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Abstract 
 This thesis describes the preparation of a series of novel heterocyclic aromatic 

compounds and investigation of their coordination chemistry with a range of different metals 

and counter ions. The target compounds require a variety of synthetic methods, including 

palladium cross-coupling reactions, Diels-Alder cycloadditions, photochemical cyclisation and 

nucleophilic addition, followed by reductive aromatisation. The overall aim of the work is to 

synthesise novel nitrogen-containing aromatic compounds to use in optoelectronic devices that 

have the ability to undergo singlet fission by controlling the distances between the 

chromophores through metallosupramolecular chemistry.  

 
Chapter One outlines an introduction to the topics discussed in this study, providing 

examples from the literature. Chapter Two details the syntheses of 5,6-disubstituted-1,10-

phenanthroline compounds and the corresponding coordination complexes with ruthenium(II), 

copper(I) and silver(I). The complexes have been characterised through solution studies and/or 

single crystal X-ray diffraction analyses. Photochemical cyclisation of 5,6-disubstituted 

complexes were attempted and subsequent computational studies were completed. Chapter 

Three describes the synthesis of pyridyl containing pentaphenylbenzene derivatives and 

attempts towards the photochemical cyclisation reactions for the formation of nitrogen-

containing polycyclic aromatic hydrocarbons. Computational studies were also completed. 

Chapter Four investigates the synthetic development of acene derivatives with appended 

pyridyl substituents. The derivatives were complexed with a range of metal salts and the 

development of interesting polymer topologies and discrete structures with interesting 

intermolecular interactions are reported. Chapter Five details the synthesis and characterisation 

of acenaphthoquinone bridged and bidentate compounds and investigation of the coordination 

chemistry with ruthenium(II) and palladium(II). Chapter Six concludes the results as a whole 

and potential future directions of this work are presented. Chapter Seven outlines the synthetic 

routes along with the characterisation data of the new and modified syntheses of the ligands 

and complexes in this study.  

 
 Overall, twenty-six novel organic compounds and thirty new coordination complexes 

were prepared using a variety of synthetic routes during the course of this study and were 

characterised by single crystal X-ray diffraction analysis and spectroscopic techniques where 

appropriate. The topologies formed have given insight into potential singlet fissionable 

candidates to control the distance between the chromophores for implementation in 

photovoltaic devices.
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1.1 General introduction to organic electronic devices  

 

Over the past twenty years, remarkable progress has been made in the design and 

construction of organic electronic devices.1, 2 Small molecules with conducting properties, such 

as polycyclic aromatic compounds, are used in the construction of organic semiconductors. 

Large aromatic molecules represent a new class of ‘soft materials’ that are industrially 

relevant.1 In the late 1970’s, there was a push for new ‘soft’ materials for electronics and in 

2000, the Chemistry Nobel Prize was awarded to Heeger, MacDiarmid and Shirakawa for “the 

discover[y] and development of conductive polymers”.3, 4 There are many advantages for the 

implementation of such materials in electronic devices including the flexibility of the polymers 

and small molecules, the ability to control the properties of the new materials through organic 

synthesis and a decrease in the cost compared to inorganic electronics.  

 

After the fundamental discoveries of conjugated polymers, chemical modification has 

allowed the synthesis of conductive polymers for applications in advanced bulk-heterojunction 

solar cells,5-7 organic light emitting devices8-10 and chemical, optical and bio-sensors.11-15 The 

majority of the applications are based on the excited-state properties of the organic oligomers 

or polymers. In organic photovoltaics, molecular assemblies must have good orbital overlap, 

charge transport and absorbance or emittance. These properties are found in highly conjugated 

systems where stability must be maintained. The development of new and better materials for 

organic electronics can also be linked to advances in synthetic chemistry.16, 17 

 

In a simple electroluminescent device, an emissive layer is sandwiched between two 

electrodes (Figure 1.1). When an electric potential is applied, the organic layer is oxidised at 

the anode, holes are injected from the anode into the highest unoccupied molecular orbital 

(HOMO) of the organic layer migrating towards the cathode; while electrons are injected into 

the lowest unoccupied molecular orbital (LUMO) at the cathode migrate towards the anode.18 

When a hole and an electron meet in the bulk of the organic layer, they can combine to form an 

exciton. A fraction of these excitons recombine radiatively, giving rise to the emission of light. 

The basic requirements for the organic semiconductor are the ability to transport both electrons 

and holes and a high exciton conversion efficiency. Some organic molecules and transition 

metal complexes satisfy these requirements.  
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Figure 1.1: General diagram of an organic light emitting diode (OLED). Emissive layer and 
conductive layer consist of organic molecules or polymers.  
 

Electronic charge in organic polymers and small molecules is carried through the π-

orbitals of the organic compounds. The charge is carried along the π-system of the conjugated 

chains and, in smaller molecules, the charge can hop from one molecule to another through 

interacting π-orbitals from different molecules. Supramolecular ordering of the small molecules 

can influence this.19 Although, the underlying mechanism of charge transport in organic 

materials is not well understood, there has been extensive investigation, both theoretically and 

experimentally into the process.19, 20 

 

With their versatility and cost-efficiency, organic electronics have the potential to 

revolutionise technology, compared to inorganic electronics. Although tremendous progress 

has been made, there are still challenges to overcome.21 The presence of impurities in organic 

materials can significantly disrupt the charge carrying ability, the packing of the molecules in 

the film can affect the material’s charge mobility, and solubility of the organic compounds for 

application is also an issue. Researchers continue to attempt to overcome these problems, as 

organic electronic devices find a place beside traditional silicon-based devices. 

 

 

1.2 Polycyclic aromatic hydrocarbons  

 

Polycyclic aromatic hydrocarbons (PAH’s) have had considerable attention and are a 

growing area due to their rigid planar structures, high stability and their optical properties.22 

These molecules are suitable for a range of applications in molecular electronics such as active 

Cathode 
 

Emissive Layer 
 

Conductive Layer 
 

Anode 
 

Substrate 
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components of solar cells, molecular wires, semi-conductors and ferromagnets.22-26 PAH’s are 

a large class of molecules which contain multiple aromatic rings fused together. The PAH’s 

can be differentiated by the ability of the π-electrons to be assigned according to the Clar sextet 

rule.27 Clar developed a simple system to estimate the stability of a PAH; it states that, the most 

stable PAH’s are ones with the highest proportion of π-electrons assigned to a specific C6 rings 

in groups of 6π-electrons of any or a group of isomers. A benzenoid hydrocarbon is known as 

‘all-benzenoid’ if the Clar formula contains only aromatic sextets with no double bonds. The 

smallest of the all-benzenoid PAH’s is triphenylene (1.1) represented as three aromatic rings 

connected by three single carbon-carbon bonds (Figure 1.2). The four fused isomers of 

triphenylene cannot be drawn using only Clar sextets, but as two Clar sextets for molecules 1.2, 

1.3 and 1.4 and as one Clar sextet, represented as molecule 1.5. An example of a smaller 

benzenoid molecule, phenanthrene has one structure having two sextets (1.6), while the other 

resonance structure has just one central sextet (1.7). Using the Clar sextet rule for phenanthrene, 

molecule 1.6 has greater aromatic character with more stability making the double bond that is 

not part of the Clar sextet more reactive toward addition and oxidation reactions. This structure, 

1.6, is so-called the ‘Clar structure’ of phenanthrene.  

 

 
Figure 1.2: Illustration of the smallest all-benzenoid PAH, triphenylene (1.1) and its four fused 
isomers (benzo[c]phenanthrene 1.2, chrysene 1.3, benz[a]anthracene 1.4, tetracene 1.5), as well 
as, two resonance structures of phenanthrene and their corresponding Clar aromatic π-sextets 
(1.6 and 1.7).  
 

The all-benzenoid PAH’s and other large aromatic compounds have become the subject 

of interesting materials for organic electronics due to their packing ability and interactions 

between the two-dimensional layers. Graphite has an infinitely conjugated π-stacked, three-

1.1 1.2 1.3 1.4

1.5 1.6 1.7
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dimensional aromatic framework consisting entirely of sp2-hybridised carbon atoms. Graphene, 

a single layer of graphite, has raised huge interest in the scientific community due to its 

properties. Sheets of graphene can be considered as building blocks for creating carbon 

materials as it is one of the lightest and strongest materials with the ability to conduct electricity, 

as well as it being thin and flexible.  

 

Graphene is a versatile material that can be integrated into a large number of 

applications such as optoelectronics (such as OLEDs), ultrafiltration and composite materials, 

photovoltaic cells and energy storage.28, 29 The conjugated system in graphene and its 

derivatives are important for these components to be successful as materials in devices, as well 

as relying on the ability to form columnar (super)structures with interactions between the 2-

dimensional layers. Different methods have been explored to obtain high quality, single layer 

graphenes of varying sizes, these can be divided into ‘top down’ and ‘bottom up’ methods. 

 

 

1.2.1 Approach 1 “the top-down method” 

 

There have been several methods explored in obtaining single layers of graphene. In 

2004, Geim and Novoselov first isolated a single layer of graphene by micromechanical 

exfoliation, which is now more commonly known as the “scotch-tape” method.30 Their 

development in this area won them the Nobel Prize in Physics “for groundbreaking experiments 

regarding the two-dimensional material graphene” in 2010.31, 32 This led to a great advancement 

in single layers of graphene being formed by oxidation and subsequent reduction on a large 

scale. The synthesis of graphene oxide has been developed through chemical routes based on 

oxidative exfoliation methods, however the exact structure of graphene oxide is difficult to 

determine33 and the oxidised groups break the conjugated network and the π-electron 

conductivity.34 

 

 

1.2.2 Approach 2 “the bottom-up method” 

 

Organic synthesis has been employed to form small molecules that resemble part of 

graphene.35 This approach uses organic synthesis which allows control over size and shape of 

the molecules formed. These methods have been employed in this research to synthesise 

graphene-type derivatives.  
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The most intensively studied PAH is hexa-peri-benzocoronene (HBC) due to its 

synthetic accessibility upon cyclodehydrogenating hexaphenylbenzene thus allowing the ability 

to prepare a range of derivatives.36 Organic synthesis gives intimate control of the size and 

shape of the HBC derivatives and the size of the core has significant effects on the 

optoelectronic properties. It has been proven that hydrogenation and intercalation of calcium 

(Ca insertion) could be used to create novel HBC-based systems with enhanced functionality.37 

HBC was first synthesised in 1958, however only low yields were obtained.38 In 1995, Müllen 

and co-workers utilised oxidative cyclodehydrogenation to obtain HBC in higher yields.39 

There are two main methods to form HBC derivatives, shown in Scheme 1.1, which both 

employ cyclodehydrogenation as the final step. This requires the use of a Lewis acid and an 

oxidant and has been significantly reported in the literature for the synthesis of many HBC’s 

and its derivatives.39, 40  

 

 

 
Scheme 1.1: The most common routes to symmetric HBC and lower symmetry HBC’s. General 
synthetic route to form (a) symmetrical HBC’s; (b) non-symmetrical HBC’s. The new bonds 
formed are shown in bold.  
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1.3 Nitrogen Containing PAHs  

 

Nitrogen containing PAH’s are of particular interest since heteroatoms influence the 

electronic nature of the molecules.41 The systematic replacement of carbon atoms with 

electronegative nitrogen atoms in LED application has been a subject of interest due to the 

enhancement of the carrier transport of the system and opens new possibilities for device 

applications. The first polycyclic heteroaromatic molecules can be tracked back to the initial 

investigations of natural and synthetic dyes. Moreover, the research on large polycyclic 

heteroaromatics gained traction after the discovery of graphene and with the prospect of its 

application in molecular electronics. The use of graphene as a semiconductor is limited by its 

problematic production and handling and the non-zero bandgap makes large-area graphenes 

unsuitable in organic field-effect transistors (OFETs). The band gap can be opened by graphene 

nanoribbons or as graphene quantum dots (nano-graphenes). Bottom-up synthetic approaches 

can be utilised in preparing uniform atomic-level structures which has been demonstrated by 

many researchers.28, 42 Many fused heterocyclic systems, which have uniformed structures and 

electronically tuneable features, have been widely studied and are known as ‘doped 

nanographenes’.41 By modifying the topology, it is possible to control the electronic structure, 

including the band-gap, optical spectra, photoluminescence and redox behaviour. Furthermore, 

depending on the number of heteroatom donors, the molecules can bind metals through 

monodentate, chelating or macrocyclic coordination modes. Such complexes have been 

investigated for their photophysical properties, biological activity and supramolecular 

behaviour. 

