

Formula weight 357.38 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 11.8739(5) Å a = 90° 

 b = 11.6271(4) Å b = 105.534(4)° 

 c = 9.7661(5) Å g = 90° 

Volume, Z 1299.04(10) Å3, 4 

Density (calculated) 1.827 Mg/m3 

Absorption coefficient 1.360 mm-1 

F(000) 712 

Crystal colour / morphology Colourless blocky needles 

Crystal size 0.588 x 0.190 x 0.181 mm3 

q range for data collection 2.498 to 28.254° 

Index ranges -15<=h<=7, -14<=k<=14, -11<=l<=13 
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Reflns collected / unique 4384 / 2615 [R(int) = 0.0206] 

Reflns observed [F>4s(F)] 2361 

Absorption correction Analytical 

Max. and min. transmission 0.834 and 0.661 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2615 / 62 / 194 

Goodness-of-fit on F2 1.053 

Final R indices [F>4s(F)] R1 = 0.0247, wR2 = 0.0534 

R indices (all data) R1 = 0.0294, wR2 = 0.0558 

Largest diff. peak, hole 0.509, -0.428 eÅ-3 

Mean and maximum shift/error 0.000 and 0.001 

 

Bond lengths (Å) and angles (°) for RcTc 

Ru(1)-C(1) 2.149(2) 

Ru(1)-C(6) 2.171(2) 

Ru(1)-C(7) 2.173(2) 

Ru(1)-C(3) 2.180(2) 

Ru(1)-C(2) 2.181(2) 

Ru(1)-C(8) 2.182(2) 

Ru(1)-C(5) 2.183(2) 

Ru(1)-C(4) 2.183(2) 

Ru(1)-C(10) 2.185(2) 

Ru(1)-C(9) 2.185(2) 

C(1)-O(11) 1.403(3) 

C(1)-C(2) 1.406(3) 

C(1)-C(5) 1.417(3) 

C(2)-C(3) 1.416(4) 

C(3)-C(4) 1.423(3) 

C(4)-C(5) 1.424(4) 

C(6)-C(7) 1.410(4) 

C(6)-C(10) 1.414(4) 

C(7)-C(8) 1.416(4) 

C(8)-C(9) 1.426(3) 

C(9)-C(10) 1.411(3) 

O(11)-C(12) 1.368(3) 

C(12)-O(12) 1.199(3) 

C(12)-C(13') 1.432(14) 

C(12)-C(13) 1.454(5) 

C(13)-C(17) 1.373(7) 

C(13)-S(14) 1.713(6) 

S(14)-C(15) 1.707(6) 

C(15)-C(16) 1.366(6) 

C(16)-C(17) 1.420(9) 

C(13')-C(17') 1.362(15) 

C(13')-S(14') 1.698(17) 

S(14')-C(15') 1.698(17) 

C(15')-C(16') 1.369(14) 

C(16')-C(17')               1.416(18) 

C(1)-Ru(1)-C(6) 112.94(10) 

C(1)-Ru(1)-C(7) 125.45(10) 

C(6)-Ru(1)-C(7) 37.89(10) 

C(1)-Ru(1)-C(3) 63.19(9) 

C(6)-Ru(1)-C(3) 157.57(10) 

C(7)-Ru(1)-C(3) 163.14(10) 

C(1)-Ru(1)-C(2) 37.88(9) 

C(6)-Ru(1)-C(2) 124.86(10) 

C(7)-Ru(1)-C(2) 157.71(10) 

C(3)-Ru(1)-C(2) 37.90(9) 

C(1)-Ru(1)-C(8) 158.31(10) 

C(6)-Ru(1)-C(8) 63.37(10) 

C(7)-Ru(1)-C(8) 37.95(9) 

C(3)-Ru(1)-C(8) 128.81(10) 

C(2)-Ru(1)-C(8) 162.62(10) 

C(1)-Ru(1)-C(5) 38.17(9) 

C(6)-Ru(1)-C(5) 128.36(10) 

C(7)-Ru(1)-C(5) 112.78(9) 

C(3)-Ru(1)-C(5) 63.78(9) 

C(2)-Ru(1)-C(5) 64.00(9) 

C(8)-Ru(1)-C(5) 125.32(9) 

C(1)-Ru(1)-C(4) 63.38(9) 

C(6)-Ru(1)-C(4) 162.89(10) 

C(7)-Ru(1)-C(4) 128.79(10) 

C(3)-Ru(1)-C(4) 38.06(9) 

C(2)-Ru(1)-C(4) 63.68(9) 

C(8)-Ru(1)-C(4) 113.24(10) 

C(5)-Ru(1)-C(4) 38.08(9) 

C(1)-Ru(1)-C(10) 128.14(9) 

C(6)-Ru(1)-C(10) 37.87(9) 

C(7)-Ru(1)-C(10) 63.50(10) 

C(3)-Ru(1)-C(10) 125.00(10) 

C(2)-Ru(1)-C(10) 112.29(9) 

C(8)-Ru(1)-C(10) 63.52(9) 

C(5)-Ru(1)-C(10) 162.42(9) 

C(4)-Ru(1)-C(10) 157.99(9) 

C(1)-Ru(1)-C(9) 162.08(9) 

C(6)-Ru(1)-C(9) 63.12(10) 

C(7)-Ru(1)-C(9) 63.44(10) 

C(3)-Ru(1)-C(9) 113.09(10) 

C(2)-Ru(1)-C(9) 128.03(10) 

C(8)-Ru(1)-C(9) 38.10(9) 

C(5)-Ru(1)-C(9) 158.45(9) 

C(4)-Ru(1)-C(9) 125.77(10) 

C(10)-Ru(1)-C(9) 37.67(9) 

O(11)-C(1)-C(2) 125.6(2) 

O(11)-C(1)-C(5) 124.4(2) 

C(2)-C(1)-C(5) 110.0(2) 

C(2)-C(1)-Ru(1) 72.31(14) 

C(5)-C(1)-Ru(1) 72.22(14) 

C(1)-C(2)-C(3) 107.0(2) 

C(1)-C(2)-Ru(1) 69.81(13) 

C(3)-C(2)-Ru(1) 71.02(14) 

C(2)-C(3)-C(4) 108.4(2) 

C(2)-C(3)-Ru(1) 71.08(13) 

C(4)-C(3)-Ru(1) 71.08(14) 

C(3)-C(4)-C(5) 108.1(2) 

C(3)-C(4)-Ru(1) 70.86(14) 

C(5)-C(4)-Ru(1) 70.94(13) 

C(1)-C(5)-C(4) 106.5(2) 

C(1)-C(5)-Ru(1) 69.61(13) 

C(4)-C(5)-Ru(1) 70.98(13) 

C(7)-C(6)-C(10) 108.6(2) 

C(7)-C(6)-Ru(1) 71.10(15) 

C(10)-C(6)-Ru(1) 71.59(14) 

C(6)-C(7)-C(8) 108.0(2) 

C(6)-C(7)-Ru(1) 71.01(15) 

C(8)-C(7)-Ru(1) 71.40(14) 

C(7)-C(8)-C(9) 107.5(2) 

C(7)-C(8)-Ru(1) 70.64(14) 

C(9)-C(8)-Ru(1) 71.05(14) 

C(10)-C(9)-C(8) 108.3(2) 

C(10)-C(9)-Ru(1) 71.16(14) 

C(8)-C(9)-Ru(1) 70.85(14) 

C(9)-C(10)-C(6) 107.7(2) 

C(9)-C(10)-Ru(1) 71.16(14) 

C(6)-C(10)-Ru(1) 70.54(14) 

C(12)-O(11)-C(1) 115.37(18) 

O(12)-C(12)-O(11) 122.8(2) 

O(12)-C(12)-C(13') 124.6(9) 

O(11)-C(12)-C(13') 112.6(9) 

O(12)-C(12)-C(13) 126.4(3) 

O(11)-C(12)-C(13) 110.7(3) 

C(17)-C(13)-C(12) 129.6(5) 

C(17)-C(13)-S(14) 112.2(4) 

C(12)-C(13)-S(14) 118.2(4) 

C(15)-S(14)-C(13) 91.2(2) 

C(16)-C(15)-S(14) 112.8(4) 

C(15)-C(16)-C(17) 111.8(5) 

C(13)-C(17)-C(16) 112.0(5) 

C(17')-C(13')-C(12) 125.6(19) 

C(17')-C(13')-S(14') 112.6(10) 

C(12)-C(13')-S(14') 120.8(14) 

C(13')-S(14')-C(15') 91.3(9) 

C(16')-C(15')-S(14') 112.3(12) 

C(15')-C(16')-C(17') 111.6(11) 
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O(11)-C(1)-Ru(1) 122.53(16) C(13')-C(17')-C(16') 111.9(10) 

 

8.8  RcTc2: 

8.8.1  Cyclic voltammetry Data: 
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8.8.2 X-ray crystallographic data 

Full crystallographic experimental data, including full lists of bond lengths (Å) and angles (°). Structure 

obtained and solved by Dr Andrew White (ICL). 

 

Identification code NL2104 

Formula C20H14O4RuS2 

Formula weight 483.50 

Temperature 293(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Orthorhombic, Pca21 

Unit cell dimensions a = 15.0620(7) Å a = 90° 

 b = 11.5038(6) Å b = 90° 

 c = 10.4363(4) Å g = 90° 

Volume, Z 1808.29(15) Å3, 4 

Density (calculated) 1.776 Mg/m3 

Absorption coefficient 9.393 mm-1 

F(000) 968 

Crystal colour / morphology Pale purple needles 

Crystal size 0.329 x 0.064 x 0.048 mm3 

q range for data collection 4.837 to 73.138° 

Index ranges -18<=h<=7, -14<=k<=12, -12<=l<=4 

Reflns collected / unique 3618 / 2190 [R(int) = 0.0342] 
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Reflns observed [F>4s(F)] 1747 

Absorption correction Analytical 

Max. and min. transmission 0.701 and 0.276 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2190 / 74 / 232 

Goodness-of-fit on F2 1.089 

Final R indices [F>4s(F)] R1 = 0.0830, wR2 = 0.2413 

R indices (all data) R1 = 0.0969, wR2 = 0.2599 

Absolute structure parameter 0.36(7) 

Largest diff. peak, hole 1.675, -0.930 eÅ-3 

Mean and maximum shift/error 0.000 and 0.001 

 

Bond lengths (Å) and angles (°) for RcTc2 

Ru(1)-C(2) 2.132(17) 

Ru(1)-C(22) 2.134(19) 

Ru(1)-C(1) 2.143(9) 

Ru(1)-C(21) 2.164(10) 

Ru(1)-C(23) 2.170(15) 

Ru(1)-C(3) 2.172(13) 

Ru(1)-C(5) 2.189(17) 

Ru(1)-C(4) 2.207(13) 

Ru(1)-C(25) 2.218(16) 

Ru(1)-C(24) 2.222(11) 

C(1)-O(6) 1.379(11) 

C(1)-C(2) 1.4200 

C(1)-C(5) 1.4200 

C(2)-C(3) 1.4200 

C(3)-C(4) 1.4200 

C(4)-C(5) 1.4200 

O(6)-C(7) 1.60(3) 

O(7)-C(7) 1.68(3) 

C(7)-C(8) 1.46(3) 

C(8)-S(9) 1.504(19) 

C(8)-C(12) 1.60(2) 

S(9)-C(10) 1.505(19) 

C(10)-C(11) 1.57(3) 

C(11)-C(12) 1.54(3) 

C(21)-O(26) 1.388(12) 

C(21)-C(22) 1.4200 

C(21)-C(25) 1.4200 

C(22)-C(23) 1.4200 

C(23)-C(24) 1.4200 

C(24)-C(25) 1.4200 

O(26)-C(27) 1.54(3) 

C(27)-O(27) 1.25(3) 

C(27)-C(28) 1.42(3) 

C(28)-S(29) 1.50(2) 

C(28)-C(32) 1.59(2) 

S(29)-C(30) 1.506(19) 

C(30)-C(31) 1.57(3) 

C(31)-C(32)                   1.54(3) 

C(2)-Ru(1)-C(22) 112.3(6) 

C(2)-Ru(1)-C(1) 38.8(2) 

C(22)-Ru(1)-C(1) 126.0(6) 

C(2)-Ru(1)-C(21) 126.7(5) 

C(22)-Ru(1)-C(21) 38.6(2) 

C(1)-Ru(1)-C(21) 111.6(3) 

C(2)-Ru(1)-C(23) 127.0(7) 

C(22)-Ru(1)-C(23) 38.5(3) 

C(1)-Ru(1)-C(23) 160.8(7) 

C(21)-Ru(1)-C(23) 64.0(3) 

C(2)-Ru(1)-C(3) 38.5(3) 

C(22)-Ru(1)-C(3) 127.5(7) 

C(1)-Ru(1)-C(3) 64.3(2) 

C(21)-Ru(1)-C(3) 161.5(8) 

C(23)-Ru(1)-C(3) 113.3(5) 

C(2)-Ru(1)-C(5) 64.23(19) 

C(22)-Ru(1)-C(5) 159.7(6) 

C(1)-Ru(1)-C(5) 38.3(2) 

C(21)-Ru(1)-C(5) 125.6(6) 

C(23)-Ru(1)-C(5) 160.0(7) 

C(3)-Ru(1)-C(5) 63.6(2) 