 

 Heteroaromatic-coronene derivatives were reported as early as the 1950’s.43, 44 In recent 

years, the inclusion of heteroaromatic rings in π-conjugated systems has tracked interest in 

nanographene chemistry. Edge-doped heterocoronenes containing nitrogen or oxygen atoms, 

internally doped coronene frameworks and boron-doped nanographenes have been studied.41  

 

The first successfully edged-doped azacoronene was 1,2-diazacoronene (1.8) by Tokita 

et al.45 (Figure 1.3). However, it is poorly soluble in common organic solvents and has similar 

electronic spectra to that of coronene.45 A more recent report by Cheng, Xiao et al. has shown 

the syntheses of diimides (1.9 and 1.10) that are fluorescent, and electrochemical data revels 

that these compounds can accept up to two electrons, revealing that they might be suitable as 

n-type semiconductor materials.46 Both isomeric derivatives showed self-assembly into ordered 

nano-belts.46 A similar derivative with imidazole (1.11) and 1,2,4-triazole (1.12) rings was 
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obtained by photocyclisation. The former compound was able to self-assemble into one-

dimensional nanostructures as a result of strong π-π stacking interactions, whereas the latter 

derivative lacked the capability for self-assembly into one-dimensional structures. This 

indicates the potential to control the self-assembled nature of the π-extended cores with 

appropriate selection of fused heterocyclic rings.47  

 

 
Figure 1.3: Examples of heteroaromatic-coronene derivatives reported in the literature. The 
new carbon-carbon bonds formed during the final photocyclisation reaction to form the 
molecule are shown in bold. (R = 1,2-diisopropylphenyl).  
 

The inclusion of four nitrogen atoms was reported by Hurley et al. forming 1,4,7,10-

tetraazacorenene (1.13)48 and a decade later, Tokita et al. reported the synthesis of 1.14, by a 

hetero-Diels-Alder cycloaddition between perylene and diethyl azodiacarboxylate to produce 

the tetraester, followed by the removal of the ester groups, with simultaneous oxidation of the 

NN-bonds forming a bis(pyridazino)-fused perylene derivative (1.14), as shown in Scheme 

1.2.45 This was subsequently extended by the Müllen group by utilising a two-fold Diels-Alder 

reaction.49-51 
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Scheme 1.2: Synthesis of 1.14 reported by Tokita et al.45  
 

 Müllen and co-workers further extended their N-doping to annularly fused 

hexapyrrolohexaazacoronenes.52 The authors employed the oxidative cyclodehydrogenation 

reaction in iron(III) chloride. Density Functional Theory (DFT) calculations predicted bowl-

like shaped structures but interestingly the molecules (e.g. 1.17) show planar structures in the 

single crystal X-ray diffraction analyses (Figure 1.4).53 Further investigation by Müllen et al. 

performed oxidative coupling on mixed pyrrole-arene precursors.54  

 

 
Figure 1.4: Annularly fused hexapyrrolohexaazacoronenes, N-heterosuperbenzenes and 
terpyridine fused coronene derivatives. The new carbon-carbon bonds formed through 
oxidative cyclodehydrogentation are shown in bold. (R = trifluoromethylphenyl R1 = tbutyl) 
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 Draper and coworkers reported the first member of the “N-heterosuperbenzene” family, 

(1.18).40 The compound was synthesised by a Diels-Alder cycloaddition reaction between 

tetraphenylcyclopentadienone and di(pyrimidine-3,5-yl)acetylene, followed by 

cyclodehydrogenation. Different conditions were explored for the latter step, which resulted in 

a mixture of 1.18 and 1.19. The compounds showed good solubility and strong emission bands 

that were quenched by gradual addition of trifluoroacetic acid. The specific heteroatomic 

placement allowed for subsequent coordination of ruthenium(II) and palladium(II).55, 56 

Terpyridine-containing derivatives (1.20 and 1.21) were also prepared by Draper et al., 

employing the same reaction conditions as for the pyrimidine derivatives.57 However, lower 

yields were obtained which showed the lower reactivity of pyridyl rings in the Scholl reaction. 

Photochemical cyclisation may offer an alternative route for the synthesis of these types of 

molecules.  

 

 Chevron-shaped graphene nanoribbons consisting of fused 2-aza or 2,5-diaza-HBC 

subunits were synthesised by Bronner, Hecht, Tegeder et al.58 as shown in Scheme 1.3. A 

subsequent synthesis by Müllen, Fasal and coworkers prepared another example of the 1,3,4,6-

tetraaza-HBC subunit as well as alternating undoped and nitrogen doped segments.59 These 

structures show similar behaviour to systems containing traditional p-n junctions. 
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Scheme 1.3: Synthesis of chevron-shaped graphene nanoribbons reported by Tegeder et al.58  

 

 The selection of examples of nitrogen containing PAHs described here give an insight 

into the versatility and increased solubility these molecules exhibit compared to their 

hydrocarbon derivatives. In addition to doping of molecular precursors using the bottom-up 

technique allows a well-defined site selection and adds another powerful item to the toolbox of 

band gap engineering of graphene nanostructures. This contributes to controlling their 

properties and subsequent technological applications of these types of systems. Although there 

are still synthetic challenges to overcome, this is a promising area for the development of new 

organic-based electronic materials.  

 

 

1.4 Acenes  

 

Acenes are the most extended class of fused PAHs, typically described by the fewest 

localised resonant sextets per the number of aromatic rings present in the molecule (Figure 

1.5).60 Naphthalene (1.22) is the smallest planar PAH, as well as the smallest acene. Anthracene 

NN

BrBr

NN

NN

NN

NN

NN

NN

NN

NN

250°C

440°C



 13 

(1.23) is the second smallest and is extracted from coal or anthracene oil. The synthesis of larger 

acenes, such as tetracene (1.24), pentacene (1.25), hexacene (1.26) and heptacene (1.27), 

require multistep processes although the stability of these larger acene pose synthetic 

challenges.61, 62  

 

 
Figure 1.5: Examples of polyacenes.  
 

Many different methods for the synthesis of acenes have been reported, however a few 

will be highlighted below. The formation of anthracene, tetracene and pentacene has been 

reported to occur via a dehydrogenation of the dihydroacene (9,10-dihydroanthracene, 5,12-

dihydrotetracene, 6,13-dihydropentancene) with copper at 350 – 400°C, or alternatively 

through the reduction of the quinone in Zn/toluene, HCl/SnCl2 or Al/HgCl2/cyclohexanol for 

9,10-anthraquinone, 5,12-tetracenequinone and 6,13-pentacenequinone, respectively (Scheme 

1.4).63-66  

 

 
Scheme 1.4: Synthesis of anthracene, tetracene and pentacene via dihydroacenes or the 
corresponding quinones. (i) Cu, 350 – 400°C; (ii) Zn/H2 or HCl/SnCl2, THF or Al/HgCl2, 
cyclohexanol, CCl4.  
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Anthony and Bowles developed a method to synthesise tetracene through the reaction 

of 2,3-disubstituted naphthalenes and anthracenes involving a Bergman cycloaromatization 

with 1,2-cyclohexadiene as a hydrogen atom source (Scheme 1.5).67  

 

 
Scheme 1.5: Method developed by Anthony and Bowles to synthesise tetracene (1.24).67  
 

The synthesis of functionalised acenes have been reported to occur through a variety of 

routes. In most cases, functionalisation of acenes is done in an effort to increase the solubility 

and stability of compounds.  

 

Acenes have received considerable attention, as a result of their attractive electronic 

properties and promise for application in organic semiconductors. Acenes have the smallest 

HOMO-LUMO gap relative to other hydrocarbons with similar number of aromatic rings.60, 68 

As the length of the acene increases from naphthalene to heptacene (1.22 – 1.27), the HOMO-

LUMO gap decreases.68, 69 The larger acenes, from tetracene to heptacene have many 

fascinating properties which have attracted intense research efforts for their semiconducting 

behaviour (see Section 1.9 on singlet fission).60, 70, 71 Studies have shown that they have low-

lying HOMO energy levels and strong electronic interactions in the solid state, thus make them 

promising organic semiconductors. Other properties include decreasing reorganisation 

energy,72 increasing carrier mobility73 and increased band width.74 The packing behaviour of 

the acene molecules have been thoroughly investigated, showing good π-π overlap in the solid 

state, resulting in a herringbone crystal packing pattern for pentacene and its derivatives.61 

Functionalised acenes have been shown to have unique and profound electronic properties in 

comparison to unfunctionalized analogues.60, 75  
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As discussed, the number of Clar sextets can increase the stability of a PAH. Acenes 

have only one Clar sextet irrespective of the length of the fused system. This is because the 

aromaticity is shared along the length of the acene and only one ring can be assigned as a sextet 

on a given canonical form. As the length of the acene increases, there is more resonance 

delocalisation over a larger number of rings, and thus decreases the overall aromaticity of the 

larger acenes. Despite this, the instability of the molecules is well documented and it has been 

suggested that the instability of larger acenes is due to the formation of a singlet open-shell 

diradical in the ground state (Figure 1.6).76  

 

 
Figure 1.6: Potential closed-shell (1.26), open-shell triplet diradical (1.26-A) and open-shell 
singlet diradical (1.26-B) configurations for hexacene.  
 

The instability of these compounds leads to photochemical dimerisation and [4+4] 

cycloaddition reaction occurring, as shown in Scheme 1.6. The dimerisation of acenes might 

be facilitated by the open-shell singlet state described above. Another reason for this reaction 

occurring is that the resulting structure contains four aromatic sextets (Scheme 1.6). The 

increased stability of the product partly determines the reactivity of the individual rings in the 

acene. The reaction of anthracene and pentacene occurs at the middle ring; for example, 

bromination of anthracene occurs in the middle ring producing two aromatic phenyl rings 

(Scheme 1.6a). The acene family present other challenges, as they can react in the presence of 

light (Scheme 1.6b) and oxygen (Scheme 1.6c), and poor solubility and stability of larger acenes 

in common organic solvents limit their solution characterisation. In an effort to avoid such 

obstacles, functionalising the acene core with bulky substituents and electron withdrawing 

groups in various positions increases solubility and/or stability. The electronic withdrawing 

groups lower the energy of both the HOMO and LUMO and the lower energy of the HOMO 

provides thermodynamic stability of acenes towards oxygen induced decomposition. Some 

functionalised acenes with improved stability are used in photovoltaics (Chapter Four).60, 62, 76, 

77 

1.26 1.26-A 1.26-B
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Scheme 1.6: Reactivity of anthracene and challenges presented with larger acenes. (a) 
Bromination of anthracene at the central ring; (b) dimerisation of pentacene; (c) reaction of 
pentacene with oxygen.  
 

 

1.5 Oxidative cyclodehydrogenation and the Scholl reaction  

 

Forming carbon-carbon bonds through oxidative cyclodehydrogenation is a common 

way to acquire large fused planar PAH’s. It involves two neighbouring C-H groups where there 

is a loss of H2 with subsequent cyclisation. The reaction requires a Lewis acid, commonly 

aluminium chloride (AlCl3) or ferric chloride (FeCl3). Triphenylene (1.1) can be produced by 

intramolecular bond formation via oxidative cyclodehydrogenation, shown in Scheme 1.7.78 

However, oxidative cyclodehydrogenation can also be achieved through alternative conditions 

such as BF3.OEt2,79 MoCl5 with or without TiCl4,80, 81 (CF3COO)2IC2H5 (PIFA)/BF3.OEt2,81, 82 

Pb(OAc)4/BF3.OEt2,83 DDQ/TFA,83 K/toluene84 or ceric ammonium nitrate 

([Ce(NO3)6](NH4)2].85  
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Scheme 1.7: General scheme for the oxidative cyclodehydrogenation of triphenylene. The new 
carbon-carbon bond formed is shown in bold.  
 

This type of reaction was first reported in the late 1800’s,86 however, is more commonly 

known as the Scholl reaction and is the final reaction step for the synthesis of many PAH’s.30, 

87, 88 Pioneers in this area, Scholl and Mansfield, reported the transformation of a quinone (1.31) 

to the π-extended quinone (1.32) by treatment with an excess of neat anhydrous aluminium 

chloride with heat, as shown in Scheme 1.8. They also reported that the dehydrogenation of 

binaphthalene, with a 15% yield, was observed under the same conditions. The conditions used 

are quite harsh and extensive research into improving the reaction, by investigating milder 

conditions, has led to further developments over the years.  

 

 
Scheme 1.8: Oxidative cyclodehydrogenation observed by Scholl and Mansfeld in 1910. The 
new carbon-carbon bond formed is represented in bold.  
 

Cyclodehydrogenation has been utilised since the early 1920’s in industrial syntheses 

of many anthraquinone-derivative dyes. Then focus, after World War II, shifted to the synthesis 

of extended aromatic hydrocarbons. This reaction was originally performed as a melt with 

AlCl3 as the Lewis acid under aerobic conditions. Improvements of the synthesis with the use 

of a AlCl3/NaCl melt89 and other variations of AlCl3 with pyridine,90 dichlorobenzene and 

trichlorobenzene,91  sulfur dioxide,92  tin chloride,93 NaCl/ZnCl2,94 have been used to improve 

the yields and selectivity of particular conversions. A major advancement of the reaction was 
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when copper replaced oxygen as the oxidant using a copper chloride melt.95  Müllen and 

coworkers made major improvements with the reaction taking place at room temperature with 

AlCl3, a copper salt (CuCl2 or Cu(OTf)2) and the addition of carbon disulfide.39,96  

 

Alternative reaction conditions use ferric chloride (FeCl3) for oxidative 

cyclodhydrogenation. FeCl3 is employed as a Lewis acid for catalysing reactions and also as a 

one-electron oxidant in the reaction. It is a milder cyclodehydrogenating agent than aluminium 

chloride and is utilised for its mildness leading to increased yields. FeCl3 was first noted in the 

literature in the 1870’s and influential discoveries include oxidation of 2-naphthol to 1,1’-bi-2-

naphthol with FeCl3 with a high yield obtained, as reported by Dianin.87, 97  

 

The difference in reactivity between, AlCl3/CuCl2 and FeCl3 for oxidative 

cyclodehydrogenation has been investigated for a range of carbon systems. It has been observed 

that slightly altering the reaction conditions can favour formation of one oxidative 

cyclodehydrogenation product over another. For example, Müllen and co-workers published a 

study on 3-(1-naphthyl)perylene undergoing intramolecular oxidative cyclodehydrogenation 

with the formation of two different products, depending on the reaction conditions. In the 

presence of FeCl3 in dichloromethane, the formation of compound 1.33 formed in 46% yield 

from compound 1.34, while an equivalent reaction of compound 1.34 with AlCl3 in 

chlorobenzene gave compound 1.35 in 43% yield, as shown in Scheme 1.9.98 This observation 

emphasised that the cyclisation of aromatic hydrocarbons proceeds via different mechanisms, 

depending on the oxidising and non-oxidising Lewis acids employed.  

 

 
Scheme 1.9: Different intramolecular oxidative cyclodehydrogenation products from AlCl3 and 
FeCl3 and starting material, 1.34.  
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 Oxidative aromatic coupling proceeds through a radical cation mechanism and is 

sensitive to the distribution of electron density. Numerous examples show that the reaction 

proceeds (i) if the overall electron density of the aromatic molecule is relatively high and (ii) 

only at the position where the electron density is the highest. The naphthylisoquinoline is an 

example that emphasises this fundamental mechanistic difference (Scheme 1.10).84, 87 The 

reaction does not proceed in the presence of FeCl3 at 25°C and 80°C from precursors 1.36 or 

1.37. However, 1.36 reacts with AlCl3/NaCl to afford 1.38 in reasonable yield (68%). In 

contrast, 1.37 requires an electrophilic attack at position 1 of the isoquinoline, which is very 

electron poor, and therefore the reaction does not proceed with the same conditions. Successful 

cyclodehydrogenation can be achieved as a Lewis-acid free mixture, using potassium in dry 

toluene.84 Incorporating heteroatoms into the skeleton is an intriguing target as it introduces a 

variety of intermolecular interactions which are essential to achieve device performance and, 

as previously mentioned, the ability to bind metal atoms.  

 

 
Scheme 1.10: Conditions explored for the formation of 1.38.  
 

Other transition metals and oxidants have been used in intramolecular oxidative 

cyclodehydrogenation of compounds that only contain carbon.87 Nitrogen containing 

compounds with successful oxidative cyclodehydrogenation, have only been seen with the use 

of FeCl3, AlCl3/CuCl2 and K/toluene as reagents.40, 55, 84 

 

 

1.6 Photochemistry  

 

Photochemical cyclisation is another useful way to carry out oxidative 

cyclodehydrogenation for carbon-carbon bond formation.99, 100 This approach was first noted 

for stilbenes and related diarylethenes in the 1940’s - 1950’s.101 However, the reaction did not 

become feasible until Mallory’s discovery in 1964 that the reaction could be catalysed by 
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iodine.102, 103 This process involves the use of photons and an oxidant in the presence of an 

iodine catalyst to promote intramolecular oxidative cyclodehydrogenation. Photochemical 

isomerisation of the double bond in stilbene has been extensively studied.104, 105 It has been 

noted that stilbenes can be used as isomeric mixtures in the photocyclisation, but only the cis-

isomer is capable of cyclisation, shown in Scheme 1.11.105 The E-Z isomerism (1.39 to 1.40) is 

a reversible reaction requiring light. When iodine is added to the system, the Z-isomer (1.40) 

undergoes an intramolecular cyclisation reaction (Scheme 1.11). This transition state is unstable 

and non-aromatic, therefore it is short-lived.  

 

 
Scheme 1.11: Photochemical cyclisation of stilbene to form phenanthrene.  
 

Improvements to this method were published in 1991 by Katz and co-workers.106 They 

found that when the amount of iodine was increased in the reaction mixture to effect the 

oxidation, with excess propylene oxide in the absence of air, the amount of isolated product 

increased. The addition of propylene oxide prevents hydrogen iodide from photo-reducing the 

double bonds and the absence of air prevents photooxidative side reactions.106 The Mallory 

reaction is somewhat sensitive to steric effects of the substituents, but can be determined by 

statistical distribution.100 

 

Photocyclisation can become a useful way of promoting the carbon-carbon bond 

forming reaction where the Scholl reaction fails to do so. Dehaen and co-workers published an 

example of this in 2013, where different conditions were investigated to form α-substitued 

dithienylbenzene (1.41). The photocyclisation reaction was the only condition to yield the 

product (1.42), as shown in Scheme 1.12.107 The other conditions employed led to unwanted 

polymerisation. Some functionalities are incompatible with the Scholl conditions or 

photocyclisation, though Nuckolls and co-workers have combined both methods to successfully 

synthesise HBC dervivatives.108  
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Scheme 1.12: An example where photocyclisation was successful and where the use of other 
conditions did not yield the desired product (acid = MeSO3H or BF3.Et2O).  
 

 

1.7 Supramolecular chemistry  

 

Supramolecular chemistry has been defined by Jean-Marie Lehn as “the chemistry 

beyond the molecule, is the designed chemistry of the intermolecular bond”.109 In 1987, the 

Nobel Prize in Chemistry was awarded to Cram, Lehn and Pedersen for “their development and 

use of molecules with structure-specific interactions of high selectivity”. This established 

supramolecular chemistry as a well-accepted discipline. More traditional molecular chemistry 

is focused on atoms held together by strong covalent bonds, in contrast supramolecular 

chemistry concerns the weaker interactions between molecules that give rise to larger 

assemblies. The weak interactions are non-covalent forces, which include hydrogen bonding, 

π-π stacking, electrostatic and van der Waals forces; their principle characteristics are shown in 

Table 1.1. Although individually these interactions are weak, when a large number of them are 

employed the forces allow the formation of robust structures. The interactions relevant to this 

research are discussed further below.  

 

Supramolecular systems are made from building blocks that are linked by these non-

covalent interactions, facilitating the formation of supramolecular architectures. Various 

applications of supramolecular chemistry have been explored, including molecular machines 

and sensors, drug delivery, chemical catalysis and gas adsorption to name a few.110-113 This area 

of chemistry overlaps different disciplines including organic, coordination, biological, 

materials and physical chemistry. 

 

 

 

C8H17O

C8H17O

S

S

FeCl3, CH2Cl2/CH3NO2

C8H17O

C8H17O

S

S

DDQ/acid/CH2Cl2

hv, I2, toluene

X

X

1.421.41



 22 

Table 1.1: Key bonding interactions, bond lengths and energies that are commonly encountered 
for metallosupramolecular interactions.114-117 Hydrogen bonding interactions can exhibit bond 
dissociation enthalpies of over 150 kJ mol–1, however the scope of these interactions lies outside 
of this work.114 

Interaction Type Distance Range (Å) Energy Range (kJ mol-1) 
Coordination Bond ~1.8 – 2.5 ~ 50 – 500 

Classical Hydrogen Bond 
(N, O donor/acceptor atoms) 

≤ 3.2 (D···A) 10 – 30 

Non-classical Hydrogen Bond 
(C, N, O donor/acceptors) 

3 – 3.5 (D···A) 8 – 15 

C-H···π interaction 
(edge-to-facea) 

3.5 – 3.8 (C···π) 2 – 8 

π-π 
(Offset face-to-facea) 

3.3 – 3.8 (interplanar) 2 – 50 

a Terms explained in π-π interactions below. 
 

Supramolecular chemistry can be split into two broad categories; host-guest chemistry 

and self-assembly (Figure 1.7). The difference between the two are the size and shape of the 

systems involved. If one molecule is significantly larger than another, it can ‘wrap’ itself around 

it giving the term ‘host’ with the smaller molecule as the ‘guest’. If there is no significant 

difference in size, the non-covalent interactions between the species is given the term self-

assembly. In this work there is particular interest in the self-assembly between complementary 

molecules, in addition to the inclusion of metal atoms in the self-assembly process (see Section 

1.8, metallosupramolecular chemistry).  

 

The self-assembly process is usually spontaneous but may be influenced by solvation 

or templating effects, or, in the cases of solids, by nucleation and crystallisation processes. Self-

assembly refers to the capacity of various systems to self-organise to give the energetically 

favoured thermodynamic product over kinetically favourable products.118 The organization 

requires self-corrective capability, which is possible when the formation of the interactions 

giving rise to the assembly process are reversible. Reversibility arises from the weaker 

interactions in the system, such as the interactions previously described. The spontaneous self-

organisation of a number of components forms a single aggregated structure which is generally 

efficient because the products are usually both enthalpically and entropically favoured.109 

Nature itself has many examples of supramolecular systems, e.g. DNA, which give 

supramolecular chemists inspiration for the design and development of supramolecular 
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architectures. The directionality and possibility to tune the dynamics of hydrogen bonds are 

among the most interesting assembly units for supramolecular polymers. 

 

 

 
 
Figure 1.7: Supramolecular systems formed from molecular building blocks. Representation of 
the two categories (a) host-guest chemistry, (b) self-assembly between complementary 
molecules.  
 

 

1.7.1 Hydrogen Bonding  

 

Hydrogen bonding is one of the most important non-covalent interactions in the design 

of supramolecular architectures because of its strength and high degree of directionality. It 

represents a special kind of dipole-dipole interaction between a proton-donor (D) and a proton 

acceptor (A). There are different geometries that can be adopted in a hydrogen bonding 

complex. The potential geometries are displayed in Figure 1.8. The geometry of a hydrogen 

bond and the type of donor and acceptor groups determine the strength, length and nature of 

the interaction. Hydrogen bonding can be divided into three broad categories (strong, moderate, 

weak) and the properties are listed in Table 1.2. Stronger hydrogen bonds have similar character 

to a covalent bond, where the H-atom is located between the D and A atoms, forming a linear 

type arrangement. Moderate hydrogen-bonds can have a slightly bent geometry, and the 
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interactions in DNA and alcohols can be classified in this category. Weak hydrogen bonds have 

bond angles less than linear and can form perpendicular interactions (see Section 1.7.2).  

 

 
 

Figure 1.8: Possible geometries of hydrogen bonding in a complex. (a) linear; (b) bent; (c) 
donating bifurcated; (d) accepting bifurcated; (e) trifurcated; (f) three centred bifurcated.  
 

Table 1.2: Hydrogen bonding interactions and their properties (D = donor; A = acceptor). 
Interactions / property Strong Moderate Weak 

D-H ··· A Mainly covalent Mainly electrostatic Electrostatic 
Bond energy / kJ mol-1 60 – 120 16 – 60 < 12 

Bond length / Å 
H ··· A 
D ··· A 

 
1.2 – 1.5 
2.2 – 2.5 

 
1.5 – 2.2 
2.5 – 3.2 

 
2.2 – 3.2 
3.2 – 4.0 

Bond angle / ° 175 – 180 130 – 180 90 – 150 
 

Nishio et al. reviewed the different types of hydrogen bonding and the following is a 

description of each (i) classical bond, where the X is an electronegative atom, oxygen, nitrogen 

or fluorine, and due to the polarity of the X in the X-H bond results in a positively charged 

hydrogen atom; (ii) a weaker nonclassical hydrogen-bond, X-H ··· π, where again X is an 

electronegative atom and the π system acts as a H-acceptor; (iii) C-H ··· n, where the carbon 

acts as a proton donor and a lone pair of electrons on n as the acceptor; (iv) an even weaker 

molecular force C-H ··· π interactions involving a sp3 or sp2 CH group as the H-donor 

interacting with a π system, this interaction is also referred to as a π-π edge-to-face interaction 

(Figure 1.9b).  

 

(a)         (b)         (c) 

(d)         (e)         (f) 
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1.7.2 π-π interactions  

 

 There are two types of π-π interactions found in supramolecular systems and these are 

prevalent in nature, with the classic example being DNA. In supramolecular chemistry, 

aromatic rings can π-stack in a similar way to the helical stacking of the base pairs in DNA. 