C(2)-Ru(1)-C(4) 63.9(2) 

C(22)-Ru(1)-C(4) 161.3(7) 

C(1)-Ru(1)-C(4) 63.8(2) 

C(21)-Ru(1)-C(4) 158.9(8) 

C(23)-Ru(1)-C(4) 127.3(5) 

C(3)-Ru(1)-C(4) 37.84(16) 

C(5)-Ru(1)-C(4) 37.7(3) 

C(2)-Ru(1)-C(25) 160.3(5) 

C(22)-Ru(1)-C(25) 63.7(2) 

C(1)-Ru(1)-C(25) 126.0(5) 

C(21)-Ru(1)-C(25) 37.8(2) 

C(23)-Ru(1)-C(25) 63.14(19) 

C(3)-Ru(1)-C(25) 159.6(7) 

C(5)-Ru(1)-C(25) 112.2(6) 

C(4)-Ru(1)-C(25) 126.3(7) 

C(2)-Ru(1)-C(24) 160.8(6) 

C(22)-Ru(1)-C(24) 63.6(2) 

C(1)-Ru(1)-C(24) 159.4(7) 

C(21)-Ru(1)-C(24) 63.2(2) 

C(23)-Ru(1)-C(24) 37.70(15) 

C(3)-Ru(1)-C(24) 127.2(5) 

C(5)-Ru(1)-C(24) 126.5(7) 

C(4)-Ru(1)-C(24) 113.3(5) 

C(25)-Ru(1)-C(24) 37.3(2) 

O(6)-C(1)-C(2) 125.8(10) 

O(6)-C(1)-C(5) 126.1(10) 

C(2)-C(1)-C(5) 108.0 

C(3)-C(2)-Ru(1) 72.3(4) 

C(1)-C(2)-Ru(1) 71.0(6) 

C(2)-C(3)-C(4) 108.0 

C(2)-C(3)-Ru(1) 69.2(5) 

C(4)-C(3)-Ru(1) 72.4(8) 

C(5)-C(4)-C(3) 108.0 

C(5)-C(4)-Ru(1) 70.5(5) 

C(3)-C(4)-Ru(1) 69.8(7) 

C(4)-C(5)-C(1) 108.0 

C(4)-C(5)-Ru(1) 71.8(4) 

C(1)-C(5)-Ru(1) 69.1(6) 

C(1)-O(6)-C(7) 113.1(14) 

C(8)-C(7)-O(6) 105.2(17) 

C(8)-C(7)-O(7) 100.6(16) 

O(6)-C(7)-O(7) 147.0(17) 

C(7)-C(8)-S(9) 126.7(17) 

C(7)-C(8)-C(12) 120.4(16) 

S(9)-C(8)-C(12) 112.7(11) 

C(8)-S(9)-C(10) 105.3(16) 

S(9)-C(10)-C(11) 110.6(13) 

C(12)-C(11)-C(10) 108.4(10) 

C(11)-C(12)-C(8) 102.9(9) 

O(26)-C(21)-C(22) 125.8(9) 

O(26)-C(21)-C(25) 125.8(9) 

C(22)-C(21)-C(25) 108.0 

O(26)-C(21)-Ru(1) 128.4(8) 

C(22)-C(21)-Ru(1) 69.6(8) 

C(25)-C(21)-Ru(1) 73.2(7) 

C(23)-C(22)-C(21) 108.0 

C(23)-C(22)-Ru(1) 72.1(4) 

C(21)-C(22)-Ru(1) 71.9(6) 

C(22)-C(23)-C(24) 108.0 

C(22)-C(23)-Ru(1) 69.4(5) 

C(24)-C(23)-Ru(1) 73.1(8) 

C(25)-C(24)-C(23) 108.0 

C(25)-C(24)-Ru(1) 71.2(5) 

C(23)-C(24)-Ru(1) 69.2(8) 

C(24)-C(25)-C(21) 108.0 

C(24)-C(25)-Ru(1) 71.5(4) 

C(21)-C(25)-Ru(1) 69.0(6) 

C(21)-O(26)-C(27) 115.6(16) 

O(27)-C(27)-C(28) 126(3) 

O(27)-C(27)-O(26) 128(2) 

C(28)-C(27)-O(26) 106(2) 

C(27)-C(28)-S(29) 130.9(19) 

C(27)-C(28)-C(32) 118.2(19) 

S(29)-C(28)-C(32) 110.8(12) 

C(28)-S(29)-C(30) 106.6(17) 
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O(6)-C(1)-Ru(1) 125.8(8) 

C(2)-C(1)-Ru(1) 70.2(7) 

C(5)-C(1)-Ru(1) 72.6(7) 

C(3)-C(2)-C(1) 108.0 

S(29)-C(30)-C(31) 110.4(13) 

C(32)-C(31)-C(30) 106.6(10) 

C(31)-C(32)-C(28) 105.4(10) 

 

 

8.9  Rc2Tc 

8.9.1  Cyclic voltammetry Data: 
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8.10  Rc2Tc2 

8.10.1  Cyclic voltammetry Data: 
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8.10.2 X-ray crystallographic data 

 

Identification code NL2044 

Formula C30H22O4Ru2S2 

Formula weight 712.73 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 5.8700(3) Å a = 90° 

 b = 14.8942(7) Å b = 94.214(5)° 

 c = 14.6640(7) Å g = 90° 

Volume, Z 1278.59(10) Å3, 2 

Density (calculated) 1.851 Mg/m3 

Absorption coefficient 1.382 mm-1 

F(000) 708 

Crystal colour / morphology Pale yellow needles 

Crystal size 0.407 x 0.054 x 0.041 mm3 

q range for data collection 2.735 to 28.257° 

Index ranges -7<=h<=5, -18<=k<=18, -19<=l<=14 

Reflns collected / unique 4252 / 2539 [R(int) = 0.0305] 

Reflns observed [F>4s(F)] 2012 

Absorption correction Analytical 

Max. and min. transmission 0.955 and 0.823 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2539 / 74 / 193 

Goodness-of-fit on F2 1.051 

Final R indices [F>4s(F)] R1 = 0.0406, wR2 = 0.0910 

R indices (all data) R1 = 0.0570, wR2 = 0.0998 

Largest diff. peak, hole 1.165, -0.786 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Bond lengths (Å) and angles (°) for Rc2Tc2 

Ru(1)-C(1) 2.156(4) 

Ru(1)-C(5) 2.178(4) 

Ru(1)-C(4) 2.179(4) 

Ru(1)-C(2) 2.182(4) 

Ru(1)-C(7) 2.183(4) 

Ru(1)-C(8) 2.183(4) 

Ru(1)-C(3) 2.184(4) 

Ru(1)-C(10) 2.184(4) 

Ru(1)-C(9) 2.186(4) 

Ru(1)-C(6) 2.202(4) 

C(1)-C(5) 1.406(7) 

C(1)-O(11) 1.409(6) 

C(1)-C(2) 1.413(6) 

C(2)-C(3) 1.412(7) 

C(3)-C(4) 1.401(7) 

C(4)-C(5) 1.426(6) 

C(6)-C(7) 1.422(6) 

C(6)-C(10) 1.437(6) 

C(6)-C(6)#1 1.456(8) 

C(7)-C(8) 1.437(6) 

C(8)-C(9) 1.415(6) 

C(9)-C(10) 1.426(6) 

O(11)-C(12) 1.363(5) 

C(12)-O(12) 1.198(5) 

C(12)-C(13') 1.434(10) 

C(12)-C(13) 1.479(10) 

C(13)-C(17) 1.413(15) 

C(13)-S(14) 1.743(15) 

S(14)-C(15) 1.704(11) 

C(15)-C(16) 1.367(12) 

C(16)-C(17) 1.410(16) 

C(13')-C(17') 1.365(15) 

C(13')-S(14') 1.699(15) 

S(14')-C(15') 1.708(13) 

C(15')-C(16') 1.366(13) 

C(16')-C(17')                            1.42(2) 

C(1)-Ru(1)-C(5) 37.86(17) 

C(1)-Ru(1)-C(4) 63.10(18) 

C(5)-Ru(1)-C(4) 38.20(17) 

C(1)-Ru(1)-C(2) 38.01(17) 

C(5)-Ru(1)-C(2) 64.00(18) 

C(4)-Ru(1)-C(2) 63.52(18) 

C(1)-Ru(1)-C(7) 123.03(17) 

C(5)-Ru(1)-C(7) 111.85(17) 

C(4)-Ru(1)-C(7) 129.97(18) 

C(2)-Ru(1)-C(7) 154.97(18) 

C(1)-Ru(1)-C(8) 155.54(19) 

C(5)-Ru(1)-C(8) 123.57(18) 

C(4)-Ru(1)-C(8) 113.42(18) 

C(2)-Ru(1)-C(8) 165.23(18) 

C(7)-Ru(1)-C(8) 38.44(16) 

C(1)-Ru(1)-C(3) 62.68(17) 

C(5)-Ru(1)-C(3) 63.26(17) 

C(4)-Ru(1)-C(3) 37.47(18) 

C(2)-Ru(1)-C(3) 37.74(17) 

C(7)-Ru(1)-C(3) 165.27(19) 

C(8)-Ru(1)-C(3) 130.88(18) 

C(1)-Ru(1)-C(10) 129.82(18) 

C(5)-Ru(1)-C(10) 163.89(16) 

C(4)-Ru(1)-C(10) 156.70(17) 

C(2)-Ru(1)-C(10) 112.95(17) 

C(7)-Ru(1)-C(10) 63.57(16) 

C(8)-Ru(1)-C(10) 63.55(18) 

C(3)-Ru(1)-C(10) 125.09(17) 

C(1)-Ru(1)-C(9) 165.11(19) 

C(5)-Ru(1)-C(9) 156.11(18) 

C(4)-Ru(1)-C(9) 124.69(18) 

C(2)-Ru(1)-C(9) 130.43(18) 

C(7)-Ru(1)-C(9) 63.72(17) 

C(8)-Ru(1)-C(9) 37.79(16) 

C(3)-Ru(1)-C(9) 114.51(17) 

C(10)-Ru(1)-C(9) 38.08(16) 

C(1)-Ru(1)-C(6) 112.21(16) 

C(5)-Ru(1)-C(6) 128.49(15) 

C(4)-Ru(1)-C(6) 164.05(18) 

C(2)-Ru(1)-C(6) 123.30(17) 

C(7)-Ru(1)-C(6) 37.85(16) 

C(8)-Ru(1)-C(6) 63.87(16) 

C(3)-Ru(1)-C(6) 156.32(18) 

C(10)-Ru(1)-C(6) 38.24(15) 

C(9)-Ru(1)-C(6) 63.89(16) 

C(6)-C(7)-C(8) 108.4(4) 

C(5)-C(1)-O(11) 126.0(4) 

C(5)-C(1)-C(2) 110.1(4) 

O(11)-C(1)-C(2) 123.9(5) 

C(5)-C(1)-Ru(1) 71.9(3) 

O(11)-C(1)-Ru(1) 122.2(3) 

 

C(2)-C(1)-Ru(1) 72.0(2) 

C(3)-C(2)-C(1) 106.1(4) 

C(3)-C(2)-Ru(1) 71.2(3) 

C(1)-C(2)-Ru(1) 70.0(3) 

C(4)-C(3)-C(2) 109.4(4) 

C(4)-C(3)-Ru(1) 71.1(3) 

C(2)-C(3)-Ru(1) 71.1(3) 

C(3)-C(4)-C(5) 108.0(4) 

C(3)-C(4)-Ru(1) 71.4(3) 

C(5)-C(4)-Ru(1) 70.9(2) 

C(1)-C(5)-C(4) 106.4(4) 

C(1)-C(5)-Ru(1) 70.2(2) 

C(4)-C(5)-Ru(1) 70.9(2) 

C(7)-C(6)-C(10) 107.1(4) 

C(7)-C(6)-C(6)#1 126.8(5) 

C(10)-C(6)-C(6)#1 126.0(5) 

C(7)-C(6)-Ru(1) 70.3(2) 

C(10)-C(6)-Ru(1) 70.2(2) 

C(6)#1-C(6)-Ru(1) 124.9(4) 

C(6)-C(7)-Ru(1) 71.8(2) 

C(8)-C(7)-Ru(1) 70.8(2) 

C(9)-C(8)-C(7) 107.9(4) 

C(9)-C(8)-Ru(1) 71.2(2) 

C(7)-C(8)-Ru(1) 70.8(2) 

C(8)-C(9)-C(10) 108.1(4) 

C(8)-C(9)-Ru(1) 71.0(2) 

C(10)-C(9)-Ru(1) 70.9(2) 

C(9)-C(10)-C(6) 108.4(4) 

C(9)-C(10)-Ru(1) 71.1(2) 

C(6)-C(10)-Ru(1) 71.6(2) 

C(12)-O(11)-C(1) 115.6(4) 

O(12)-C(12)-O(11) 122.9(4) 

O(12)-C(12)-C(13') 128.5(9) 

O(11)-C(12)-C(13') 108.5(9) 

O(12)-C(12)-C(13) 121.4(8) 

O(11)-C(12)-C(13) 115.7(8) 

C(17)-C(13)-C(12) 128.8(13) 

C(17)-C(13)-S(14) 110.9(8) 

C(12)-C(13)-S(14) 119.3(10) 