The two categories for π-π interactions are cation-π and π-π interactions. The former is well 

known in the field of organometallic chemistry, whereby olefin groups bind to transition metal 

centres. These interactions are not regarded as non-covalent interactions e.g. Ziese’s salt. The 

latter interaction (π-π) can be divided into two types, face-to-face whereby the parallel ring 

systems are separated by ca. 3.5 Å are offset and the interaction is between the centre of one 

ring (centroid) and the atom of another (Figure 1.9a); and edge-to-face where the hydrogen 

atom from one ring interacts in a perpendicular orientation with respect to the centre of another 

ring (Figure 1.9b). These interactions arise from the attraction between the negatively charged 

π-electron cloud of one conjugated system and the positively charged s-framework of a 

neighbouring molecule. An example of this is graphite, held together by weak face-to-face π-

interactions.  

 

 
 

Figure 1.9: The configurations of the benzene dimer showing π-π stacking occurring between 
the aromatic rings (a) face-to-face and (b) edge-to-face interactions.  
 

 

1.8 Metallosupramolecular Chemistry 

 

Metallosupramolecular chemistry is a subsection of supramolecular chemistry which 

involves the use of bridging organic linkers in combination with metal ions to create discrete 

or polymeric assemblies. In 1994, Constable introduced the term ‘metallosupramolecular’ 

which described the self-assembly of metal-mediated structures.119, 120 The control over the self-

assembly process is based on the coordination requirements of the metals employed and the 

(a)         (b) 
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relative positions and number of the donor atoms (denticity) and the angular orientation in the 

organic components.  

 

The interactions between the metal and ligand are usually much stronger than the weak 

interactions present in supramolecular assemblies. The metal-to-ligand bonds need to be weak 

enough to allow for reversibility during the self-assembly process, but robust enough to form 

the stable supramolecular architecture. The strength of the interaction is dependent on both the 

metal and ligand. A vast number of metallosupramolecular aggregates have been investigated 

with a large variation in the topologies found. Not only do these architectures have diverse 

aesthetically pleasing structures, they also possess interesting physical and chemical properties. 

 

The ligand design is an important factor is determining the overall supramolecular 

assemblies. Nitrogen containing heterocyclic molecules are the most commonly utilised as the 

organic linkers to bind to the metal ion. Ligands can be designed to bridge two or more metal 

atoms, forming architectures with multiple metal centres and the distances between these metal 

centres can be achieved through the length of the ligand (ranging from 7 to 20 Å), as shown in 

Figure 1.10.114 The most commonly used biheterocycle in coordination chemistry is the 

chelating bidentate ligand, 2,2´-bipyridine (Figure 1.10f).121 In contrast, the structural isomers 

of 2,2´-bipyridine, where the nitrogen atoms are situated in the 3,3´- and 4,4´- positions (Figure 

1.10, g and b, respectively), have been reported in a range of different topologies, both in 

discrete (to create larger internal cavities) and in polymeric assemblies.122-128 

 

 

 
 

 

Figure 1.10: A selection of organic linkers utilised in metallosupramolecular systems.  
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Common metallosupramolecular architectures, which have been extensively studied, 

are coordination polymers.129-133 The term ‘coordination polymer’ encompasses any extended 

structure based on metal atoms that are linked into an infinite chain, sheet or three dimensional 

architecture by bridging ligands. Molecular squares, hexagons, triangles and rectangles are also 

possible with selected metals with auxiliary ligands that provide ‘capping’ of the potential 

polymeric structures. Molecular hexagons require 120° angular bridged ligands which can be 

achieved through the metal or more commonly in the ligands. Triangles require an annular 

bridging ligand that provides a 60° angular component. Other novel supramolecular species, 

ranging from helicates and interlocked rings to coordination networks, are also possible based 

on the metal ions and the bonding properties of the polydentate ligands.  

 

The combination of bidentate ligands, where the ligands have a linear geometry, and 

two coordinate metal ions can often lead to one-dimensional coordination polymers.129 For 

example, the rigid ligand, 4,4´-bipyridine (Figure 1.10b) with silver(I) leads to a one-

dimensional coordination polymer (Figure 1.11a). Fujita et al. used the same rigid linear ligand, 

4,4´-bipyridine to form the first molecular square (Figure 1.11b) with palladium(II) 

ethylenediamine as the corners.126 A molecular cube was constructed using the same ligand 

(Figure 1.11c) and a facially capped ruthenium metal centre.134 Further developments have been 

made into the host-guest chemistry of such systems, capturing molecules for various 

applications by modifying the components involved. Nitschke et al. encapsulated white 

phosphorus in a M4L6 tetrahedron, rendering P4 air stable.111 
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Figure 1.11: Structural representation of the supramolecular assemblies formed with: 4,4´-
bipyridine, (a) one-dimensional coordination polymer; (b) two-dimensional molecular square; 
(c) three-dimensional molecular cube; and an example of a (d) three-dimensional tetrahedral 
cage.  

 

The ligands chosen are important factors in determining the structure of a 

supramolecular aggregation and are often designed and/or chosen accordingly. The metal atoms 

have different properties which allow the choices for a specific application. The metals chosen 

to prepare the assemblies usually have preferred coordination geometries and numbers which 

often dictate the structure observed. Figure 1.12 shows some common metal geometries 

encountered in metallosupramolecular chemistry. The particular geometries available to a metal 

ion is dependent on the number and arrangement of the d-electrons. In some examples, the 

metal ion can be used as a template135 and distortion around the metal centre is also commonly 

observed in the formation of supramolecular systems. 
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Figure 1.12: Coordination geometries of metal atoms commonly used in metallosupramolecular 
chemistry; (a) linear; (b) trigonal planar; (c) square planar; (d) tetrahedral; (e) square pyramidal; 
(f) trigonal bipyramidal; (g) octahedral; (h) pentagonal bipyramidal.  
 

The transition metal ions chosen for this study include cobalt(II), nickel(II), copper(I) 

and copper(II), zinc(II), ruthenium(II), palladium(II), silver(I), cadmium(II) and platinum(II). 

The d10–metal ions copper(I), silver(I), zinc(II) and cadmium(II) have no stereochemical 

preference for a specific coordination geometry, thus allowing the formation of a variety of 

structures from the same starting materials. Copper(I) and silver(I) are perhaps the most popular 

choice for the formation of metallosupramolecular assemblies.136 Silver(I) often coordinates 

with lower coordination numbers, commonly linear or trigonal planar geometries, however is 

particularly versatile in its coordination number (ranging from two to nine) and geometry.137-

139 In contrast, copper(I) shows a preference for a four-coordinate tetrahedral geometry. Both 

of these metals have been used extensively throughout the course of this research. The divalent 

metal ions, zinc(II) and cadmium(II) have also been utilised. The smaller zinc cation prefers 

tetrahedral or octahedral geometries whereas the cadmium cation, being larger, prefers 

octahedral or pentagonal bipyramidal geometries depending on the nature of the ligands and 

counter ions present in the complex. Other metal atoms that prefer specific coordination 

geometries have also been employed. The d9–metal copper(II) usually adopts larger 

coordination number and geometries, square-based pyramidal or distorted octahedral whereas 

the d8–metals palladium(II) and platinum(II) prefer a square planar geometry. Nickel(II) is also 

a d8–metal although has shown to form a range of different coordination numbers from four to 

six. Cobalt(II) usually adopts an octahedral geometry, however it has been shown to coordinate 

in the four or five geometries. Lastly, ruthenium(II) adopts an octahedral geometry. The 

(a)      (b)       (c)         (d) 

(e)      (f)       (g)         (h) 
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metallosupramolecular assemblies have functional properties including photophysical, 

photochemical, electrochemical and magnetic for applications such as molecular electronics,140, 

141 sensors,141-143 solid state memory,144 and for catalysis,141, 145, 146 due to the varied metal atoms 

they possess.  

 

In addition to the metal and the ligands used, the choice of anion and solvent can also 

influence the formation and type of the metallosupramolecular assembly.147 Non-coordinating 

anions, such as tetrafluoroborate (BF4–) and hexafluorophosphate (PF6–) anions, often occupy 

the free sites around the metal centre allowing for the maximum interaction between the ligands 

and metal ions present. However, coordinating anions, such as nitrate (NO3–), halides (Cl–, I–) 

and triflate (CF3SO3–), can affect the coordination number and geometry of the metal by 

interacting with the metal centre by chelating; binding through a single atom or bridging. As a 

result, the choice of anions and solvent can template the formation of supramolecular 

assemblies.  

 

A discussion of the self-assembly of similar metallosupramolecular complexes explored 

in this work can be found at the beginning of each chapter.   

 

 

1.9 Singlet Fission  

 

As the global demand for new and diverse clean energy production increases, it has 

become the pursuit of many researchers worldwide to improve and develop new and efficient 

systems. The vast majority of the global energy production is estimated to be over fifteen 

terawatts annually and most is generated by the combustion of fossil fuels. The consumption of 

fossil fuels, such as coal, oil and natural gas for energy production, has led to a measurable 

increase in greenhouse gases concentrations, including carbon dioxide.148  

 

An integrated network of renewable energy production (solar, wind, geothermal, tidal, 

hydroelectric etc.) and storage (batteries, hydrogen fuel, biofuels etc.) will be necessary in order 

to overcome geological resource limitations and produce a reliable, steady supply of energy to 

meet the worldwide needs. The sun is estimated to have about five billion years of fuel left, the 

output of energy is substantial and with this proportion of energy hitting the earth, we can meet 

global demands this way.  
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Sunlight consists of photons having a wide range of energies from 0.5 – 3.5 eV (infrared 

to UV, Figure 1.12), but current solar cells utilise a relatively small amount (about a third) of 

the total energy of the solar photons. This is because photons with energies below the optical 

bandgap (i.e. HOMO – LUMO transitions) are not absorbed and hence not utilised at all, while 

higher energy photons (termed hot carriers), the ones that have excess kinetic energy of the 

photogenerated electrons and holes (charge carriers) that are created above the bandgap, are 

lost as heat through electron-photon scattering resulting in hot electrons and hole cooling.148 

Both of these losses lead to an upper boundary on the thermodynamic efficiency of a single 

bandgap cells called the Shockley-Queisser limit.71, 149  

 

 

 

 

 
 

Figure 1.12: Spectrum of electromagnetic radiation. 
 

Major increases in thermodynamic conversion efficiency can be achieved through 

reducing or eliminating the energy loss from the cooling of hot carriers or by enabling the 

absorption of sub-band gap photons in solar photovoltaics. This has been coined the “third 

generation solar photon conversion”. Semiconductor quantum dots (QD’s) and multiple exciton 

generation (MEG) are approaches that in principle increase the conversion efficiency by one 

third in an ideal cell system. The MEG analogue, a photochemical process termed ‘singlet 

fission’ has been explored by Michl and Smith and has become a popular area for researchers 

in the last decade.70 The potential gain in conversion from molecules that can undergo singlet 

fission generates two-electron-hole pairs.  

 

Photovoltaic materials play an essential role in power generation on earth and therefore 

the search for more commercially efficient solar cells is crucial. Overcoming the limitations to 

photovoltaic efficiency, as first laid out by Shockley and Queisser, could lower barriers to 
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utilising solar power.150 The Shockley-Queisser theoretical limit to the efficiency of a single 

junction solar cell is only 32%. This is because some of the photons remain unabsorbed and 

because those absorbed convert to heat, the part of their energy that is in excess of the absorber 

band gap (Figure 1.13). There have been several ways proposed to avoid the latter loss. A 

process that increases the limit to 46% is to split the energy of photons that are high in energy 

into two, which produces two excitons that are both capable of charge separation, while using 

lower-energy photons. This splitting is known as singlet fission (SF) which is described in detail 

below.  

 

Silicon has been the main material in solar cells, which has dominated the market for 

decades. Silicon is generally abundant, stable, non-toxic and relatively efficient (Figure 1.13). 

However, the initial cost is high due to the preparation and manufacturing costs being 

significant. Although the cost continues to decrease as production volumes increase, 

purification and fabrication processes are optimised, and efficiency improved. Nevertheless, 

researchers are committed to discovering other materials with greater efficiency, longevity, 

energetic considerations and lowering the cost.  

 

 
Figure 1.13: Visual representation showing the minimum portions of sunlight energy losses for 
a silicon solar cell. These are the losses accounted for in the Shockley-Queisser limit and 
represents an upper limit for single-junction solar cells made from bulk crystalline 
semiconductors. Thermalisation represents the largest loss in the estimate. Extraction losses 
include both radiative recombination, as well as “entropic” losses to extract the excited 
electrons before they recombine.  
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Several other materials are feasible for solar energy, these include organic 

photovoltaics, dye-sensitized solar cells, quantum dots, semiconducting materials (CZTSSe, 

CdTs, CIGS, GaAs etc.), which have been investigated and are in current-producing solar cells. 

There continues to be a demand for new and improved solar cells to increase the efficiency, and 

one way that this can be achieved is through a process called singlet fission.  

 

 

1.9.1 The Singlet Fission (SF) process 

 

SF is a spin-allowed process that occurs when an organic chromophore is excited to its 

first excited singlet state, then shares its excitation energy with a neighbouring chromophore 

that is in its ground state resulting in the production of two triplet states. This process is 

extremely fast, usually taking place on a scale of picoseconds, or even femtoseconds.149 The 

process is spin-allowed due to the two triplets being coupled into an overall singlet as shown in 

Figure 1.14. The exact mechanism is not fully understood and is still being investigated.  

 

 

 
Figure 1.14: The process of singlet fission. (a) Two neighbouring organic molecules in their 
ground states S0. (b) In the first molecule, a high-energy photon is used to excite Molecules 1, 
creating a singlet state S1. (c) The first molecule excitation electron relaxes to a lower-energy 
triplet state T1 and in doing so, transfers/shares the energy to the second coupled molecule, 
which is excited to a triplet state T1. (d) The two T1 states each generate a free electron (e-) and 
hole (h+). Hence, one photon produces two electron-hole pairs – a two-for-one transaction.  

 

SF was observed in 1965 in the attempt to describe the photophysics of anthracene.151 

Singh et al. were studying the photophysics and excited-state dynamics of anthracene crystals 

using laser induced excitations while studying the fluorescence decays. The authors noted that 

the very fast fluorescence (30 nanoseconds at 300 K) were characteristic of singlet exciton 

hv SF 

(a)   (b)   (c)   (d) 
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decay, and the relatively weak delayed fluorescence involves intermediate triplet states (which 

were separated using sectored disks). It was concluded by the researchers that the triplet state 

at 14750 cm–1 can be populated three ways; one of which involves, via one photon, excitation 

of an electron into a singlet absorption band, followed by this singlet exciton converting to a 

triplet pair. The reason this was suggested was due to the absorbed activation energy of  

700 cm–1. This is now known as singlet fission.151  

 

A few years later in 1968, Swenberg et al. suggested that the process of the singlet 

exciton converting into two triplet excitons is important for the fluorescence quenching channel 

in crystalline tetracene. In addition, this process was tentatively proposed to account for the 

observed fluorescence efficiencies in anthracene, tetracene and pentacene.152 Then in 1969, 

researchers outlined the efficiency of singlet fission in tetracene. The experiments indicated 

that triplet-triplet annihilation process was observed in tetracene crystals, as well as a weak 

anti-stokes luminescence and delayed fluorescence upon exciting the crystals near the infrared 

light. They stated that SF was the dominant radiation-less decay pathway, and that SF rates are 

dependent on the magnetic field.153, 154 More in-depth studies were published in the early 

1970’s. SF was then discovered in 1980 in pink coloured Proteobacterium, Rhodospitillum 

rubum, in which carotenoid triplet formation occurs upon excitation at specific wavelengths 

and in 1989, studies showed SF was possible in the polymer, polydiacetylene.155, 156 Subsequent 

studies have been carried out over the years, however singlet fission has only recently become 

popular since this phenomenon can be used to increase the efficiency in solar cells.157  

 

 

1.9.2 Application in photovoltaic cells  

 

SF can be used and applied to solar cells to increase their efficiency.149 This was proven 

by a quantitative study in which indicated that the Shockley-Queisser limit, which is 32% for 

the efficiency of an ideal photovoltaic cell, could be increased to nearly 50% when the cell 

contains a sensitizer which is capable of undergoing SF.149, 150, 157, 158 When the two triplet states 

are formed after absorbing a photon of adequate energy and become independent of each other, 

this results in the production of separate electron-hole pairs. The electron and hole are two-

types of charge carriers responsible for current in semi-conductor materials. When photons of 

lower energy are absorbed in a second layer of an ordinary sensitizer, the absorption of a single-

photon will produce one electron-hole pair.149 Sensitizers that are capable of exhibiting singlet 

fission will result in an overall increase in efficiency of the photovoltaic cell.159  
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During SF, an excited singlet exciton splits into two triplet excitons each with 

approximately half the energy. This process could accentuate the performance of a lower 

bandgap semiconductor by generating photocurrent rather than losing excess photon energy to 

heat as shown in Figure 1.15. SF presents optimal bandgap potentials.149  

 

 
Figure 1.15: Theoretical maximum solar cell efficiencies of a standard dye-sensitized solar cell 
(C2 – teal) and dye-sensitized with a SF chromophore and a conventional sensitizer as a 
function (C1 + C2 – red) of the S0 – T1 band gap for a singlet fission solar cell. (Adapted 
Figure149) 
 

SF is a spin-allowed process which means that it must have a correlated 1(TT) state. The 

spin function of the two triplets is coupled to that of a ‘pure singlet’, and therefore does not 

violate the selection rules. After the 1(TT) forms the triplets can undergo some dephasing 

process either spin, electronic or other types of dephasing to become two uncorrelated T1 

excitons. This is shown in the following equation:  

S0 + S1 ⇌ 1(TT) ⇌ T1 + T1 

 

 

1.9.3 Singlet Fission mechanism 

 

The SF mechanism can occur via a variety of different pathways. SF can be ‘direct’ or 

proceed via a charge transfer mediated (CTM) route as shown in Figure 1.16. The energy of the 

charge transfer ‘intermediate’ state must be close to that of S0 to S1, for SF to occur via the 

CTM process. In this process, the charge transfer ‘intermediate’ state does not properly form, 

it serves as a virtual state. Indirect SF can occur if the charge transfer ‘intermediate’ state is 

slightly lower than the S1 state at which point the CT ‘intermediate’ state is populated before 

the 1(TT) state is formed. If the singlet exciton is located on the site where the interchromophore 
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alignment, coupling and geometry favour SF, then direct SF occurs. This process is observed 

experimentally by fluorescence delays having two decay time constants, corresponding to the 

direct SF and the SF resulting from the singlet migration. A detailed analysis of the mechanistic 

considerations can be found in recent reviews.71, 149  

 

 
Figure 1.16: Diagram showing the direct (teal) and charge transfer mediated (lime green) 
interactions in SF. Diagram adapted from Smith and Michl.71 
 

The SF process proceeds through a diradical which can be stabilised by the presence of 

substituents which increase the steric bulk around the radical centre (kinetic stability). The 

radical can be thermodynamically stabilised by the substituents because they increase the 

delocalisation of the radical through resonance.  

 

 

1.9.4 Choosing candidates suitable for SF  

 

SF has clear promise and the potential for practical application, yet the problem remains 

of finding suitable molecules that can undergo the process. A number of photochemical 

processes can compete with singlet fission and depopulate the first excited singlet state, 

therefore reducing the triplet yield.71 The main challenge is finding molecules in which the SF 

process is fast enough to outcompete other potential processes, thus generating triplets that have 

a quantum yield of nearly 200%. The T1 states should be relatively long lived and their mutual 

destruction should be slow so that they can be effectively used for charge separation. To 

summarise, the best candidates for application in photochemical cells will be ones where their 

SF rate is fast and the rate of all other processes is slow.  

 

The SF process takes place from the lowest excited S1 energy because the internal 

conversion process usually depopulates the higher excited singlets. Therefore, SF would have 
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to compete with only fluorescence. Chromophores that have high quantum yields for 

fluorescence are therefore suitable candidates for SF. However, it also needs to be remembered 

is that the two lower energy triplets can combine to produce a singlet triplet of higher energy, 

which needs to be prevented.160 The main factors that the chromophores must meet are: 

 
(i) The first singlet excitation energy S1 should be either greater than or equal to twice the 

excitation energy of the first triplet, T1.  

- If the ES1 is significantly less than 2 x ET1, SF can still occur to some degree but 

is likely to be thermally activated.  

 

(ii) The second triplet excitation energy, T2, should be higher than the first singlet state 

excitation energy, S1. This would prevent lower energy triplet recombination to give the 

higher energy triplet because the process will not be energetically favoured.  

 

Thus, the criteria E(T2) > E(S1) ³ 2E(T1) can be concluded.149, 159 Current research is 

targeted at finding the right molecules that meet the criteria. 

 

In order for SF to be efficient and not be wasteful of potential energy, chromophores 

need to be coupled. However, molecular candidates need to be strongly coupled enough to be 

able to generate the coupled triplet pair rapidly (ps or sub-ps timescales) before other excited 

state processes occur (fluorescence, internal conversion, non-radiative decay etc.), but coupled 

weakly enough such that subsequently the triplet exciton can become independent.161 Recent 

studies, looking at the magnetic field dependent, 1(TT) state, have helped build insight and 

understanding of how this state forms and how the state differs from an uncorrelated de-phased 

T1 exciton originating from SF. It is evident that taking full advantage of SF requires a more 

complete understanding of the mechanism and a wider array of systems supporting efficient 

SF.  

 

A number of different chromophores have been explored and calculations show that 

their energy level position is suitable for exhibiting SF. Only a few classes of molecules have 

demonstrated SF potential: carotenoids, perylene diimides, semi-conducting polymers and 

polyacenes. Typically, highly conjugated alternant hydrocarbon systems and biradicals give 

rise to appropriate alignment of singlet and triplet energy levels. Some examples within these 

classes are shown in Figure 1.17 below, anthracene (1.23), tetracene (1.24), pentacene (1.25), 

1,3-diphenylisobenzofuran (1.43) and rubrene (1.44).  
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Figure 1.17: Examples of molecules that have been shown to undergo SF.  
 

There have been two main issues in the search for suitable candidates for singlet fission; (i) 

very few chromophores actually meet the criteria and (ii) the molecules are quite large and the 

calculations on these chromophores have proven to be very challenging and inaccurate.  

 

1,3-Diphenylisobenzofuran, using theoretical calculations on a series of biradicaloid 

species, was the first successful compound purposely designed for singlet fission. It was 

identified that this heterocycle should be nearly isoergic (temperature in = temperature out). 

Triplet formation (SF) has also been observed in polycrystalline solids of three dimers of 1.43. 

Single crystals of rubrene (1.44) have also attracted interest in recent years and are well known 

for their high carrier mobility and photoconductivity.  

 

As previously mentioned, acenes were the first materials to show SF and the studies of 

these molecules have been vital in understanding the SF process. Anthracene is a colourless 

compound whereas tetracene and pentacene are coloured. The condition of E(S1)  ³ 2E(T1) in 

tetracene is nearly fulfilled and in pentacene it is fulfilled. It is expected that if the system is 

increase to longer acenes, e.g. hexacene etc., these will also fulfil the energy criteria. The rapid 

reduction in excitation energy in this series of molecules is qualitatively rationalised by the 

maximum number of aromatic sextets formed in both the singlet and triplet states when the 

molecules have biradical character.  

 

Anthracene (1.23) is the shortest member of the polyacene family in which the SF 

process has been observed in the crystalline state. Since E(S1) = 3.13 eV162 and 2 E(T1) = 3.66 

eV,163 the SF process is endoergic by 0.53 eV. This is the largest endothermicity for any 

polyacene that is known to undergo SF. As described earlier, anthracene was the first molecule 

to be described to have SF behaviour, based on delayed fluorescence resulting from triplet-

triplet annihilation. Later studies were focused on the observation of magnetic field effects on 

this process. Tetracene (1.24) has attracted considerable attention and its system has been 

O

1.23 1.24 1.25 1.43 1.44
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extensively investigated. It has been the ‘prototype’ for SF and are by far the most extensively 

studied molecular crystals for SF. Early measurements on prompt and delayed fluorescence 

suggested that the yield must be high, close to 200%, at room temperature. Pentacene (1.25) 

has been a focus of more recent work due to its excellent semi-conductive properties as use in 

electronic devices. It is the shortest linear polyacene for which singlet fission is exoergic in the 

crystal. The calculated values E(S1) = 1.83 eV from a polycrystalline film absorption 

measurement and 2 E(T1) = 1.62 eV164 later was modified to 1.72165 eV and 1.7 eV from the 

activation energy of heterofission with pentacene as the guest in host crystals of tetracene and 

from direct measurement of the film, respectively.166 The exogericity of SF is 0.1 – 0.2 eV in 

pentacene solid. There are two main issues that the larger acenes possess, low solubility and 

low stability. The introduction of different conjugated groups such as alkynyl, aromatic, can 

greatly improve the solubility and stability. Pentacene derivatives are known as good p-type 

semiconductors because of the high charge carrier mobility which have been extensively 

studied as an organic material. 

 

To obtain polyacenes with specific substitution patterns is still challenging. A recent 

review examines reductive aromatization/dearomatization and elimination reactions to access 

the desired molecules.77 The reaction conditions are not “one-size fits all”, as they need to be 

developed for specific molecules. Herein, the synthesis of novel molecules that have the 

potential to undergo SF, with heterocyclic containing groups for the formation of 

metallosupramolecular architectures to control the distance and orientation of the 

chromophores involved (Chapter Four).   