C(15)-S(14)-C(13) 90.0(5) 

C(16)-C(15)-S(14) 113.5(8) 

C(15)-C(16)-C(17) 112.4(9) 

C(16)-C(17)-C(13) 109.2(9) 

C(17')-C(13')-C(12) 129.9(15) 

C(17')-C(13')-S(14') 113.9(9) 

C(12)-C(13')-S(14') 116.2(10) 

C(13')-S(14')-C(15') 90.1(6) 

C(16')-C(15')-S(14') 113.6(10) 

C(15')-C(16')-C(17') 111.3(10) 

C(13')-C(17')-C(16') 111.2(10) 
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8.11 X-ray crystallographic data for 4-(6-ethynylpyridin-2-yl)-2-methylbut-3-yn-2-ol 

 

Identification code NL2003 

Formula C12H11NO 

Formula weight 185.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 8.6627(3) Å a = 90° 

 b = 11.2031(4) Å b = 110.890(5)° 

 c = 11.4801(5) Å g = 90° 

Volume, Z 1040.89(7) Å3, 4 

Density (calculated) 1.182 Mg/m3 

Absorption coefficient 0.601 mm-1 

F(000) 392 

Crystal colour / morphology Pale yellow blocky needles 

Crystal size 0.379 x 0.242 x 0.166 mm3 

q range for data collection 5.466 to 73.373° 

Index ranges -9<=h<=10, -8<=k<=13, -10<=l<=13 

Reflns collected / unique 3213 / 1974 [R(int) = 0.0268] 

Reflns observed [F>4s(F)] 1567 

Absorption correction Analytical 

Max. and min. transmission 0.926 and 0.862 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1974 / 1 / 134 

Goodness-of-fit on F2 1.046 

Final R indices [F>4s(F)] R1 = 0.0420, wR2 = 0.1033 

R indices (all data) R1 = 0.0561, wR2 = 0.1164 

Largest diff. peak, hole 0.175, -0.182 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 

Bond lengths (Å) and angles (°) 

N(1)-C(2) 1.346(2) 

N(1)-C(6) 1.352(2) 

C(2)-C(3) 1.395(2) 

C(2)-C(7) 1.443(2) 

C(3)-C(4) 1.383(2) 

C(4)-C(5) 1.383(2) 

C(5)-C(6) 1.393(2) 

C(6)-C(13) 1.438(2) 

C(7)-C(8) 1.194(2) 

C(8)-C(9) 1.481(2) 

C(9)-O(10) 1.434(2) 

C(9)-C(11) 1.522(2) 

C(9)-C(12) 1.533(2) 

C(13)-C(14) 1.188(2) 

N(1)-C(2) 1.346(2) 

N(1)-C(6) 1.352(2) 

C(2)-C(3) 1.395(2) 

C(2)-C(7) 1.443(2) 

C(3)-C(4) 1.383(2) 

C(4)-C(5) 1.383(2) 

C(5)-C(6) 1.393(2) 

C(6)-C(13) 1.438(2) 

C(7)-C(8) 1.194(2) 

C(8)-C(9) 1.481(2) 

C(9)-O(10) 1.434(2) 

C(9)-C(11) 1.522(2) 

C(9)-C(12) 1.533(2) 

C(13)-C(14) 1.188(2) 
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8.12 Cyclic voltammetry data for 2 
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8.13 Cyclic voltammetry data for 2a 
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8.14 Cyclic voltammetry data for 2b 
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8.15 Cyclic voltammetry data for 2c 
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8.16 Cyclic voltammetry data for 2d 
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8.17 Cyclic voltammetry data for 2e 
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8.18 Cyclic voltammetry data for 2f 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 100 200 300 400 500 600 700

E(
V

) 
vs

Fc
/F

c+

Scan rate (mV/s)

2f: potential vs scan rate

Ea

Ec



406 
 

 

8.19 Cyclic voltammetry data for 2g 
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8.20 Cyclic voltammetry data for 2h 
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8.21 Cyclic voltammetry data for 7 

 

-250

-200

-150

-100

-50

0

50

100

150

200

250

0 5 10 15 20 25 30

C
u

rr
en

t 
(μ

A
)

√Scan rate (mV/s)

2h: potential vs scan rate^0.5

ia

ic



410 
 

 

 

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 100 200 300 400 500 600 700

E(
V

) 
vs

Fc
/F

c+

Scan rate (mV/s)

7: potential vs scan rate

Ea

Ec

-10

-5

0

5

10

15

0 5 10 15 20 25 30C
u

rr
en

t 
(μ

A
)

√Scan rate (mV/s)

7: potential vs scan rate^0.5

ia

ic



411 
 

8.22 Cyclic voltammetry data for 3 
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8.23 Cyclic voltammetry data for 3a 
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8.24 Cyclic voltammetry data for 3b 
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8.25 Characterisation data for 6 

8.25.1 Cyclic voltammetry data 
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8.25.2 X-ray crystallographic data  

 

Identification code NL2038 

Formula C34H22Fe2I2N2 

Formula weight 824.03 

Temperature 173(2) K 
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Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 10.2709(4) Å a = 90° 

 b = 25.8977(8) Å b = 106.902(4)° 

 c = 10.7147(4) Å g = 90° 

Volume, Z 2726.93(18) Å3, 4 

Density (calculated) 2.007 Mg/m3 

Absorption coefficient 3.357 mm-1 

F(000) 1592 

Crystal colour / morphology Orange-brown blocks 

Crystal size 0.169 x 0.093 x 0.060 mm3 

q range for data collection 2.137 to 28.265° 

Index ranges -12<=h<=13, -34<=k<=34, -13<=l<=13 

Reflns collected / unique 10014 / 10014 [R(int) = 0.0535] 

Reflns observed [F>4s(F)] 5937 

Absorption correction Analytical 

Max. and min. transmission 0.860 and 0.704 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10014 / 0 / 362 

Goodness-of-fit on F2 0.750 

Final R indices [F>4s(F)] R1 = 0.0284, wR2 = 0.0448 

R indices (all data) R1 = 0.0656, wR2 = 0.0474 

Largest diff. peak, hole 0.928, -0.512 eÅ-3 

Mean and maximum shift/error 0.000 and 0.002 

 

Bond lengths (Å) and angles (°) for 6 

Fe(1)-C(6) 2.024(4) 

Fe(1)-C(10) 2.031(4) 

Fe(1)-C(2) 2.043(4) 

Fe(1)-C(7) 2.045(4) 

Fe(1)-C(5) 2.047(4) 

Fe(1)-C(1) 2.048(4) 

Fe(1)-C(9) 2.053(4) 

Fe(1)-C(3) 2.054(4) 

Fe(1)-C(4) 2.056(4) 

Fe(1)-C(8) 2.063(4) 

Fe(2)-C(32) 2.029(4) 

Fe(2)-C(31) 2.034(4) 

Fe(2)-C(33) 2.036(4) 

Fe(2)-C(30) 2.037(4) 

Fe(2)-C(34) 2.041(4) 

Fe(2)-C(29) 2.043(4) 

Fe(2)-C(36) 2.046(4) 

Fe(2)-C(35) 2.050(4) 

Fe(2)-C(28) 2.056(4) 

Fe(2)-C(27) 2.063(4) 

I(1)-C(6) 2.077(4) 

I(2)-C(32) 2.079(4) 

C(1)-C(5) 1.427(5) 

C(1)-C(2) 1.429(5) 

C(1)-C(11) 1.445(6) 

C(2)-C(3) 1.418(5) 

C(3)-C(4) 1.406(5) 

C(4)-C(5) 1.425(5) 

C(6)-C(10) 1.414(5) 

C(6)-C(7) 1.428(5) 

C(6)-Fe(1)-C(10) 40.82(15) 

C(6)-Fe(1)-C(2) 152.40(16) 

C(10)-Fe(1)-C(2) 118.96(16) 

C(6)-Fe(1)-C(7) 41.10(15) 

C(10)-Fe(1)-C(7) 68.73(16) 

C(2)-Fe(1)-C(7) 165.59(16) 

C(6)-Fe(1)-C(5) 106.81(16) 

C(10)-Fe(1)-C(5) 126.92(16) 

C(2)-Fe(1)-C(5) 68.49(16) 

C(7)-Fe(1)-C(5) 117.97(17) 

C(6)-Fe(1)-C(1) 117.66(16) 

C(10)-Fe(1)-C(1) 107.43(16) 

C(2)-Fe(1)-C(1) 40.89(15) 

C(7)-Fe(1)-C(1) 151.96(16) 

C(5)-Fe(1)-C(1) 40.78(15) 

C(6)-Fe(1)-C(9) 68.14(16) 

C(10)-Fe(1)-C(9) 40.37(15) 

C(2)-Fe(1)-C(9) 109.12(17) 

C(7)-Fe(1)-C(9) 68.05(17) 

C(5)-Fe(1)-C(9) 165.24(16) 

C(1)-Fe(1)-C(9) 127.98(16) 

C(6)-Fe(1)-C(3) 165.11(16) 

C(10)-Fe(1)-C(3) 153.26(17) 

C(2)-Fe(1)-C(3) 40.50(14) 

C(7)-Fe(1)-C(3) 127.56(16) 

C(5)-Fe(1)-C(3) 68.22(16) 

C(1)-Fe(1)-C(3) 68.44(15) 

C(9)-Fe(1)-C(3) 120.13(17) 

C(6)-Fe(1)-C(4) 127.29(16) 

C(10)-Fe(1)-C(4) 165.10(16) 

C(5)-C(1)-Fe(1) 69.6(2) 

C(2)-C(1)-Fe(1) 69.4(2) 

C(11)-C(1)-Fe(1) 126.5(3) 

C(3)-C(2)-C(1) 108.2(4) 

C(3)-C(2)-Fe(1) 70.1(2) 

C(1)-C(2)-Fe(1) 69.7(2) 

C(4)-C(3)-C(2) 108.1(4) 

C(4)-C(3)-Fe(1) 70.1(2) 

C(2)-C(3)-Fe(1) 69.4(2) 

C(3)-C(4)-C(5) 108.7(3) 

C(3)-C(4)-Fe(1) 69.9(2) 

C(5)-C(4)-Fe(1) 69.4(2) 

C(4)-C(5)-C(1) 107.6(4) 

C(4)-C(5)-Fe(1) 70.0(2) 

C(1)-C(5)-Fe(1) 69.6(2) 

C(10)-C(6)-C(7) 108.1(3) 

C(10)-C(6)-Fe(1) 69.9(2) 

C(7)-C(6)-Fe(1) 70.2(2) 

C(10)-C(6)-I(1) 124.8(3) 

C(7)-C(6)-I(1) 127.1(3) 

Fe(1)-C(6)-I(1) 126.7(2) 

C(8)-C(7)-C(6) 107.6(4) 

C(8)-C(7)-Fe(1) 70.6(2) 

C(6)-C(7)-Fe(1) 68.7(2) 

C(7)-C(8)-C(9) 108.0(4) 

C(7)-C(8)-Fe(1) 69.2(2) 

C(9)-C(8)-Fe(1) 69.4(2) 

C(10)-C(9)-C(8) 108.3(4) 

C(10)-C(9)-Fe(1) 69.0(2) 

C(8)-C(9)-Fe(1) 70.2(2) 
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C(7)-C(8) 1.413(5) 

C(8)-C(9) 1.421(6) 

C(9)-C(10) 1.410(5) 

C(11)-C(12) 1.183(5) 

C(12)-C(13) 1.440(5) 

C(13)-C(14) 1.395(5) 

C(13)-C(18) 1.396(5) 

C(14)-C(15) 1.389(5) 

C(15)-N(16) 1.341(5) 

C(15)-C(19) 1.500(5) 

N(16)-C(17) 1.324(5) 

C(17)-C(18) 1.379(5) 

C(19)-N(24) 1.346(4) 

C(19)-C(20) 1.372(5) 

C(20)-C(21) 1.407(5) 

C(21)-C(22) 1.395(5) 

C(21)-C(25) 1.424(6) 

C(22)-C(23) 1.383(5) 

C(23)-N(24) 1.337(5) 

C(25)-C(26) 1.186(5) 

C(26)-C(27) 1.427(6) 

C(27)-C(31) 1.433(5) 

C(27)-C(28) 1.440(5) 

C(28)-C(29) 1.406(5) 

C(29)-C(30) 1.411(6) 

C(30)-C(31) 1.412(5) 

C(32)-C(33) 1.408(5) 

C(32)-C(36) 1.418(5) 

C(33)-C(34) 1.409(5) 

C(34)-C(35) 1.403(6) 

C(35)-C(36) 1.419(5) 

 

C(2)-Fe(1)-C(4) 67.79(16) 

C(7)-Fe(1)-C(4) 107.97(17) 

C(5)-Fe(1)-C(4) 40.63(14) 

C(1)-Fe(1)-C(4) 68.22(15) 

C(9)-Fe(1)-C(4) 153.30(16) 

C(3)-Fe(1)-C(4) 40.02(15) 

C(6)-Fe(1)-C(8) 68.26(16) 

C(10)-Fe(1)-C(8) 68.19(16) 

C(2)-Fe(1)-C(8) 128.59(16) 

C(7)-Fe(1)-C(8) 40.24(15) 

C(5)-Fe(1)-C(8) 152.27(17) 

C(1)-Fe(1)-C(8) 166.18(16) 