 

 

 

1.10 Non-Innocent Ligands 

 

The term ‘non-innocent’ was first introduced in chemistry by Jørgensen in 1966.167 

According to his definition, a ligand is innocent if it allows the unambiguous determination of 

the oxidation state of the central metal atom it is bound to. This definition refers to the ligand 

only, however, the ‘innocent’ or ‘non-innocent’ behaviour encompasses the whole complex, 

the metal and the ligand combined. The term was only widely accepted in the 1990’s, when 

such complexes attracted considerable attention.  
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The first of these complexes prepared in the 1960’s, contained square planar dithiolene 

ligands, with the two sulfur donor atoms chelated to nickel(II), palladium(II) and platinum(II) 

(Figure 1.18).168-172 The structural, spectroscopic and electrochemical properties of these 

complexes were investigated. However, the ambiguity in assignment of oxidation states to 

metal and ligand and consequent confusion concerning the redox and electronic spectroscopic 

properties of these complexes resulted in much debate.  

 

 
Figure 1.18: Three possible resonance descriptions for the planar bis-dithiolene complexes with 
M = Ni, Pd or Pt.  
 

 Non-innocence is often inaccurately taken to simply mean that the ligands in a complex 

are redox-active, hence the expression ‘non-innocent ligands’. It is rather easy to determine 

which fragment of the molecule is involved in the oxidation or reduction for complexes in 

which the frontier orbitals of the metal and ligand differ substantially in energy. For example, 

[Ru(bpy)3]2+is oxidised at a potential of –1.26 V, whereas a series of reduction steps involve 

the ligands, reductions starting at –1.35 V because the metal d-π orbital (HOMO) and the ligand 

π* orbital differ substantially in energy.173 In contrast, the redox processes of [Cr(bpy)3]2+ are 

more difficult to determine as the complex displays a series of metal- and ligand-centred 

orbitals involved in redox processes that are comparable in energy.174 The 2,2’-bipyridine 

ligand is redox-active in both the ruthenium(II) and chromium(II) complexes, however the non-

innocence behaviour applies far more to the latter than the former. Furthermore, the dithiolene 

complexes present a strong mixing between ligand and metal frontier orbitals, creating 

difficulties in the assignment of the oxidation states to individual ligand- and metal-centred 

redox processes. Pierpont et al. synthesised cobalt-dioxolene complexes that switch from 

cobalt(II) to cobalt(III) with temperature, caused by the ligand- and metal-redox orbitals being 

so close. This has been defined as ‘redox isomerism’.  

 

Since the dithiolene complexes were studied, many new complexes have been found 

that display non-innocent behaviour. The most well-known redox-active complexes include the 

ligand 1,2-dioxolene. Complexes that contain the pyrocatechol ligand can exist in various 

electronic tautomers, as shown in Figure 1.19. The redox behaviour of these ligands, which 
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have been extensively studied by Pierpont and Lever,175-181 include the aromatic closed shell 

singly or doubly (catecholate) charged anion (b, c), open-shell o-benzosemiquinonate (d) or 

even-electron neutral o-quinone series (e). Other structural analogues of 1,2-disubstituted 

benzene with nitrogen donor atoms182-186 and mixed nitrogen/sulfur185, 187, 188 donor atoms have 

also been explored. The doubly protonated form of such ligands can be considered the 

“prototype” of non-innocent ligands. These were reported in the 1960’s and were described as 

“readily subjected to chemical and electrochemical reversible one-electron oxidation and 

reduction”. 

 

 
Figure 1.19: The dioxolane redox series of (a) catechol (1,2-dihydoxybenzene); (b) catechol 
anion (c) catecholate; (d) o-benzosemiquinonate; (e) o-quinone.  
 

When a transition metal with variable valence is bound to the catecholate ligand it can 

give a series of complexes with different forms of the ligand as shown in the Figure 1.19. The 

difference between the complexes differ in the oxidation state of the metal due to the charge on 

the ligand attached. The possibilities from metal catecholate complexes are displayed in Figure 

1.20. Derivatives of the catechol ligand have been investigated as non-innocent ligands in 

complexes with nickel(II),189 palladium(II) and platinum(II),190 iron(II),191, 192 ruthenium(II),178, 

193-196, osmium(II),178, 197 zinc(II),198 manganese(II),199, 200 cadmium(II) and cobalt(II),200 

copper(I),201, 202 and chromium(II).203  

 

 
Figure 1.20: Metal complexes possible with the catechol ligand (and derivatives). 
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o-Benzoquinone diimine (X, Y = NH, Figure 1.21) with nickel(II) was one of the first 

synthesised and structurally characterised complexes defined as non-innocent ligands.  

 

 
Figure 1.21: Related ligands to the dioxolane redox series. (o-benzoquinone diimine X, Y = 
NH; o-benzenedithiolates, X, Y = S; o-aminothiophenolates, X = S, Y = NH).  

 

Two different descriptions of the electronic structure were proposed. Firstly by Gray 

and co-workers, who suggested the complex was a constrained singlet biradical (type A, Figure 

1.22) whereas Holm and co-workers described the complex as having two resonance hybrids 

(type B, Figure 1.22). More recent work on the same ligand but with palladium(II) and 

platinum(II) analogues have assisted in determining the structure of type A, with two 

intramolecular antiferromagnetically coupled iminosemiquinonate ligands. Similar to the 

catechol example, many different transition metals exploiting the tautomers of the ligand and 

different oxidation states have been investigated. The different ligand forms have been 

characterised by single crystal X-ray diffraction analysis (C–NH 1.46 Å, C•–N–H 1.36 Å, 

C=NH 1.31 Å) and electrochemical methods.  

 

 
Figure 1.22: Nickel o-phenylenediamine complex and the proposed electronic structures, Type 
A and Type B.  
 

Another example of a metal complex with a non-innocent ligand is the nickel complex 

with the ligand series, glyoxalbis(2-mercaptoanil), (Ni(gma)2, Figure 1.23), which features 

include a sixteen-electron nickel complex with a π-conjugated system. The metal changes the 

ligands; the free ligand is irreversibly reduced or oxidised, but when a metal is introduced the 

redox transformations in the complex are reversible. The ligand, in this example, can have 
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different structures and in the complex, different states. These ligands are known as ‘redox-

non-innocent’. The complex is characterised by the presence of an extensive system of 

conjugated π-bonds. The structure can be considered as a sixteen- (a, b), fourteen- (c) and 

eighteen- (d) electron nickel complex and consequently neither the oxidation of the metal 

centre, nor the charges on the donor atoms can be precisely defined. Therefore the structure is 

often defined by the structure, shown in Figure 1.23e, with the delocalisation of the bonds, 

meaning that the nickel complex is non-innocent.203 

 

 
Figure 1.23: Nickel complexes with glyoxalbis(2-mercaptoanil). (a) 16 electron Ni(II) complex; 
(b) 14 electron Ni(II) complex; (c) 14 electron Ni(IV) complex; *d) 18 electron Ni(0) complex; 
(e) Ni(gma)2 characterised by the presence of an extensive system of conjugated π-bonds.  
 

Non-innocent ligands that combine the chemistry of a quinone component and 

ruthenium tris a-a’-diimines have been investigated by Lever and co-workers. The 1,2-

diaminoanthraquinone (1.45) contains two redox-active centres when bound to a metal, the 

diamine/diamine (as previously seen above) and the quinone component. (Figure 1.24) Lever 

and co-workers synthesised the ligand and corresponding ruthenium(II) complex where they 

proposed the ligand is the strongest neutral π-accepting ligand, with strong coupling between a 

dπ orbital of the ruthenium and the lowest π* level of the ligand, described at the time. The two 

redox centres of the 1.45 ligand can exist in three oxidation states with the added complexity 

that the fully reduced species may be protonated or deprotonated at the oxygen or nitrogen sites. 

Quinones are extensively studied due to their biological and industrial importance and are 

present in biological processes, such as photosynthesis and respiration, as mobile electron and 

proton carriers. Specifically, anthraquinones are used as dyes, as catalysts in manufacturing 

hydrogen peroxide and as pulping agents in the paper industry. The ruthenium tris a-a’-
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diimines are of interest due to their potential uses as catalysts for the photodecomposition of 

water.204 The authors observed, using spectroscopic and crystallographic data, that the redox 

active ligand 1,2-diaminoanthraquinone (1.45) binds to the [Ru(bpy)2]2+ giving  

[Ru(bpy)21.46]2+, where the metal is bound to the N,N’ site of the 1.46 ligand (Figure 1.24). 

Further studies of this complex showed that oxidation of the dihydroxy-form to the quinone-

form produces hydrogen peroxide, analogous with the action of the industrial catalyst 2-

ethylanthraquinone. The use of quinone functionality in the design of compounds for ‘non-

innocent ligands’ is explored in Chapter Five. 

 

 
Figure 1.24: Compounds DAAQ and DIAQ and the corresponding ruthenium(II) complex 
reported by Lever et al.204  
 

More information on non-innocent ligand behaviour of related complexes of catechol 

and o-phenylenediamine, (dithiolene, o-benzeneditiols, o-aminophenols, o-aminothiophenols, 

a-diamine, glyoxalbis(2-mercatonil)) and more diverse structural types from small molecules 

to macrocycles (pyridine-2,6-dialdimine, bis-arylimino)acenaphthenes porphrins) can be found 

in the extensive review by Butin et al.203  

 

 

1.11 Scope of thesis 

  

The work presented in this thesis aims to synthesise novel nitrogen containing 

heteroaromatic compounds and to explore the metallosupramolecular chemistry of these for the 

use in optoelectronics. A variety of routes, including palladium cross-coupling reactions, Diels-

Alder cycloadditions and photochemical cyclisation, to synthesise the molecules have been 
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employed. Literature methods were applied to the synthesis of precursor compounds and the 

methodology was adapted to synthesise the novel compounds.  

 

The synthesis and subsequent photochemical cyclisation of 5,6-disubstituted-1,10-

phenanthroline compounds is investigated in Chapter Two. The corresponding ruthenium(II) 

complexes synthesised have been studied in solid and solution states. Complexation of these 

molecules with copper(I) and silver(I) were also employed. Computational studies were carried 

out for the photochemical cyclisation step to determine reasoning behind the experimental 

observations and to determine the direction of future work.  

 

Chapter Three explores the addition of nitrogen-containing heterocycles in HBC 

derivatives. Photochemical cyclisation and subsequent computational studies were carried out 

on these compounds. The compounds synthesised were complexed with a range of different 

metals. 

 

Chapter Four investigates the development of potential singlet fissionable materials. 

The addition of N-heteroaromatic substituents appended to the acenes anthracene, tetracene and 

pentacene have been investigated and the metallosupramolecular chemistry explored with a 

range of different transition metals. During the synthesis of the desired molecules, depending 

on the conditions utilised, many side-products were obtained. The distance and orientation 

within and between the metallosupramolecular architectures have been analysed.  

 

Chapter Five studies the use of non-innocent ligands in mononuclear and binuclear 

ruthenium(II) complexes and a palladium(II) complex was also produced. The novel 

compounds were synthesised through a Diels-Alder reaction, however purification of the 

molecules proved difficult. Nonetheless, a variety of methods were successfully employed. 

 

Characterisation of previously unknown precursor compounds and products obtained in 

Chapters Two – Five were carried out using NMR spectroscopy, electrospray-ionisation mass 

spectrometry (ESI-MS), UV/Visible spectroscopy, fluorometry, infrared spectroscopy, melting 

point, elemental analysis and single crystal X-ray diffraction analysis where possible. 

Characterisation of the complexes formed mainly relied on single crystal X-ray diffraction 

analysis and, where appropriate, NMR spectroscopy, ESI-MS and solid-state 

photoluminescence were carried out.  
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2.1 Introduction 

 

2.1.1 Introduction to heterocyclic compounds  

 

Heterocyclic compounds are widely distributed in nature and are essential to life, 

playing a vital role in the metabolism of living cells. A wide range of heterocyclic compounds 

can be extracted from natural sources or made synthetically and many are used as 

pharmaceuticals; including anti-microbial1, 2 and anticancer drugs.3-5 In addition, heterocyclic 

compounds are essential diet ingredients such as thiamine (vitamin B1), riboflavin (vitamin B2), 

pyridoxol (vitamin B6), and nicotinamide (vitamin B3), as shown in Figure 2.1. Heterocycles 

are a key component in biological processes and derivatives of the bases, purine and pyrimidine 

can act as antibiotics by interference with DNA synthesis (e.g. puromycin, Figure 2.1).6  

 

 
Figure 2.1: Examples of heterocyclic molecules found in Nature.  

 

The synthesis and functionalisation of various heterocyclic compounds, however, finds 

other applications, such as in coordination7-10 and supramolecular chemistry11-13 where they are 

useful as sensitizers, luminescent probes and are also catalysts.14 They are also used in materials 

chemistry, and in particular have found recent attention in solar cells.9, 15-21  
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The possible structure variations of heteroatoms within a ring can dramatically change 

the properties of the compound. The history and investigation of heterocyclic chemistry dates 

back to the early 1800’s.  

 

 

2.1.2 Synthesis of nitrogen-containing PAH’s 

 

As described above, planar polyaromatic systems that have specific heteroatom 

substitution can be synthesised using a range of synthetic methods. It has been shown that 

palladium-catalysed coupling reactions, followed by oxidative cyclodehydrogenation using the 

Scholl reaction fails to proceed with pyridine-type systems.22, 23 The inclusion of photochemical 

cyclisation as the final step is an underutilised synthetic approach to extended aromatic 

heterocycles. Phenanthrenes have interesting electronic properties that have warranted their use 

in OLED’s.24-26 The most common route for the synthesis of phenanthrene and other substituted 

phenanthrenes is an oxidative photochemical cyclisation reaction (Scheme 2.1). Mallory 

published a comprehensive review chapter detailing the photochemical cyclisation of stilbene 

and related molecules which is further explored in this chapter.27  

 

 
Scheme 2.1: Synthesis of phenanthrene from E-stilbene by isomerisation oxidative 
photocyclisation. The new bond is shown in bold.  
 

Azastilbenes also undergo oxidative photocyclisation but in some cases the precursor 

has to be protonated (2.1) before closure can be achieved to give the product (2.2), as shown in 

Scheme 2.2.28, 29 
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Scheme 2.2: Successful photocyclisation of protonated azastilbene. The new bond formed is 
shown in bold.  
 

There are several reports of photochemical cyclisation of bis-pyridylethylenes to form 

phenanthrolines via this route, however a range of isomeric products are often produced, 

depending on the position of the nitrogen atoms. While, 1,2-bis(4-pyridyl)ethylene (2.3) results 

in a single product, 2,9-phenanthroline (2.4), 1,2-bis(3-pyridyl)ethylene (2.5) results in three 

isomeric products, 1,10-phenanthroline (2.6), 1,8- phenanthroline (2.7) and 3,8- phenanthroline 

(2.8) in 5%, 32% and 63% yields, respectively (Scheme 2.3). 27, 30  

 

 
Scheme 2.3: Photocyclisation of (a) 1,4-bis-(4-pyridyl)ethylene and (b) 1,4-bis-(3-
pyridyl)ethylene forming phenanthroline isomers. The new bond formed is shown in bold.  
 

 

2.1.3 Eilatin – a nitrogen-containing PAH  

 

The design and construction of molecules has dramatically changed in the last two 

centuries as a result of scientific discoveries and their applications. Natural products played a 
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crucial role in the emergence and advancement of organic synthesis to the present day. Eilatin 

(2.9) is a natural pyridylacridine which was first isolated in 1988 from the red sea tunicate 

Eudistoma species. The structure is displayed in Figure 2.2. It was the first fused heptacyclic 

aromatic that has a highly symmetrical structure to be discovered from a marine alkaloid 

organism.31 Eilatin has been a topic of interest for the past two decades due to its unusual nucleic 

acid binding specificity and as a route to eilatin-containing derivatives.32 The structure was 

determined and investigated by 1H-  and 13C- NMR spectroscopy and single crystal X-ray 

diffraction analysis.31  

 

There have been a number of routes explored to synthesise eilatin, with varying levels 

of success. Kashman et al., attempted many synthetic approaches to synthesise eilatin in the 

laboratory. After many failed attempts, it was concluded that the last step requiring cyclisation 

would not yield eilatin due to the repulsion between the protons and/or other substituents on 

the aromatic rings. They proposed a preferred method, which proved successful, for the 

synthesis of eilatin involving the closure of the rings which would readily oxidise (aerobic 

oxidation) to the required pyridine rings in eilatin (Scheme 2.4).33 

 

 
Scheme 2.4: The first synthetic procedure reported for the synthesis of eilatin.33  

 

Nakahara et al. also worked on the synthesis of eilatin in the early 1990’s.34 They 

successfully synthesised eilatin via a seven-step reaction procedure but managed to simplify 

the synthesis to three steps. These involved a condensation reaction between 4-[2-
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trifluoroacetylamino)phenyl]quinoline-5,8-dione (2.10) with 2-aminoacetophenone producing 

the benzophenanthroline (2.11) followed by cyclisation that gave 2.12, and finally a one pot 

annulation to form eilatin (Scheme 2.5).34 Both synthetic procedures are identical to the NMR 

data collected from the natural specimen. Glazer et al. synthesised eilatin after coordination to 

a metal centre (see below). 

 

 
Scheme 2.5: Three step synthesis of eilatin reported by Nakahara et al.34  

 

Eilatin has two distinct binding sites for chelation of a metal centre. The structure of 

eilatin can be viewed as a fused 2,2´-bipyridine and 2,2´-biquinoline, as shown in Figure 2.2. 

Eilatin is expected to behave as a bidirectional chelating ligand potentially exhibiting face 

preference, depending on the steric crowding around the metal centre. It may bind through the 

‘head’ (the bipyridine side) in octahedral and square planar geometries, however, has the ability 

to bind alternatively through the ‘tail’.  

 

 
Figure 2.2: Structure of eilatin and the head-to-tail directionality. 
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With the structure containing four nitrogen atoms, there is a possibility for 

tetraprotonation. Sato et al. completed calculations of the molecular structures and the 

electronic spectra of unprotonated and N-protonated molecules.35 They found that the electronic 

spectra of the free and mono-protonated eilatin molecules agree with the observed electronic 

spectra of eilatin in non-acidic and acidic media. They reported that the most stable mono-

protonated molecule is when the tail-N is protonated (–57.7 kJmol-1); the diprotonated 

molecule, is where the H’s are on opposite sides (+9.2 kJmol-1); the triprotonated molecule has 

both N’s on the head side being protonated (+99.3 kJmol-1); and that the tetraprotonated 

moleulce was calculated to have a twisted C2 structure (+167.8 kJmol-1). The diprontonated, 

triprotonated and tetraprotonated molecules in acidic methanol solution are predicted not to 

proceed spontaneously (Figure 2.3).35 Eilatin possesses cytotoxic and antiproliferation 

activities in a broad range of cell cultures as well strong anticancer reactivity.36-39 

 

 
Figure 2.3: Studies completed on the protonation of eilatin by Sato et al. 
 

Coordination chemistry of eilatin has been investigated and Rudi et al. found that the 

bifacial eilatin ligand prefers to bind through the less hindered face in sterically demanding 

geometries, as seen in ruthenium(II) octahedral complexes.40  

 

 

2.1.4 Ruthenium polypyridyl complexes and coordination chemistry chemistry  

 

Octahedral polypyridyl complexes of ruthenium(II) have attracted substantial interest 

due to their absorption and emission characteristics, chemical stability and their low barrier to 

electron and energy transfer.41 This has allowed them to play an important role in artificial 

modes of photosynthesis, dye sensitised solar cells and luminescence sensors.42-44  

 

In 1971, studies were completed on ruthenium bipyridine complexes that showed metal-

to-ligand charge transfer (MLCT) leading to characteristic photo-redox reactivity.45 This 
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developed into an area of luminescent transition metal complex chemistry and eventually led 

to supramolecular photochemistry.46 Ruthenium polypyridyl complexes are amongst the most 

extensively studied systems, exhibiting interesting photochemical and electrochemical 

properties. An example of a ruthenium poylpyridyl complex, tris(bipyridine)ruthenium(II), 

[Ru(bpy)3]2+ is shown in Figure 2.4, which exhibits intense luminescence at room temperature 

in aqueous solution. The photophysical properties of ruthenium complexes can be easily tuned 

by variation of the ligand π system. Ruthenium(II) complexes that contain large extended 

surfaces have enormous potential as nucleic acid intercalators, luminescent probes, as well as 

energy and electron donors and acceptors.43, 47 

 

 
Figure 2.4: Tris(2,2´-bipyridine)ruthenium(II), [Ru(bpy)3]2+. 
 

Modifications of the topology of the ligand structure allows the construction of 

interesting supramolecular architectures that contain multiple metal centres.1, 32, 41 Bipyridine 

and terpyridine have been extensively studied, and derivatives of 1,10-phenanthroline have 

received increasing attention since they can be easily transformed into various ligands for the 

basis for luminescent DNA sensors.43, 48, 49 The electronic transitions of the 1,10-phenanthroline 

ligands and the corresponding ruthenium(II) complexes can be tuned by the substitution of the 

heterocyclic core. 

 

The large extended surfaces of the ligands bound to the ruthenium(II) centre are usually 

prepared prior to the complexation. Work published by Draper and co-workers investigated the 

use of the molecules formed via oxidative cyclodehydrogenation followed by complexation of 

these molecules with ruthenium(II). The extended π-systems modify the lowest energy MLCT 

absorption and the MLCT-based luminescence bands of the ruthenium(II) polypyridyl 

complex, therefore playing an important role in the design and potential applications for these 

molecules and complexes.50-52 Glazer et al. synthesised the heterocyclic ligand eilatin by 

coordinating the head grouped nitrogens of the uncyclised ligand (2.10), followed by successful 
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dehydrogenation to form the ruthenium(II) eilatin bis-2,2´-bipyridine complex, 2.12 (Scheme 

2.6). When the authors attempted the same conditions for just the free-ligand, the synthesis was 

unsuccessful. The uncyclised and cyclised ruthenium(II) complexes showed different electronic 

transitions, with most notable being the low-energy band around 580 – 600 nm. This has been 

assigned to the Ru-eilatin MLCT transition which was not observed in the uncyclised ligand 

complex. Here, the large heterocyclic ligand stabilises the reduced states, with more than a +0.3 

V shift on the first reduction couple. In the complex formation the uncyclised-eilatin ligand is 

forced into the syn orientation which is likely due to the enforced proximity and enhanced steric 

repulsions within the coordinated ligands facilitating the single carbon-carbon bond forming 

step during the reductive cyclisation reaction.53 

 

 
Scheme 2.6: Synthesis of [Ru(bpy)2(eilatin)]2+ by Glazer et al. Conditions: (i) 
[Ru(bpy)2Cl2].5H2O, ethylene glycol/H2O, 100°C, (ii) Pd/C, ethylene glycol/acetone, 175-
190°C. The new bond formed is shown in bold.  
 

Extensive studies have been carried out on eilatin complexes. Gut et al. found that the 

complexes tend to aggregate in solution via stacking interactions, which seem to only involve 

the extended π-conjugated surfaces of the eilatin ligand as observed from the 1H-NMR data. 

They also investigated the factors that affect the directionality and magnitude of the stacking 

interactions in these complexes, which can be used in the construction of supramolecular arrays. 

The binding of eilatin to the ruthenium metal centre in bipyridine systems demonstrates chiral 

recognition based solely on π-stacking. The propeller-like complex serves an important role in 

directing the formation of well-defined arrays as they direct face-to-face overlap. The C2 

symmetry displayed by these complexes directs the formation of either homo- (D-D or L-L) or 

heterochiral (D-L) dimers. The octahedral mono-eilatin complexes tend to form discrete dimers 

and in racemic solutions, with the heterochiral dimer favoured over the homochiral dimer.54 
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The ruthenium(II) complexes of eilatin are inhibitors of HIV replication in certain cell cultures.1 

In addition to the anti-HIV activity of the ruthenium eilatin complex, it also binds viral RNA 

sequences and other nucleic acids, as well as other biological activity.1 

 

Eilatin has been reported to be an intercalating agent because of an apparent increase in 

its fluorescence emission intensity upon addition of DNA.32, 36 The parent ruthenium(II) 

complex, [Ru(bpy)3]2+ does not intercalate into nucleic acids but [Ru(bpy)2eilatin]2+ , 2.12, 

appears to be an intercalating agent.32, 49 Zeglis and Barton investigated the DNA-binding 

properties to determine specificity of sterically expansive eilatin ligand for DNA as the 

[Ru(bpy)2(eilatin)]2+ complex 2.12. The results concluded that the extended planar surface 

presented by eilatin is responsible for its specificity and anti-HIV activity due to a greater 

surface area for π-stacking.48 Luedtke et al. measured the binding affinity of the eilatin ligand, 

two eilatin containing complexes (enantiomers: D-[Ru(bpy)2eilatin]2+ and L-

[Ru(bpy)2eilatin]2+) and ethidium bromide. The authors discovered that the free ligand and 

ethidium bromide have a preference for electron-poor single stranded purines, while the metal 

complexes have the highest affinity for single stranded pyrimidine in DNA and RNA.32 The 

first dimetallic complex using eilatin as the bridging ligand was reported by Gut et al..55 The 

synthesis involved two steps, the first involving relatively mild conditions to form the mono-

nuclear complex and the second employing more drastic reaction conditions to form the 

dinuclear ruthenium(II) complex 2.13 (Scheme 2.7). The second step reaction was monitored 

by UV-Vis spectroscopy following the appearance of the typical MLCT band around 750 nm 

and the disappearance of the typical MLCT band of the mono-nuclear eilatin complex around 

600 nm. 