C(9)-Fe(1)-C(8) 40.41(15) 

C(3)-Fe(1)-C(8) 109.17(16) 

C(4)-Fe(1)-C(8) 119.35(16) 

C(32)-Fe(2)-C(31) 106.91(16) 

C(32)-Fe(2)-C(33) 40.52(14) 

C(31)-Fe(2)-C(33) 123.42(17) 

C(32)-Fe(2)-C(30) 119.07(16) 

C(31)-Fe(2)-C(30) 40.58(15) 

C(33)-Fe(2)-C(30) 105.54(17) 

C(32)-Fe(2)-C(34) 67.78(16) 

C(31)-Fe(2)-C(34) 160.53(18) 

C(33)-Fe(2)-C(34) 40.45(15) 

C(30)-Fe(2)-C(34) 124.10(17) 

C(32)-Fe(2)-C(29) 153.74(17) 

C(31)-Fe(2)-C(29) 68.31(16) 

C(33)-Fe(2)-C(29) 119.04(16) 

C(30)-Fe(2)-C(29) 40.46(16) 

C(34)-Fe(2)-C(29) 107.66(17) 

C(32)-Fe(2)-C(36) 40.71(14) 

C(31)-Fe(2)-C(36) 121.26(16) 

C(33)-Fe(2)-C(36) 68.39(16) 

C(30)-Fe(2)-C(36) 155.09(17) 

C(34)-Fe(2)-C(36) 67.81(17) 

C(29)-Fe(2)-C(36) 163.78(16) 

C(32)-Fe(2)-C(35) 68.14(16) 

C(31)-Fe(2)-C(35) 157.28(17) 

C(33)-Fe(2)-C(35) 68.15(17) 

C(30)-Fe(2)-C(35) 161.59(17) 

C(34)-Fe(2)-C(35) 40.12(16) 

C(29)-Fe(2)-C(35) 126.09(17) 

C(36)-Fe(2)-C(35) 40.54(15) 

C(32)-Fe(2)-C(28) 164.38(16) 

C(31)-Fe(2)-C(28) 68.67(17) 

C(33)-Fe(2)-C(28) 154.49(16) 

C(30)-Fe(2)-C(28) 68.00(16) 

C(34)-Fe(2)-C(28) 121.37(17) 

C(29)-Fe(2)-C(28) 40.11(15) 

C(36)-Fe(2)-C(28) 127.70(16) 

C(35)-Fe(2)-C(28) 109.80(16) 

C(32)-Fe(2)-C(27) 126.11(15) 

C(31)-Fe(2)-C(27) 40.94(15) 

C(33)-Fe(2)-C(27) 161.78(16) 

C(30)-Fe(2)-C(27) 68.33(16) 

C(34)-Fe(2)-C(27) 157.07(17) 

C(29)-Fe(2)-C(27) 68.19(16) 

C(36)-Fe(2)-C(27) 109.51(17) 

C(35)-Fe(2)-C(27) 122.87(17) 

C(28)-Fe(2)-C(27) 40.91(15) 

C(5)-C(1)-C(2) 107.4(3) 

C(5)-C(1)-C(11) 126.7(4) 

C(2)-C(1)-C(11) 125.8(4) 

C(9)-C(10)-C(6) 108.0(4) 

C(9)-C(10)-Fe(1) 70.6(2) 

C(6)-C(10)-Fe(1) 69.3(2) 

C(12)-C(11)-C(1) 177.4(5) 

C(11)-C(12)-C(13) 177.3(4) 

C(14)-C(13)-C(18) 117.6(4) 

C(14)-C(13)-C(12) 120.7(4) 

C(18)-C(13)-C(12) 121.7(4) 

C(15)-C(14)-C(13) 119.3(4) 

N(16)-C(15)-C(14) 122.9(4) 

N(16)-C(15)-C(19) 116.5(3) 

C(14)-C(15)-C(19) 120.7(4) 

C(17)-N(16)-C(15) 116.9(3) 

N(16)-C(17)-C(18) 125.0(4) 

C(17)-C(18)-C(13) 118.2(4) 

N(24)-C(19)-C(20) 123.5(4) 

N(24)-C(19)-C(15) 115.7(3) 

C(20)-C(19)-C(15) 120.8(4) 

C(19)-C(20)-C(21) 119.7(4) 

C(22)-C(21)-C(20) 117.0(4) 

C(22)-C(21)-C(25) 122.7(4) 

C(20)-C(21)-C(25) 120.4(4) 

C(23)-C(22)-C(21) 119.0(4) 

N(24)-C(23)-C(22) 124.1(4) 

C(23)-N(24)-C(19) 116.7(3) 

C(26)-C(25)-C(21) 178.1(4) 

C(25)-C(26)-C(27) 175.3(4) 

C(26)-C(27)-C(31) 126.6(4) 

C(26)-C(27)-C(28) 126.5(4) 

C(31)-C(27)-C(28) 106.8(4) 

C(26)-C(27)-Fe(2) 128.4(3) 

C(31)-C(27)-Fe(2) 68.4(2) 

C(28)-C(27)-Fe(2) 69.3(2) 

C(29)-C(28)-C(27) 108.0(4) 

C(29)-C(28)-Fe(2) 69.5(2) 

C(27)-C(28)-Fe(2) 69.8(2) 

C(28)-C(29)-C(30) 108.7(3) 

C(28)-C(29)-Fe(2) 70.4(2) 

C(30)-C(29)-Fe(2) 69.5(2) 

C(29)-C(30)-C(31) 108.4(4) 

C(29)-C(30)-Fe(2) 70.0(2) 

C(31)-C(30)-Fe(2) 69.6(2) 

C(30)-C(31)-C(27) 108.1(4) 

C(30)-C(31)-Fe(2) 69.8(2) 

C(27)-C(31)-Fe(2) 70.6(2) 

C(33)-C(32)-C(36) 108.6(3) 

C(33)-C(32)-Fe(2) 70.0(2) 

C(36)-C(32)-Fe(2) 70.3(2) 

C(33)-C(32)-I(2) 124.3(3) 

C(36)-C(32)-I(2) 127.0(3) 

Fe(2)-C(32)-I(2) 128.90(19) 

C(32)-C(33)-C(34) 107.4(4) 

C(32)-C(33)-Fe(2) 69.5(2) 

C(34)-C(33)-Fe(2) 70.0(2) 

C(35)-C(34)-C(33) 109.0(4) 

C(35)-C(34)-Fe(2) 70.3(2) 

C(33)-C(34)-Fe(2) 69.6(2) 

C(34)-C(35)-C(36) 107.8(4) 

C(34)-C(35)-Fe(2) 69.6(2) 

C(36)-C(35)-Fe(2) 69.6(2) 

C(32)-C(36)-C(35) 107.3(4) 

C(32)-C(36)-Fe(2) 69.0(2) 

C(35)-C(36)-Fe(2) 69.9(2) 
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8.26 Cyclic voltammetry data for 6a 
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8.27 Cyclic voltammetry data for 6b 
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8.28 Cyclic voltammetry data for Ru-2 
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8.29 Cyclic voltammetry data for Ru-6 
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8.30 Cyclic voltammetry data for 9 
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8.31 Cyclic voltammetry data for 10 
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8.32 Cyclic voltammetry data for 11 
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8.33 Cyclic voltammetry data for 11a 
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8.34 Cyclic voltammetry data for 11b 
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8.35 Cyclic voltammetry data for 11c 
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8.36 Cyclic voltammetry data for 11d 
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8.37 Cyclic voltammetry data for 11e 
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8.38 Characterisation data for Fc(I)Pyr 

8.38.1 Cyclic voltammetry data 
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8.38.2 X-ray crystallographic data 

 

Identification code NL2025 

Formula C17H12FeIN 

Formula weight 413.03 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 6.0391(4) Å a = 90° 
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 b = 30.2605(13) Å b = 95.999(7)° 

 c = 7.6623(5) Å g = 90° 

Volume, Z 1392.60(15) Å3, 4 

Density (calculated) 1.970 Mg/m3 

Absorption coefficient 25.968 mm-1 

F(000) 800 

Crystal colour / morphology Brown tabular needles 

Crystal size 0.293 x 0.260 x 0.125 mm3 

q range for data collection 5.849 to 73.676° 

Index ranges -6<=h<=7, -34<=k<=37, -8<=l<=8 

Reflns collected / unique 4431 / 2643 [R(int) = 0.1049] 

Reflns observed [F>4s(F)] 1488 

Absorption correction Analytical 

Max. and min. transmission 0.185 and 0.030 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2643 / 82 / 211 

Goodness-of-fit on F2 1.034 

Final R indices [F>4s(F)] R1 = 0.0742, wR2 = 0.1524 

R indices (all data) R1 = 0.1346, wR2 = 0.1967 

Largest diff. peak, hole 1.707, -1.922 eÅ-3 

Mean and maximum shift/error 0.000 and 0.003 

 

Bond lengths (Å) and angles (°) for Fc(I)Pyr 

Fe(1)-C(10) 2.010(15) 

Fe(1)-C(7) 2.030(14) 

Fe(1)-C(3) 2.031(14) 

Fe(1)-C(2) 2.032(14) 

Fe(1)-C(8) 2.048(13) 

Fe(1)-C(9) 2.053(11) 

Fe(1)-C(4) 2.053(14) 

Fe(1)-C(5) 2.074(12) 

Fe(1)-C(1) 2.077(11) 

Fe(1)-C(6) 2.092(15) 

I(1)-C(1) 2.074(12) 

C(1)-C(11') 1.413(10) 

C(1)-C(5) 1.419(19) 

C(1)-C(2) 1.431(19) 

C(2)-C(3) 1.42(2) 

C(3)-C(4) 1.41(2) 

C(4)-C(5) 1.453(17) 

C(6)-C(11) 1.364(19) 

C(6)-C(10) 1.415(19) 

C(6)-C(7) 1.44(2) 

C(6)-I(1') 2.090(16) 

C(7)-C(8) 1.42(2) 

C(8)-C(9) 1.411(19) 

C(9)-C(10) 1.400(18) 

C(11)-C(12) 1.295(16) 

C(12)-C(13) 1.377(15) 

C(13)-C(18) 1.392(14) 

C(13)-C(14) 1.411(14) 

C(14)-C(15) 1.384(15) 

C(15)-N(16) 1.368(15) 

N(16)-C(17) 1.379(15) 

C(17)-C(18) 1.380(14) 

C(11')-C(12') 1.310(9) 

C(12')-C(13') 1.415(9) 

C(10)-Fe(1)-C(7) 68.2(6) 

C(10)-Fe(1)-C(3) 119.6(6) 

C(7)-Fe(1)-C(3) 159.7(6) 

C(10)-Fe(1)-C(2) 107.4(6) 

C(7)-Fe(1)-C(2) 158.9(6) 

C(3)-Fe(1)-C(2) 40.8(6) 

C(10)-Fe(1)-C(8) 68.5(6) 

C(7)-Fe(1)-C(8) 40.9(6) 

C(3)-Fe(1)-C(8) 121.6(6) 

C(2)-Fe(1)-C(8) 158.7(6) 

C(10)-Fe(1)-C(9) 40.3(5) 

C(7)-Fe(1)-C(9) 67.6(5) 

C(3)-Fe(1)-C(9) 105.4(5) 

C(2)-Fe(1)-C(9) 123.2(6) 

C(8)-Fe(1)-C(9) 40.3(5) 

C(10)-Fe(1)-C(4) 154.0(6) 

C(7)-Fe(1)-C(4) 124.7(6) 

C(3)-Fe(1)-C(4) 40.5(6) 

C(2)-Fe(1)-C(4) 68.6(6) 

C(8)-Fe(1)-C(4) 105.5(6) 

C(9)-Fe(1)-C(4) 118.9(5) 

C(10)-Fe(1)-C(5) 163.2(5) 

C(7)-Fe(1)-C(5) 109.9(6) 

C(3)-Fe(1)-C(5) 68.2(5) 

C(2)-Fe(1)-C(5) 67.9(5) 

C(8)-Fe(1)-C(5) 121.9(6) 

C(9)-Fe(1)-C(5) 155.9(5) 

C(4)-Fe(1)-C(5) 41.2(5) 

C(10)-Fe(1)-C(1) 126.1(6) 

C(7)-Fe(1)-C(1) 124.0(6) 

C(3)-Fe(1)-C(1) 68.5(5) 

C(2)-Fe(1)-C(1) 40.7(5) 

C(8)-Fe(1)-C(1) 158.1(6) 

C(9)-Fe(1)-C(1) 161.3(6) 

C(3)-C(2)-C(1) 108.6(13) 

C(3)-C(2)-Fe(1) 69.6(8) 

C(1)-C(2)-Fe(1) 71.3(7) 

C(4)-C(3)-C(2) 108.9(13) 

C(4)-C(3)-Fe(1) 70.6(8) 

C(2)-C(3)-Fe(1) 69.6(8) 

C(3)-C(4)-C(5) 106.9(13) 

C(3)-C(4)-Fe(1) 68.9(8) 

C(5)-C(4)-Fe(1) 70.2(7) 

C(1)-C(5)-C(4) 108.3(12) 

C(1)-C(5)-Fe(1) 70.1(6) 

C(4)-C(5)-Fe(1) 68.6(7) 

C(11)-C(6)-C(10) 130.3(15) 

C(11)-C(6)-C(7) 124.3(16) 

C(10)-C(6)-C(7) 105.1(13) 

C(10)-C(6)-I(1') 129.1(12) 

C(7)-C(6)-I(1') 125.5(12) 

C(11)-C(6)-Fe(1) 124.9(11) 

C(10)-C(6)-Fe(1) 66.7(9) 

C(7)-C(6)-Fe(1) 67.3(8) 

I(1')-C(6)-Fe(1) 124.6(7) 

C(8)-C(7)-C(6) 109.5(14) 

C(8)-C(7)-Fe(1) 70.2(8) 

C(6)-C(7)-Fe(1) 71.9(8) 

C(9)-C(8)-C(7) 106.6(12) 

C(9)-C(8)-Fe(1) 70.1(7) 

C(7)-C(8)-Fe(1) 68.9(7) 

C(10)-C(9)-C(8) 108.6(12) 

C(10)-C(9)-Fe(1) 68.2(7) 

C(8)-C(9)-Fe(1) 69.7(7) 

C(9)-C(10)-C(6) 109.9(13) 

C(9)-C(10)-Fe(1) 71.5(8) 

C(6)-C(10)-Fe(1) 73.0(9) 

C(12)-C(11)-C(6) 172(2) 
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C(13')-C(14') 1.3900 

C(13')-C(18') 1.3900 

C(14')-C(15') 1.3900 

C(15')-N(16') 1.3900(11) 

N(16')-C(17') 1.3900 

C(17')-C(18') 1.3900 

 

C(4)-Fe(1)-C(1) 68.7(5) 

C(5)-Fe(1)-C(1) 40.0(5) 

C(10)-Fe(1)-C(6) 40.3(5) 

C(7)-Fe(1)-C(6) 40.8(5) 

C(3)-Fe(1)-C(6) 156.2(7) 

C(2)-Fe(1)-C(6) 122.6(6) 

C(8)-Fe(1)-C(6) 68.7(5) 

C(9)-Fe(1)-C(6) 67.6(5) 

C(4)-Fe(1)-C(6) 163.1(6) 

C(5)-Fe(1)-C(6) 127.3(5) 

C(1)-Fe(1)-C(6) 110.5(5) 

C(11')-C(1)-C(5) 126.1(16) 

C(11')-C(1)-C(2) 126.7(16) 

C(5)-C(1)-C(2) 107.2(12) 

C(5)-C(1)-I(1) 128.9(11) 

C(2)-C(1)-I(1) 123.8(11) 

C(11')-C(1)-Fe(1) 126.9(11) 

C(5)-C(1)-Fe(1) 69.9(6) 

C(2)-C(1)-Fe(1) 67.9(7) 

I(1)-C(1)-Fe(1) 129.4(6) 

C(11)-C(12)-C(13) 174(2) 

C(12)-C(13)-C(18) 120.8(15) 

C(12)-C(13)-C(14) 122.3(15) 

C(18)-C(13)-C(14) 116.9(12) 

C(15)-C(14)-C(13) 119.8(14) 

N(16)-C(15)-C(14) 121.9(14) 

C(15)-N(16)-C(17) 119.1(12) 

N(16)-C(17)-C(18) 119.8(14) 

C(17)-C(18)-C(13) 122.4(14) 

C(12')-C(11')-C(1) 158(3) 

C(11')-C(12')-C(13') 160(4) 

C(14')-C(13')-C(18') 120.00(6) 

C(14')-C(13')-C(12') 120.4(9) 

C(18')-C(13')-C(12') 119.5(8) 

C(15')-C(14')-C(13') 120.00(9) 

C(14')-C(15')-N(16') 120.00(5) 

C(15')-N(16')-C(17') 120.00(5) 

C(18')-C(17')-N(16') 120.00(10) 

C(17')-C(18')-C(13')     120.0 

 

8.39 Cyclic voltammetry data for Fc(I)Thio 
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8.40 Cyclic voltammetry data for Fc(Thio)2 
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8.41 Characterisation data for Fc(I)Bipy 

8.41.1 Cyclic voltammetry data 
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8.41.2 X-ray crystallographic data 

 

Identification code NL2015 
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Formula C22H15FeIN2 

Formula weight 490.11 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 8.0900(5) Å a = 112.969(6)° 

 b = 10.7699(8) Å b = 95.541(5)° 

 c = 12.2561(7) Å g = 105.236(6)° 

Volume, Z 924.51(11) Å3, 2 

Density (calculated) 1.761 Mg/m3 

Absorption coefficient 2.492 mm-1 

F(000) 480 

Crystal colour / morphology Orange tablets 

Crystal size 0.480 x 0.247 x 0.053 mm3 

q range for data collection 2.843 to 28.248° 

Index ranges -10<=h<=7, -14<=k<=14, -16<=l<=16 

Reflns collected / unique 5340 / 3639 [R(int) = 0.0199] 

Reflns observed [F>4s(F)] 3108 

Absorption correction Analytical 

Max. and min. transmission 0.849 and 0.506 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3639 / 0 / 236 

Goodness-of-fit on F2 1.050 

Final R indices [F>4s(F)] R1 = 0.0301, wR2 = 0.0598 

R indices (all data) R1 = 0.0391, wR2 = 0.0654 

Largest diff. peak, hole 0.481, -0.435 eÅ-3 

Mean and maximum shift/error 0.000 and 0.001 

Bond lengths (Å) and angles (°) for Fc(I)Bipy 

Fe(1)-C(6) 2.022(3) 

Fe(1)-C(1) 2.033(3) 

Fe(1)-C(7) 2.036(3) 

Fe(1)-C(2) 2.036(3) 

Fe(1)-C(10) 2.043(3) 

Fe(1)-C(5) 2.043(3) 

Fe(1)-C(8) 2.043(3) 

Fe(1)-C(3) 2.049(3) 

Fe(1)-C(9) 2.054(3) 

Fe(1)-C(4) 2.056(3) 

C(1)-C(5) 1.430(4) 

C(1)-C(2) 1.430(4) 

C(1)-C(11) 1.433(4) 

C(2)-C(3) 1.412(4) 

C(3)-C(4) 1.414(5) 

C(4)-C(5) 1.418(4) 

C(6)-C(10) 1.417(4) 

C(6)-C(7) 1.422(4) 

C(6)-I(6) 2.080(3) 

C(7)-C(8) 1.409(4) 

C(8)-C(9) 1.420(4) 

C(9)-C(10) 1.414(4) 

C(11)-C(12) 1.196(4) 

C(12)-C(13) 1.444(4) 

C(13)-N(14) 1.345(4) 

C(13)-C(18) 1.392(4) 

N(14)-C(15) 1.345(3) 

C(15)-C(16) 1.394(4) 

C(6)-Fe(1)-C(1) 148.10(12) 

C(6)-Fe(1)-C(7) 41.04(11) 

C(1)-Fe(1)-C(7) 114.98(12) 

C(6)-Fe(1)-C(2) 116.05(12) 

C(1)-Fe(1)-C(2) 41.16(11) 

C(7)-Fe(1)-C(2) 108.01(13) 

C(6)-Fe(1)-C(10) 40.79(12) 

C(1)-Fe(1)-C(10) 169.52(12) 

C(7)-Fe(1)-C(10) 68.92(12) 

C(2)-Fe(1)-C(10) 148.60(12) 

C(6)-Fe(1)-C(5) 170.08(12) 

C(1)-Fe(1)-C(5) 41.07(12) 

C(7)-Fe(1)-C(5) 147.64(12) 

C(2)-Fe(1)-C(5) 68.92(13) 

C(10)-Fe(1)-C(5) 130.77(12) 

C(6)-Fe(1)-C(8) 68.18(12) 

C(1)-Fe(1)-C(8) 107.85(12) 

C(7)-Fe(1)-C(8) 40.41(12) 

C(2)-Fe(1)-C(8) 130.58(12) 

C(10)-Fe(1)-C(8) 68.32(12) 

C(5)-Fe(1)-C(8) 115.90(12) 

C(6)-Fe(1)-C(3) 109.45(12) 

C(1)-Fe(1)-C(3) 68.48(12) 

C(7)-Fe(1)-C(3) 131.30(13) 

C(2)-Fe(1)-C(3) 40.44(12) 

C(10)-Fe(1)-C(3) 117.00(12) 

C(5)-Fe(1)-C(3) 68.21(12) 

C(8)-Fe(1)-C(3) 169.63(13) 

C(3)-C(2)-C(1) 107.8(3) 

C(3)-C(2)-Fe(1) 70.26(19) 

C(1)-C(2)-Fe(1) 69.29(18) 

C(2)-C(3)-C(4) 108.6(3) 

C(2)-C(3)-Fe(1) 69.29(16) 

C(4)-C(3)-Fe(1) 70.12(18) 

C(3)-C(4)-C(5) 108.2(3) 

C(3)-C(4)-Fe(1) 69.58(17) 

C(5)-C(4)-Fe(1) 69.26(16) 

C(4)-C(5)-C(1) 107.8(3) 

C(4)-C(5)-Fe(1) 70.26(17) 

C(1)-C(5)-Fe(1) 69.08(17) 

C(10)-C(6)-C(7) 108.8(3) 

C(10)-C(6)-Fe(1) 70.39(17) 

C(7)-C(6)-Fe(1) 70.01(16) 

C(10)-C(6)-I(6) 126.5(2) 

C(7)-C(6)-I(6) 124.7(2) 

Fe(1)-C(6)-I(6) 127.61(14) 

C(8)-C(7)-C(6) 107.2(3) 

C(8)-C(7)-Fe(1) 70.07(17) 

C(6)-C(7)-Fe(1) 68.95(16) 

C(7)-C(8)-C(9) 108.6(3) 

C(7)-C(8)-Fe(1) 69.52(16) 

C(9)-C(8)-Fe(1) 70.12(16) 

C(10)-C(9)-C(8) 108.1(3) 

C(10)-C(9)-Fe(1) 69.38(18) 

C(8)-C(9)-Fe(1) 69.32(19) 

C(9)-C(10)-C(6) 107.4(3) 
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C(15)-C(19) 1.488(4) 

C(16)-C(17) 1.377(4) 

C(17)-C(18) 1.379(4) 

C(19)-N(20) 1.343(4) 

C(19)-C(24) 1.391(4) 

N(20)-C(21) 1.332(4) 

C(21)-C(22) 1.379(4) 

C(22)-C(23) 1.377(4) 

C(23)-C(24) 1.384(4) 

C(6)-Fe(1)-C(9) 68.08(12) 

C(1)-Fe(1)-C(9) 130.54(13) 

C(7)-Fe(1)-C(9) 68.34(13) 

C(2)-Fe(1)-C(9) 169.66(12) 

C(10)-Fe(1)-C(9) 40.39(12) 

C(5)-Fe(1)-C(9) 108.62(13) 

C(8)-Fe(1)-C(9) 40.56(12) 

C(3)-Fe(1)-C(9) 149.01(13) 

C(6)-Fe(1)-C(4) 131.68(12) 

C(1)-Fe(1)-C(4) 68.47(12) 

C(7)-Fe(1)-C(4) 170.42(13) 

C(2)-Fe(1)-C(4) 68.23(13) 

C(10)-Fe(1)-C(4) 109.35(12) 

C(5)-Fe(1)-C(4) 40.48(12) 

C(8)-Fe(1)-C(4) 148.61(13) 

C(3)-Fe(1)-C(4) 40.30(13) 

C(9)-Fe(1)-C(4) 116.91(13) 

C(5)-C(1)-C(2) 107.6(2) 

C(5)-C(1)-C(11) 126.0(3) 

C(2)-C(1)-C(11) 126.4(3) 

C(5)-C(1)-Fe(1) 69.85(17) 

C(2)-C(1)-Fe(1) 69.55(17) 

C(11)-C(1)-Fe(1) 125.5(2) 

C(9)-C(10)-Fe(1) 70.22(19) 

C(6)-C(10)-Fe(1) 68.81(18) 

C(12)-C(11)-C(1) 176.7(3) 

C(11)-C(12)-C(13) 177.3(3) 

N(14)-C(13)-C(18) 123.1(3) 

N(14)-C(13)-C(12) 116.2(3) 

C(18)-C(13)-C(12) 120.7(3) 

C(13)-N(14)-C(15) 117.8(2) 

N(14)-C(15)-C(16) 122.4(3) 

N(14)-C(15)-C(19) 115.9(2) 

C(16)-C(15)-C(19) 121.7(3) 

C(17)-C(16)-C(15) 118.9(3) 

C(16)-C(17)-C(18) 119.6(3) 

C(17)-C(18)-C(13) 118.3(3) 

N(20)-C(19)-C(24) 122.2(3) 

N(20)-C(19)-C(15) 116.6(2) 

C(24)-C(19)-C(15) 121.2(3) 

C(21)-N(20)-C(19) 117.6(3) 

N(20)-C(21)-C(22) 124.2(3) 

C(23)-C(22)-C(21) 117.7(3) 

C(22)-C(23)-C(24) 119.6(3) 

C(23)-C(24)-C(19)                 118.6(3) 

 

 

8.42 Characterisation data for Fc2(I)Thio 

8.42.1 Cyclic voltammetry data  
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8.42.2 X-ray crystallographic data  

 

Identification code NL2037 

Formula C26H19Fe2IS 

Formula weight 602.07 

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 100 200 300 400 500 600 700

E(
V

) 
vs

Fc
/F

c+

Scan rate (mV/s)

Fc2(I)Thio: potential vs scan rate

Ea (1)

Ec (1)

Ea (2)

Ec (2)

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

0 5 10 15 20 25 30C
u

rr
en

t 
(μ

A
)

√Scan rate (mV/s)

Fc2(I)Thio: potential vs scan rate^0.5

Ia (1)

ic (1)

ia (2)

Ic (2)



447 
 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, Cc 

Unit cell dimensions a = 5.8276(3) Å a = 90° 

 b = 34.7241(16) Å b = 90.416(5)° 

 c = 10.6059(4) Å g = 90° 

Volume, Z 2146.12(18) Å3, 4 

Density (calculated) 1.863 Mg/m3 

Absorption coefficient 2.899 mm-1 

F(000) 1184 

Crystal colour / morphology Orange platy needles 

Crystal size 0.423 x 0.127 x 0.028 mm3 

q range for data collection 2.346 to 28.256° 

Index ranges -7<=h<=6, -45<=k<=46, -13<=l<=13 

Reflns collected / unique 7540 / 3558 [R(int) = 0.0280] 

Reflns observed [F>4s(F)] 3227 

Absorption correction Analytical 

Max. and min. transmission 0.943 and 0.616 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3558 / 64 / 297 

Goodness-of-fit on F2 1.042 

Final R indices [F>4s(F)] R1 = 0.0304, wR2 = 0.0505 

R indices (all data) R1 = 0.0367, wR2 = 0.0527 

Absolute structure parameter -0.017(19) 

Largest diff. peak, hole 0.543, -0.627 eÅ-3 

Mean and maximum shift/error                            0.000 and 0.001 

Bond lengths (Å) and angles (°) for Fc2(I)Thio 

Fe(1)-C(6) 2.028(7) 

Fe(1)-C(10) 2.028(7) 

Fe(1)-C(2) 2.032(6) 

Fe(1)-C(1) 2.043(6) 

Fe(1)-C(3) 2.045(7) 

Fe(1)-C(7) 2.049(6) 

Fe(1)-C(9) 2.052(7) 

Fe(1)-C(5) 2.054(7) 

Fe(1)-C(4) 2.056(7) 

Fe(1)-C(8) 2.067(5) 

Fe(2)-C(23) 2.028(6) 

Fe(2)-C(21) 2.037(6) 

Fe(2)-C(27) 2.037(6) 

Fe(2)-C(22) 2.039(6) 

Fe(2)-C(25) 2.039(6) 

Fe(2)-C(20) 2.040(6) 

Fe(2)-C(24) 2.043(6) 

Fe(2)-C(19) 2.044(5) 

Fe(2)-C(26) 2.050(6) 

Fe(2)-C(18) 2.082(6) 

I(1)-C(23) 2.088(6) 

C(1)-C(2) 1.422(9) 

C(1)-C(5) 1.430(9) 

C(1)-C(11) 1.437(8) 

C(2)-C(3) 1.414(9) 

C(3)-C(4) 1.388(10) 

C(4)-C(5) 1.409(9) 

C(6)-C(10) 1.392(10) 

C(6)-C(7) 1.412(10) 

C(6)-Fe(1)-C(10) 40.2(3) 

C(6)-Fe(1)-C(2) 125.2(3) 

C(10)-Fe(1)-C(2) 105.6(3) 

C(6)-Fe(1)-C(1) 106.9(3) 

C(10)-Fe(1)-C(1) 117.2(3) 

C(2)-Fe(1)-C(1) 40.9(2) 

C(6)-Fe(1)-C(3) 163.2(3) 

C(10)-Fe(1)-C(3) 126.4(3) 

C(2)-Fe(1)-C(3) 40.6(3) 

C(1)-Fe(1)-C(3) 68.0(2) 

C(6)-Fe(1)-C(7) 40.5(3) 

C(10)-Fe(1)-C(7) 68.0(3) 

C(2)-Fe(1)-C(7) 163.7(3) 

C(1)-Fe(1)-C(7) 127.2(3) 

C(3)-Fe(1)-C(7) 155.1(3) 

C(6)-Fe(1)-C(9) 67.7(3) 

C(10)-Fe(1)-C(9) 40.8(2) 

C(2)-Fe(1)-C(9) 118.1(3) 

C(1)-Fe(1)-C(9) 151.9(3) 

C(3)-Fe(1)-C(9) 108.7(3) 

C(7)-Fe(1)-C(9) 67.7(3) 

C(6)-Fe(1)-C(5) 120.1(3) 

C(10)-Fe(1)-C(5) 152.6(3) 

C(2)-Fe(1)-C(5) 68.5(3) 

C(1)-Fe(1)-C(5) 40.9(3) 

C(3)-Fe(1)-C(5) 67.3(3) 

C(7)-Fe(1)-C(5) 109.8(3) 

C(9)-Fe(1)-C(5) 165.8(3) 

C(6)-Fe(1)-C(4) 155.2(3) 

C(2)-C(1)-C(5) 107.4(5) 

C(2)-C(1)-C(11) 125.1(6) 

C(5)-C(1)-C(11) 127.4(6) 

C(2)-C(1)-Fe(1) 69.1(3) 

C(5)-C(1)-Fe(1) 70.0(3) 

C(11)-C(1)-Fe(1) 128.6(4) 

C(3)-C(2)-C(1) 107.4(6) 

C(3)-C(2)-Fe(1) 70.2(4) 

C(1)-C(2)-Fe(1) 70.0(3) 

C(4)-C(3)-C(2) 109.0(6) 

C(4)-C(3)-Fe(1) 70.7(4) 

C(2)-C(3)-Fe(1) 69.2(4) 

C(3)-C(4)-C(5) 108.6(7) 

C(3)-C(4)-Fe(1) 69.8(5) 

C(5)-C(4)-Fe(1) 69.8(4) 

C(4)-C(5)-C(1) 107.6(6) 

C(4)-C(5)-Fe(1) 70.1(4) 

C(1)-C(5)-Fe(1) 69.2(4) 

C(10)-C(6)-C(7) 108.9(6) 

C(10)-C(6)-Fe(1) 69.9(4) 

C(7)-C(6)-Fe(1) 70.6(4) 

C(6)-C(7)-C(8) 108.1(7) 

C(6)-C(7)-Fe(1) 68.9(4) 

C(8)-C(7)-Fe(1) 70.4(3) 

C(9)-C(8)-C(7) 106.7(6) 

C(9)-C(8)-C(18) 126.9(6) 

C(7)-C(8)-C(18) 126.4(6) 

C(9)-C(8)-Fe(1) 69.3(3) 

C(7)-C(8)-Fe(1) 69.1(3) 
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C(7)-C(8) 1.425(9) 

C(8)-C(9) 1.420(9) 

C(8)-C(18) 1.451(7) 

C(9)-C(10) 1.422(9) 

C(11)-C(12) 1.183(8) 

C(12)-C(13) 1.426(13) 

C(12)-C(13') 1.434(15) 

C(13)-C(17) 1.33(2) 

C(13)-S(14) 1.73(2) 

S(14)-C(15) 1.712(16) 

C(15)-C(16) 1.360(17) 

C(16)-C(17) 1.45(4) 

C(13')-C(17') 1.35(2) 

C(13')-S(14') 1.71(2) 

S(14')-C(15') 1.724(19) 

C(15')-C(16') 1.352(17) 

C(16')-C(17') 1.45(4) 

C(18)-C(22) 1.413(9) 

C(18)-C(19) 1.437(8) 

C(19)-C(20) 1.426(8) 

C(20)-C(21) 1.418(8) 

C(21)-C(22) 1.417(8) 

C(23)-C(24) 1.414(9) 

C(23)-C(27) 1.423(9) 

C(24)-C(25) 1.417(8) 

C(25)-C(26) 1.414(8) 

C(26)-C(27) 1.415(9) 

C(10)-Fe(1)-C(4) 164.3(3) 

C(2)-Fe(1)-C(4) 67.8(3) 

C(1)-Fe(1)-C(4) 68.0(3) 

C(3)-Fe(1)-C(4) 39.6(3) 

C(7)-Fe(1)-C(4) 122.0(3) 

C(9)-Fe(1)-C(4) 128.3(3) 

C(5)-Fe(1)-C(4) 40.1(3) 

C(6)-Fe(1)-C(8) 68.2(3) 

C(10)-Fe(1)-C(8) 68.5(3) 

C(2)-Fe(1)-C(8) 153.0(3) 

C(1)-Fe(1)-C(8) 165.6(3) 

C(3)-Fe(1)-C(8) 120.5(3) 

C(7)-Fe(1)-C(8) 40.5(2) 

C(9)-Fe(1)-C(8) 40.3(3) 

C(5)-Fe(1)-C(8) 128.7(3) 

C(4)-Fe(1)-C(8) 110.4(3) 

C(23)-Fe(2)-C(21) 158.2(3) 

C(23)-Fe(2)-C(27) 41.0(2) 

C(21)-Fe(2)-C(27) 158.5(2) 

C(23)-Fe(2)-C(22) 123.9(2) 

C(21)-Fe(2)-C(22) 40.7(2) 

C(27)-Fe(2)-C(22) 159.4(2) 

C(23)-Fe(2)-C(25) 68.1(2) 

C(21)-Fe(2)-C(25) 106.1(3) 

C(27)-Fe(2)-C(25) 68.3(3) 

C(22)-Fe(2)-C(25) 124.2(3) 

C(23)-Fe(2)-C(20) 160.7(3) 

C(21)-Fe(2)-C(20) 40.7(2) 

C(27)-Fe(2)-C(20) 122.5(3) 

C(22)-Fe(2)-C(20) 68.3(2) 

C(25)-Fe(2)-C(20) 119.7(2) 

C(23)-Fe(2)-C(24) 40.6(3) 

C(21)-Fe(2)-C(24) 121.4(3) 

C(27)-Fe(2)-C(24) 68.8(3) 

C(22)-Fe(2)-C(24) 108.8(2) 

C(25)-Fe(2)-C(24) 40.6(2) 

C(20)-Fe(2)-C(24) 155.9(2) 

C(23)-Fe(2)-C(19) 125.4(2) 

C(21)-Fe(2)-C(19) 68.5(2) 

C(27)-Fe(2)-C(19) 107.5(3) 

C(22)-Fe(2)-C(19) 68.1(2) 

C(25)-Fe(2)-C(19) 155.7(2) 

C(20)-Fe(2)-C(19) 40.9(2) 

C(24)-Fe(2)-C(19) 162.3(2) 

C(23)-Fe(2)-C(26) 68.2(2) 

C(21)-Fe(2)-C(26) 121.9(3) 

C(27)-Fe(2)-C(26) 40.5(2) 

C(22)-Fe(2)-C(26) 159.4(3) 

C(25)-Fe(2)-C(26) 40.5(2) 

C(20)-Fe(2)-C(26) 105.4(3) 

C(24)-Fe(2)-C(26) 68.4(2) 

C(19)-Fe(2)-C(26) 120.8(2) 

C(23)-Fe(2)-C(18) 110.2(2) 

C(21)-Fe(2)-C(18) 68.2(2) 

C(27)-Fe(2)-C(18) 123.5(3) 

C(22)-Fe(2)-C(18) 40.1(2) 

C(25)-Fe(2)-C(18) 161.3(3) 

C(20)-Fe(2)-C(18) 68.5(2) 

C(24)-Fe(2)-C(18) 125.8(2) 

C(19)-Fe(2)-C(18) 40.7(2) 

C(26)-Fe(2)-C(18) 157.8(3) 

C(18)-C(8)-Fe(1) 128.4(4) 

C(8)-C(9)-C(10) 108.5(6) 

C(8)-C(9)-Fe(1) 70.4(4) 

C(10)-C(9)-Fe(1) 68.7(4) 

C(6)-C(10)-C(9) 107.8(6) 

C(6)-C(10)-Fe(1) 69.9(4) 

C(9)-C(10)-Fe(1) 70.5(4) 

C(12)-C(11)-C(1) 175.7(7) 

C(11)-C(12)-C(13) 175.4(13) 

C(11)-C(12)-C(13') 176.2(13) 

C(17)-C(13)-C(12) 130(2) 

C(17)-C(13)-S(14) 113.0(13) 

C(12)-C(13)-S(14) 117.1(16) 

C(15)-S(14)-C(13) 90.4(8) 

C(16)-C(15)-S(14) 113.1(11) 

C(15)-C(16)-C(17) 111.1(12) 

C(13)-C(17)-C(16) 111.9(15) 

C(17')-C(13')-C(12) 129(3) 

C(17')-C(13')-S(14') 113.1(14) 

C(12)-C(13')-S(14') 118.1(18) 

C(13')-S(14')-C(15') 90.8(9) 

C(16')-C(15')-S(14') 113.0(15) 

C(15')-C(16')-C(17') 111.2(14) 

C(13')-C(17')-C(16') 111.9(16) 

C(22)-C(18)-C(19) 106.7(5) 

C(22)-C(18)-C(8) 127.9(5) 

C(19)-C(18)-C(8) 125.3(6) 

C(22)-C(18)-Fe(2) 68.3(3) 

C(19)-C(18)-Fe(2) 68.2(3) 

C(8)-C(18)-Fe(2) 126.8(4) 

C(20)-C(19)-C(18) 108.2(6) 

C(20)-C(19)-Fe(2) 69.4(3) 

C(18)-C(19)-Fe(2) 71.1(3) 

C(21)-C(20)-C(19) 107.8(5) 

C(21)-C(20)-Fe(2) 69.5(3) 

C(19)-C(20)-Fe(2) 69.7(3) 

C(22)-C(21)-C(20) 107.8(5) 

C(22)-C(21)-Fe(2) 69.7(3) 

C(20)-C(21)-Fe(2) 69.8(3) 

C(18)-C(22)-C(21) 109.4(5) 

C(18)-C(22)-Fe(2) 71.6(3) 

C(21)-C(22)-Fe(2) 69.6(3) 

C(24)-C(23)-C(27) 108.8(5) 

C(24)-C(23)-Fe(2) 70.3(4) 

C(27)-C(23)-Fe(2) 69.9(3) 

C(24)-C(23)-I(1) 124.4(4) 

C(27)-C(23)-I(1) 126.5(5) 

Fe(2)-C(23)-I(1) 130.8(3) 

C(23)-C(24)-C(25) 107.1(6) 

C(23)-C(24)-Fe(2) 69.1(3) 

C(25)-C(24)-Fe(2) 69.5(3) 

C(26)-C(25)-C(24) 108.7(6) 

C(26)-C(25)-Fe(2) 70.2(4) 

C(24)-C(25)-Fe(2) 69.8(3) 

C(25)-C(26)-C(27) 108.0(6) 

C(25)-C(26)-Fe(2) 69.4(4) 

C(27)-C(26)-Fe(2) 69.3(3) 

C(26)-C(27)-C(23) 107.4(6) 

C(26)-C(27)-Fe(2) 70.2(4) 

C(23)-C(27)-Fe(2) 69.2(4) 
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8.43 Fc(I)Bipy-OH 

8.43.1 Cyclic voltammetry data 
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8.43.2 X-ray crystallographic data 

 

Identification code NL2010 

Formula C27H21FeIN2O, 0.5(CH2Cl2) 

Formula weight 614.67 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 19.9373(8) Å a = 90° 

 b = 19.7462(7) Å b = 102.047(4)° 

 c = 12.5033(6) Å g = 90° 

Volume, Z 4814.0(3) Å3, 8 

Density (calculated) 1.696 Mg/m3 

Absorption coefficient 2.044 mm-1 

F(000) 2440 

Crystal colour / morphology Orange-red needles 

Crystal size 0.523 x 0.068 x 0.056 mm3 

q range for data collection 2.378 to 28.260° 

Index ranges -13<=h<=26, -24<=k<=25, -16<=l<=13 

Reflns collected / unique 16689 / 9697 [R(int) = 0.0310] 

Reflns observed [F>4s(F)] 6399 

Absorption correction Analytical 

Max. and min. transmission 0.895 and 0.579 

Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 9697 / 230 / 677 

Goodness-of-fit on F2 1.054 

Final R indices [F>4s(F)] R1 = 0.0595, wR2 = 0.1432 

R indices (all data) R1 = 0.1006, wR2 = 0.1650 

Largest diff. peak, hole 1.039, -1.168 eÅ-3 

Mean and maximum shift/error 0.000 and 0.003 

 

Bond lengths (Å) and angles (°) for Fc(I)Bipy-OH 

Fe(1A)-C(6A) 2.016(6) 

Fe(1A)-C(2A) 2.031(6) 

Fe(1A)-C(7A) 2.036(6) 

Fe(1A)-C(1A) 2.045(6) 

Fe(1A)-C(8A) 2.046(6) 

Fe(1A)-C(3A) 2.047(6) 

Fe(1A)-C(10A) 2.047(6) 

Fe(1A)-C(5A) 2.053(6) 

Fe(1A)-C(4A) 2.054(6) 

Fe(1A)-C(9A) 2.061(6) 

C(1A)-C(2A) 1.416(8) 

C(1A)-C(11A) 1.429(8) 

C(1A)-C(5A) 1.433(8) 

C(2A)-C(3A) 1.407(9) 

C(3A)-C(4A) 1.409(10) 

C(4A)-C(5A) 1.404(9) 

C(6A)-C(10A) 1.411(8) 

C(6A)-C(7A) 1.416(8) 

C(6A)-I(6A) 2.084(6) 

C(7A)-C(8A) 1.419(8) 

C(8A)-C(9A) 1.388(9) 

C(9A)-C(10A) 1.439(9) 

C(11A)-C(12A) 1.196(8) 

C(12A)-C(13A) 1.441(8) 

C(13A)-C(18A) 1.387(8) 

C(13A)-C(14A) 1.394(8) 

C(14A)-C(15A) 1.381(7) 

C(15A)-N(16A) 1.354(7) 

C(15A)-C(19A) 1.484(7) 

N(16A)-C(17A) 1.343(7) 

C(17A)-C(18A) 1.376(8) 

C(19A)-N(20A) 1.349(6) 

C(19A)-C(24A) 1.387(7) 

N(20A)-C(21A) 1.337(7) 

C(21A)-C(22A) 1.388(8) 

C(22A)-C(23A) 1.383(7) 

C(23A)-C(24A) 1.394(7) 

C(23A)-C(25A) 1.439(7) 

C(25A)-C(26A) 1.187(7) 

C(26A)-C(27A) 1.498(8) 

C(27A)-O(28A) 1.416(7) 

C(27A)-C(29A) 1.521(8) 

C(27A)-C(30A) 1.529(8) 

Fe(1B)-C(8F) 1.9(2) 

Fe(1B)-C(9D) 1.86(8) 

Fe(1B)-C(10D) 1.86(7) 

Fe(1B)-C(9F) 1.92(16) 

Fe(1B)-C(7F) 1.9(2) 

Fe(1B)-C(1B) 2.029(6) 

Fe(1B)-C(2B) 2.032(6) 

Fe(1B)-C(10F) 2.03(15) 

Fe(1B)-C(8D) 2.04(8) 

Fe(1B)-C(6D) 2.04(7) 

Fe(1B)-C(3B) 2.042(6) 

C(6A)-Fe(1A)-C(2A) 108.2(3) 

C(6A)-Fe(1A)-C(7A) 40.9(2) 

C(2A)-Fe(1A)-C(7A) 130.8(2) 

C(6A)-Fe(1A)-C(1A) 115.6(2) 

C(2A)-Fe(1A)-C(1A) 40.7(2) 

C(7A)-Fe(1A)-C(1A) 108.4(2) 

C(6A)-Fe(1A)-C(8A) 68.3(2) 

C(2A)-Fe(1A)-C(8A) 170.2(2) 

C(7A)-Fe(1A)-C(8A) 40.7(2) 

C(1A)-Fe(1A)-C(8A) 131.7(2) 

C(6A)-Fe(1A)-C(3A) 130.9(3) 

C(2A)-Fe(1A)-C(3A) 40.4(2) 

C(7A)-Fe(1A)-C(3A) 169.7(3) 

C(1A)-Fe(1A)-C(3A) 68.0(2) 

C(8A)-Fe(1A)-C(3A) 148.7(3) 

C(6A)-Fe(1A)-C(10A) 40.6(2) 

C(2A)-Fe(1A)-C(10A) 116.1(3) 

C(7A)-Fe(1A)-C(10A) 68.3(2) 

C(1A)-Fe(1A)-C(10A) 148.1(2) 

C(8A)-Fe(1A)-C(10A) 67.6(2) 

C(3A)-Fe(1A)-C(10A) 109.3(3) 

C(6A)-Fe(1A)-C(5A) 148.9(2) 

C(2A)-Fe(1A)-C(5A) 68.0(3) 

C(7A)-Fe(1A)-C(5A) 116.9(2) 

C(1A)-Fe(1A)-C(5A) 40.9(2) 

C(8A)-Fe(1A)-C(5A) 110.0(3) 

C(3A)-Fe(1A)-C(5A) 67.2(3) 

C(10A)-Fe(1A)-C(5A) 169.7(2) 

C(6A)-Fe(1A)-C(4A) 169.6(3) 

C(2A)-Fe(1A)-C(4A) 68.2(3) 

C(7A)-Fe(1A)-C(4A) 148.7(3) 

C(1A)-Fe(1A)-C(4A) 68.5(2) 

C(8A)-Fe(1A)-C(4A) 117.0(3) 

C(3A)-Fe(1A)-C(4A) 40.2(3) 

C(10A)-Fe(1A)-C(4A) 131.2(3) 

C(5A)-Fe(1A)-C(4A) 40.0(2) 

C(6A)-Fe(1A)-C(9A) 68.7(2) 

C(2A)-Fe(1A)-C(9A) 148.9(3) 

C(7A)-Fe(1A)-C(9A) 68.1(2) 

C(1A)-Fe(1A)-C(9A) 169.6(3) 

C(8A)-Fe(1A)-C(9A) 39.5(2) 

C(3A)-Fe(1A)-C(9A) 117.1(3) 

C(10A)-Fe(1A)-C(9A) 41.0(2) 

C(5A)-Fe(1A)-C(9A) 130.9(2) 

C(4A)-Fe(1A)-C(9A) 109.0(2) 

C(2A)-C(1A)-C(11A) 126.5(5) 

C(2A)-C(1A)-C(5A) 106.6(5) 

C(11A)-C(1A)-C(5A) 126.9(6) 

C(2A)-C(1A)-Fe(1A) 69.1(3) 

C(11A)-C(1A)-Fe(1A) 124.8(4) 

C(5A)-C(1A)-Fe(1A) 69.8(3) 

C(3A)-C(2A)-C(1A) 108.3(6) 

C(3A)-C(2A)-Fe(1A) 70.4(4) 

C(1A)-C(2A)-Fe(1A) 70.2(3) 

C(10D)-Fe(1B)-C(8D) 72(2) 

C(1B)-Fe(1B)-C(8D) 132.7(14) 

C(2B)-Fe(1B)-C(8D) 173.3(16) 

C(9D)-Fe(1B)-C(6D) 72(2) 

C(10D)-Fe(1B)-C(6D) 42.4(14) 

C(1B)-Fe(1B)-C(6D) 157.1(11) 

C(2B)-Fe(1B)-C(6D) 118.0(14) 

C(8D)-Fe(1B)-C(6D) 69(2) 

C(8F)-Fe(1B)-C(3B) 157(3) 

C(9D)-Fe(1B)-C(3B) 172.2(14) 

C(10D)-Fe(1B)-C(3B) 127.4(11) 

C(9F)-Fe(1B)-C(3B) 152(3) 

C(7F)-Fe(1B)-C(3B) 115(3) 

C(1B)-Fe(1B)-C(3B) 67.9(3) 

C(2B)-Fe(1B)-C(3B) 40.5(3) 

C(10F)-Fe(1B)-C(3B) 112(3) 

C(8D)-Fe(1B)-C(3B) 139.8(17) 

C(6D)-Fe(1B)-C(3B) 101.4(16) 

C(8F)-Fe(1B)-C(6F) 72(5) 

C(9F)-Fe(1B)-C(6F) 71(4) 

C(7F)-Fe(1B)-C(6F) 42(4) 

C(1B)-Fe(1B)-C(6F) 157(3) 

C(2B)-Fe(1B)-C(6F) 117(3) 

C(10F)-Fe(1B)-C(6F) 41(3) 

C(3B)-Fe(1B)-C(6F) 96(4) 

C(2B)-C(1B)-C(5B) 108.5(6) 

C(2B)-C(1B)-C(11B) 126.4(6) 

C(5B)-C(1B)-C(11B) 125.1(6) 

C(2B)-C(1B)-Fe(1B) 69.6(4) 

C(5B)-C(1B)-Fe(1B) 70.3(4) 

C(11B)-C(1B)-Fe(1B) 125.3(4) 

C(3B)-C(2B)-C(1B) 106.9(6) 

C(3B)-C(2B)-Fe(1B) 70.1(4) 

C(1B)-C(2B)-Fe(1B) 69.4(4) 

C(2B)-C(3B)-C(4B) 109.3(6) 

C(2B)-C(3B)-Fe(1B) 69.4(4) 

C(4B)-C(3B)-Fe(1B) 70.2(4) 

C(3B)-C(4B)-C(5B) 108.1(6) 

C(3B)-C(4B)-Fe(1B) 69.5(4) 

C(5B)-C(4B)-Fe(1B) 69.9(4) 

C(4B)-C(5B)-C(1B) 107.2(6) 

C(4B)-C(5B)-Fe(1B) 69.8(4) 

C(1B)-C(5B)-Fe(1B) 68.6(4) 

C(10B)-C(6B)-C(7B) 108.0 

C(10B)-C(6B)-Fe(1B) 70.6(3) 

C(7B)-C(6B)-Fe(1B) 69.7(3) 

C(10B)-C(6B)-I(6B) 124.6(4) 

C(7B)-C(6B)-I(6B) 127.3(4) 

Fe(1B)-C(6B)-I(6B) 127.2(4) 

C(8B)-C(7B)-C(6B) 108.0 

C(8B)-C(7B)-Fe(1B) 70.6(3) 

C(6B)-C(7B)-Fe(1B) 69.7(3) 

C(7B)-C(8B)-C(9B) 108.0 

C(7B)-C(8B)-Fe(1B) 69.0(3) 
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Fe(1B)-C(6F) 2.04(16) 

C(1B)-C(2B) 1.422(9) 

C(1B)-C(5B) 1.431(9) 

C(1B)-C(11B) 1.442(9) 

C(2B)-C(3B) 1.409(9) 

C(3B)-C(4B) 1.411(10) 

C(4B)-C(5B) 1.412(9) 

I(6B)-C(6B) 2.069(4) 

C(6B)-C(10B) 1.4200 

C(6B)-C(7B) 1.4200 

C(7B)-C(8B) 1.4200 

C(8B)-C(9B) 1.4200 

C(9B)-C(10B) 1.4200 

I(6D)-C(6D) 2.074(12) 

C(6D)-C(7D) 1.4200 

C(6D)-C(10D) 1.4200 

C(7D)-C(8D) 1.4200 

C(8D)-C(9D) 1.4200 

C(9D)-C(10D) 1.4200 

I(6F)-C(6F) 2.078(14) 

I(6F)-I(6F)#1 3.07(3) 

C(6F)-C(10F) 1.4200 

C(6F)-C(7F) 1.4200 

C(7F)-C(8F) 1.4200 

C(8F)-C(9F) 1.4200 

C(9F)-C(10F) 1.4200 

C(11B)-C(12B) 1.184(9) 

C(12B)-C(13B) 1.432(9) 

C(13B)-C(14B) 1.379(8) 

C(13B)-C(18B) 1.403(9) 

C(14B)-C(15B) 1.388(8) 

C(15B)-N(16B) 1.337(7) 

C(15B)-C(19B) 1.480(8) 

N(16B)-C(17B) 1.354(8) 

C(17B)-C(18B) 1.360(9) 

C(19B)-N(20B) 1.348(7) 

C(19B)-C(24B) 1.387(8) 

N(20B)-C(21B) 1.328(7) 

C(21B)-C(22B) 1.379(8) 

C(22B)-C(23B) 1.382(8) 

C(23B)-C(24B) 1.389(8) 

C(23B)-C(25B) 1.444(8) 

C(25B)-C(26B) 1.193(8) 

C(26B)-C(27B) 1.472(8) 

C(27B)-O(28B) 1.438(7) 

C(27B)-C(29B) 1.517(8) 

C(27B)-C(30B) 1.540(8) 

C(40)-Cl(2) 1.737(13) 

C(40)-Cl(1) 1.758(12) 

C(40')-Cl(1') 1.760(19) 

C(40')-Cl(2') 1.765(19) 

C(40")-Cl(2") 1.762(19) 

C(40")-Cl(1") 1.77(2) 

C(2A)-C(3A)-C(4A) 108.8(6) 

C(2A)-C(3A)-Fe(1A) 69.2(3) 

C(4A)-C(3A)-Fe(1A) 70.2(4) 

C(5A)-C(4A)-C(3A) 107.5(6) 

C(5A)-C(4A)-Fe(1A) 69.9(3) 

C(3A)-C(4A)-Fe(1A) 69.6(4) 

C(4A)-C(5A)-C(1A) 108.8(6) 

C(4A)-C(5A)-Fe(1A) 70.1(4) 

C(1A)-C(5A)-Fe(1A) 69.2(3) 

C(10A)-C(6A)-C(7A) 108.4(5) 

C(10A)-C(6A)-Fe(1A) 70.9(3) 

C(7A)-C(6A)-Fe(1A) 70.3(3) 

C(10A)-C(6A)-I(6A) 124.9(4) 

C(7A)-C(6A)-I(6A) 126.7(4) 

Fe(1A)-C(6A)-I(6A) 124.9(3) 

C(6A)-C(7A)-C(8A) 107.0(5) 

C(6A)-C(7A)-Fe(1A) 68.8(3) 

C(8A)-C(7A)-Fe(1A) 70.1(3) 

C(9A)-C(8A)-C(7A) 109.7(5) 

C(9A)-C(8A)-Fe(1A) 70.8(3) 

C(7A)-C(8A)-Fe(1A) 69.3(3) 

C(8A)-C(9A)-C(10A) 107.3(5) 

C(8A)-C(9A)-Fe(1A) 69.7(3) 

C(10A)-C(9A)-Fe(1A) 69.0(3) 

C(6A)-C(10A)-C(9A) 107.7(5) 

C(6A)-C(10A)-Fe(1A) 68.5(3) 

C(9A)-C(10A)-Fe(1A) 70.0(3) 

C(12A)-C(11A)-C(1A) 177.3(6) 

C(11A)-C(12A)-C(13A) 178.1(6) 

C(18A)-C(13A)-C(14A) 117.5(5) 

C(18A)-C(13A)-C(12A) 122.9(5) 

C(14A)-C(13A)-C(12A) 119.6(5) 

C(15A)-C(14A)-C(13A) 120.4(5) 

N(16A)-C(15A)-C(14A) 121.9(5) 

N(16A)-C(15A)-C(19A) 115.2(4) 

C(14A)-C(15A)-C(19A) 122.9(5) 

C(17A)-N(16A)-C(15A) 117.2(5) 

N(16A)-C(17A)-C(18A) 124.0(5) 

C(17A)-C(18A)-C(13A) 119.0(5) 

N(20A)-C(19A)-C(24A) 121.3(5) 

N(20A)-C(19A)-C(15A) 117.4(5) 

C(24A)-C(19A)-C(15A) 121.3(5) 

C(21A)-N(20A)-C(19A) 117.7(5) 

N(20A)-C(21A)-C(22A) 124.2(5) 

C(23A)-C(22A)-C(21A) 118.5(5) 

C(22A)-C(23A)-C(24A) 117.6(5) 

C(22A)-C(23A)-C(25A) 120.7(5) 

C(24A)-C(23A)-C(25A) 121.7(5) 

C(19A)-C(24A)-C(23A) 120.7(5) 

C(26A)-C(25A)-C(23A) 176.6(6) 

C(25A)-C(26A)-C(27A) 175.6(6) 

O(28A)-C(27A)-C(26A) 110.7(5) 

O(28A)-C(27A)-C(29A) 104.7(4) 

C(26A)-C(27A)-C(29A) 110.2(5) 

O(28A)-C(27A)-C(30A) 112.2(5) 

C(26A)-C(27A)-C(30A) 108.6(5) 

C(29A)-C(27A)-C(30A) 110.3(5) 

C(9D)-Fe(1B)-C(10D) 44.8(16) 

C(8F)-Fe(1B)-C(9F) 44(4) 

C(8F)-Fe(1B)-C(7F) 44(5) 

C(9F)-Fe(1B)-C(7F) 73(5) 

C(8F)-Fe(1B)-C(1B) 128(4) 

C(9D)-Fe(1B)-C(1B) 116.6(18) 

C(10D)-Fe(1B)-C(1B) 127.7(15) 

C(9F)-Fe(1B)-C(1B) 115(4) 

C(7F)-Fe(1B)-C(1B) 159(3) 

C(8F)-Fe(1B)-C(2B) 163(3) 

C(9B)-C(8B)-Fe(1B) 70.5(3) 

C(8B)-C(9B)-C(10B) 108.0 

C(8B)-C(9B)-Fe(1B) 69.4(3) 

C(10B)-C(9B)-Fe(1B) 69.5(3) 

C(6B)-C(10B)-C(9B) 108.0 

C(6B)-C(10B)-Fe(1B) 69.0(3) 

C(9B)-C(10B)-Fe(1B) 70.4(3) 

C(7D)-C(6D)-C(10D) 108.0 

C(7D)-C(6D)-Fe(1B) 74(3) 

C(10D)-C(6D)-Fe(1B) 62(3) 

C(7D)-C(6D)-I(6D) 125.8(8) 

C(10D)-C(6D)-I(6D) 126.2(8) 

Fe(1B)-C(6D)-I(6D) 129(4) 

C(6D)-C(7D)-C(8D) 108.0 

C(6D)-C(7D)-Fe(1B) 66(2) 

C(8D)-C(7D)-Fe(1B) 66(3) 

C(9D)-C(8D)-C(7D) 108.0 

C(9D)-C(8D)-Fe(1B) 62(3) 

C(7D)-C(8D)-Fe(1B) 74(3) 

C(10D)-C(9D)-C(8D) 108.0 

C(10D)-C(9D)-Fe(1B) 68(3) 

C(8D)-C(9D)-Fe(1B) 75(3) 

C(9D)-C(10D)-C(6D) 108.0 

C(9D)-C(10D)-Fe(1B) 68(3) 

C(6D)-C(10D)-Fe(1B) 75(3) 

C(6F)-I(6F)-I(6F)#1 148(3) 

C(10F)-C(6F)-C(7F) 108.0 

C(10F)-C(6F)-Fe(1B) 69(6) 

C(7F)-C(6F)-Fe(1B) 65(7) 

C(10F)-C(6F)-I(6F) 125.9(10) 

C(7F)-C(6F)-I(6F) 126.0(9) 

Fe(1B)-C(6F)-I(6F) 128(9) 

C(8F)-C(7F)-C(6F) 108.0 

C(8F)-C(7F)-Fe(1B) 65(6) 

C(6F)-C(7F)-Fe(1B) 73(6) 

C(7F)-C(8F)-C(9F) 108.0 

C(7F)-C(8F)-Fe(1B) 71(7) 

C(9F)-C(8F)-Fe(1B) 70(7) 

C(10F)-C(9F)-C(8F) 108.0 

C(10F)-C(9F)-Fe(1B) 73(6) 

C(8F)-C(9F)-Fe(1B) 66(7) 

C(9F)-C(10F)-C(6F) 108.0 

C(9F)-C(10F)-Fe(1B) 65(6) 

C(6F)-C(10F)-Fe(1B) 70(6) 

C(12B)-C(11B)-C(1B) 178.8(7) 

C(11B)-C(12B)-C(13B) 174.2(7) 

C(14B)-C(13B)-C(18B) 117.6(6) 

C(14B)-C(13B)-C(12B) 120.8(6) 

C(18B)-C(13B)-C(12B) 121.6(6) 

C(13B)-C(14B)-C(15B) 120.7(6) 

N(16B)-C(15B)-C(14B) 122.0(5) 

N(16B)-C(15B)-C(19B) 117.1(5) 

C(14B)-C(15B)-C(19B) 120.9(5) 

C(15B)-N(16B)-C(17B) 116.5(5) 

N(16B)-C(17B)-C(18B) 125.3(6) 

C(17B)-C(18B)-C(13B) 117.9(6) 

N(20B)-C(19B)-C(24B) 122.7(5) 

N(20B)-C(19B)-C(15B) 116.0(5) 

C(24B)-C(19B)-C(15B) 121.3(5) 

C(21B)-N(20B)-C(19B) 116.8(5) 

N(20B)-C(21B)-C(22B) 124.5(5) 

C(21B)-C(22B)-C(23B) 118.7(5) 

C(22B)-C(23B)-C(24B) 117.8(5) 

C(22B)-C(23B)-C(25B) 122.2(5) 

C(24B)-C(23B)-C(25B) 120.0(5) 

C(19B)-C(24B)-C(23B) 119.5(5) 

C(26B)-C(25B)-C(23B) 179.6(6) 
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C(9D)-Fe(1B)-C(2B) 138.6(19) 

C(10D)-Fe(1B)-C(2B) 113.3(18) 

C(9F)-Fe(1B)-C(2B) 122(4) 

C(7F)-Fe(1B)-C(2B) 152.0(19) 

C(1B)-Fe(1B)-C(2B) 41.0(2) 

C(8F)-Fe(1B)-C(10F) 72(5) 

C(9F)-Fe(1B)-C(10F) 42(3) 

C(7F)-Fe(1B)-C(10F) 71(5) 

C(1B)-Fe(1B)-C(10F) 129(3) 

C(2B)-Fe(1B)-C(10F) 104(4) 

C(9D)-Fe(1B)-C(8D) 42.4(17) 

C(25B)-C(26B)-C(27B) 175.5(6) 

O(28B)-C(27B)-C(26B) 108.0(4) 

O(28B)-C(27B)-C(29B) 110.5(5) 

C(26B)-C(27B)-C(29B) 110.6(5) 

O(28B)-C(27B)-C(30B) 106.3(5) 

C(26B)-C(27B)-C(30B) 111.1(5) 

C(29B)-C(27B)-C(30B) 110.3(5) 

Cl(2)-C(40)-Cl(1) 109.2(8) 

Cl(1')-C(40')-Cl(2') 102.6(16) 

Cl(2")-C(40")-Cl(1") 102.6(16) 

 

 

8.44 Cyclic voltammetry data for Fc2(I)Bipy-OH 

 



454 
 

 

 

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0 100 200 300 400 500 600 700

E(
V

) 
vs

Fc
/F

c+

Scan rate (mV/s)

Fc2(I)Bipy-OH: potential vs scan rate

Ea (1)

Ec (1)

Ea (2)

Ec (2)

-60

-40

-20

0

20

40

60

80

0 5 10 15C
u

rr
en

t 
(μ

A
)

√Scan rate (mV/s)

Fc2(I)Bipy-OH: potential vs scan rate^0.5

Ia (1)

ic (1)

ia (2)

Ic (2)



455 
 

8.45 Cyclic voltammetry data for 12 
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8.46 Cyclic voltammetry data for 14  
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8.47 Cyclic voltammetry data for 15 
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8.48 Cyclic voltammetry data for 15a 
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