 

 
Scheme 2.7: Eilatin as a ligand and bridging ligand in a mononuclear and binuclear 
ruthenium(II) complexes, respectively. Conditions: (i) [Ru(L-L)2Cl2], MeOH/H2O, 90 °C; (ii) 
[Ru(L-L)2Cl2], ethylene glycol, 140 °C. (L-L = bpy or 6,6’-dimethyl-2,2’-bipyridine) 
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The crystal structures of the complexes show a longer Ru-N bond length for the 

coordination at the ‘tail’ end of the eilatin ligand compared to the ‘head’ coordinating bonds. 

The eilatin ligand is not completely planar, probably due to the steric interactions of the ‘tail’ 

end coordination.55 

 

Eilatin has also been complexed with other metal atoms, osmium(II), iron(II) and 

palladium(II) forming complexes with varying numbers of eilatin ligands bound to the metal 

centre; [Os(bpy)22.9]2+, [Os(2.9)3]2+, [Fe(2.9)3]2+ and [Pd(2.9)2]2+.56-58 Ruthenium(II) 

complexes with differing auxiliary ligands to 2,9-dimethyl-1,10-phenanthroline and 2,2´-

biquinoline, as well as ruthenium(II) bis(eilatin) and tris(eilatin) complexes have also been 

reported.54, 58, 59 The emission of the bis- and tris- eilatin complexes falls in the near-IR region, 

an occurrence that was uncommon for ruthenium polypyridine complexes.58 The 

electrochemical measurements showed several ligand-based reduction processes where each 

eilatin ligand can accept up to two electrons at potentials that are significantly anodically shifted 

with reference to the bipyridine ligands.58 The complexes exhibit interesting electrochemical 

and photophysical properties, forming discrete dimers in solutions and in the solid state are held 

together by π-π stacking interactions.  

 

 

 

2.1.5 Scope of this chapter 

 

This chapter reports the successful synthesis of a series of novel compounds that have 

the potential to undergo photochemical cyclisation as well as the corresponding ruthenium(II) 

bis-1,10-phenanthroline complexes. The same ‘head’ binding moiety as eilatin has been utilised 

through a 1,10-phenanthroline core structure with substituents in the 5- and 6- positions (Figure 

2.5). The chapter details the synthesis and characterisation of the complexes and the influence 

the different substituents have on the metal-metal and metal-ligand interactions as assessed by 

electrochemical and absorption studies. Photochemical cyclisation of the compounds has been 

attempted and the computational investigation of the cyclisation carried out.  

 

The original target molecules were 2.14 – 2.20 for which we aimed to develop a new 

synthetic procedure for the preparation of heteroaromatic compounds. Synthetic pathways for 

the synthesis of these molecules often require multiple steps, including palladium-catalysed 

coupling reactions and photochemistry and/or oxidative cyclodehydrogenation. The 
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retrosynthetic pathway for the target compounds is shown in Figure 2.5, displays crucial 

precursors in the steps to form the desired molecules.  

 

 
Figure 2.5: Retrosynthetic analysis for target compounds 2.14 – 2.20. 
 

The bonds that would be made during the final step (photochemical cyclisation) are 

shown in bold. The precursors (2.21 – 2.27) were prepared by Suzuki cross-coupling reactions 

between 5,6-dibromo-1,10-phenanthroline (2.28), and the corresponding boronic acids 
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(prepared by literature procedures). The design of the molecules and subsequent choice of 

boronic acid is important for the potential for photochemical cyclisation to occur, not only for 

the carbon-carbon bond that forms during this process, but also that multiple isomers can 

possibly form from 2.24, 2.25 and 2.27, due to the free rotation of these unsymmetrical 

substituents. It is also important to note that the cyclisation occurs between the ortho carbons 

of the precursor compounds (2.21 – 2.27). The distance between these carbon atoms have been 

analysed through structures of crystals determined using X-ray diffraction and measured 

through computational calculations. 

 

 

 

2.2 Synthesis of 5,6-disubstituted-1,10-phenanthrolines 

 

2.2.1 Successful synthesis of 5,6-disubstituted-1,10-phenanthroline 2.21 – 2.24  

 

The compounds 2.21 – 2.24 were synthesised using the Suzuki cross-coupling reaction 

between 5,6-dibromo-1,10-phenanthroline (2.28) and a series of boronic acids, (Scheme 2.8). 

The boronic acids were synthesised using literature procedures (4-tert-butylphenylboronic acid, 

4-methoxyphenylboronic acid and 2-naphthylboronic acid) or were available from commercial 

sources.60, 61 The 5,6-dibromo-1,10-phenanthroline precursor (2.28) was synthesised using a 

literature procedure,62 although a greater yield (85%) was obtained compared to that reported 

(65%). This precursor, and the respective boronic acid in excess, were reacted under inert 

atmospheric conditions in a biphasic mixture of dry toluene and oxygen-free aqueous base 

(sodium carbonate or potassium hydroxide) in the presence of the palladium tetrakis-

triphenylphosphine catalyst, as outlined in Scheme 2.8.  

 

 
Scheme 2.8. Synthesis of 5,6-disubstituted-1,10-phenanthrolines (2.21 – 2.24). 
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After the reaction was complete (as determined by TLC), the product was extracted into 

chloroform and evaporated under reduced pressure. The desired product was purified either by 

column chromatography to give pure products in moderate to good yield, 2.21 (55%), 2.22 

(37%), 2.24 (64%) or recrystallisation, 2.23 (75%).  

 

The preparation and characterisation of 2.21 and 2.23 was subsequently published by 

Xu and co-workers.63 Xu et al. synthesised substituted phenanthroline derivatives by C-H bond 

activation using rhodium(III) catalysed oxidative annulation of 2,2-bipyridrine N-oxides with 

alkynes as shown in Scheme 2.9. 

 

 
Scheme 2.9. General scheme for the annulation of 2,2´-bipyridine N-oxides with substituted 
alkynes by Xu et al..63 
 

Each compound was characterised by NMR, UV-Vis and infrared (IR) spectroscopies, mass 

spectrometry (ESI-MS), melting point analysis and microanalysis. The NMR spectra and ESI-

MS indicate that the reaction of all four 5,6-disubstituted-1,10-phenanthroline compounds (2.21 

– 2.24) was successful. The determination of a crystal structure by X-ray diffraction allows the 

solid-state three-dimensional nature of the molecule to be examined. Structural information 

obtained by X-ray diffraction was analysed during this study, as it allows the distance between 

the ortho carbon atoms of the phenyl-rings to be determined in the solid state. These ortho-

carbon atoms have the potential to undergo oxidative cyclodehydrogenation, which has been 

explored by photochemical cyclisation, as described earlier in the retrosynthetic analysis.  

 

Crystals suitable for single crystal X-ray diffraction structure analysis were obtained 

from vapour diffusion of diisopropyl ether into a dichloromethane solution of 2.21. The crystal 

structure solved in the monoclinic space group P21/n, with the asymmetric unit containing two 

molecules of 2.21. It is unusual that two molecules are observed in the asymmetric unit, 

however, in this case the phenomenon is attributed to the free rotation of the phenyl rings and 

the angle at which they crystallised. The structures are shown in Figure 2.6 below.  
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Figure 2.6: (a) Perspective view of one molecule of 2.21. The hydrogen atoms have been 
removed for clarity. (b) Overlay of the two molecules in the asymmetric unit (pink and blue), 
emphasising the small difference of the phenyl rings. Selected bond lengths (Å): N1–C13 
1.359(1), N14–N26 1.357(1), C11–C12 1.451(1), C12–C13 1.412(1), C5–C10 1.395(2), C11–
C24 1.371(2), C13–C26 1.450(2), C10–C11 1.497(1); and distances (Å): C9···C18 3.660(2), 
C9···C22 3.855(2), C5···C18 3.612(2), C5···C22 4.993(2).   
 

The phenyl rings are twisted out of the plane of the 1,10-phenanthroline rings by 

65.57(4)°, 71.27(4)° and 70.88(3)°, 78.96(4)°. The shortest distance between the ortho-carbon 

atoms of the phenyl rings is 3.588(2) Å. The packing of molecules 2.21 shows co-planar 

stacking, with a 180° twist, as shown in Figure 2.7.  

 

There is an offset face-to-face π-π interaction between stacked phenyl groups, (centroid-

to-centroid = 4.3527(9) Å, plane-to-plane shift = 2.889(2) Å, plane-to-centroid = 3.256(2) Å), 

as well as favourable intermolecular forces (D-H···A), between the phenanthroline nitrogen 

atoms and neighbouring carbon-hydrogen atoms. The measurements are shown in Table 2.1.  

 

(a)        (b) 
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Figure 2.7: Co-planar stacking and edge-to-face π-π crystal packing interactions between 
molecules of 2.21. Hydrogen atoms have been omitted for clarity. 
 

Table 2.1: Intermolecular interactions observed in the crystal packing of molecules 2.21. 
D-H···A D···A / Å D-H···A / ° 

C28-H28 ··· N1 3.470(1) 159.84(7) 

C47-H47 ··· N1 3.488(2) 155.79(8) 

C34-H34 ··· N27 3.351(2) 159.95(8) 

C15-H15 ··· N40 3.358(1) 139.82(8) 

 

During the synthesis of molecule 2.22, the purification involved an acid wash using 1M 

hydrochloric acid, then the extraction of the inorganic and additional impurities with ethyl 

acetate. A white solid was obtained in a 21% yield after neutralisation with ammonia solution. 

Characterisation of this white solid showed an unusual downfield shift of H2 in the 1H-NMR 

spectrum, indicating the presence of protonated nitrogen atoms (2.22H+). Crystals of 2.22H+, 

suitable for single crystal X-ray diffraction analysis, were obtained after diffusion of pentane 

into a solution of 2.22H+ in dichloromethane. Salt 2.22H+ solved in the triclinic space group P-

1, with the asymmetric unit consisting of one molecule of 2.22H+, one dichloromethane solvent 

molecule and a chloride ion. This is an interesting result, as one of the nitrogen atoms of 2.22 

is protonated with a relatively strong hydrogen bonding interaction to the chloride ion observed 

(N1···Cl35, 3.068(2) Å, H1···Cl35 2.32(3) Å, N1-H1···Cl35 141.5(1)°). The hydrogen atom 

involved in this interaction was found in the difference map. The solid-state structure confirmed 

the shift seen in the 1H-NMR spectrum. The proton exchange across each nitrogen atom is faster 
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than the NMR timescale therefore a loss of symmetry in the NMR was not seen. The crystal X-

ray diffraction of 2.22H+ (Figure 2.8) shows the phenyl rings are twisted out of the plane of the 

1,10-phenanthroline ring by 67.95(7)° and 70.01(7)°. The distances between the ortho-carbon 

atoms of the phenyl rings are 3.490(3) Å, 3.462(3) Å, 3.474(3) Å and 4.784(3) Å.  

 

 
Figure 2.8: Perspective view of 2.22H+. The hydrogen atoms not involved in hydrogen bonding 
and the solvent molecule have been omitted for clarity. Selected bond lengths (Å): N1–C6 
1.363(3), N7–C12 1.433(3), C6–C12 1.360(3), C5–C6 1.405(3), C5–C13 1.447(3), C13–C14 
1.496(3), C14–C15 1.389(3), C13–C24 1.371(3), N1–H1 0.89(3); angles (°): N1–H1···Cl35 
145(2); and interactions (Å): N1···Cl35 3.067(2), H1···Cl35 2.32(3).  
 

The packing of 2.22H+ shows the 1,10-phenathroline core stacked co-planar to each 

other, with π-π parallel offset interactions (centroid-to-centroid = 3.636(2) Å and 3.737(2) Å, 

plane-to-plane shift = 1.042(3) Å and 1.377(3) Å, plane-to-centroid = 3.484(2) Å and 3.488(2) 

Å). The twists of the phenyl rings exhibit a weak π-π interaction (centroid-to-centroid = 

3.971(2) Å, plane-to-plane shift = 2.100(3) Å, plane-to-centroid = 3.430(2) Å).  

 

After confirmation of the protonated molecule, 2.22H+, successful deprotonation was 

carried out followed by analysis of 2.22. The difference in 1H-NMR signals of the protonated 

and deprotonated molecules are shown in Table 2.2. Significant upfield shifts of the 1,10-

phenanthroline protons, H2, H3 and H4 of 0.26 ppm, 0.21 ppm and 0.23 ppm, respectively were 

seen upon deprotonation of the nitrogen atoms. 
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Table 2.2: 1H-NMR (CDCl3, 298 K) chemical shifts and protonation shifts for molecules 

2.22H+ and 2.22. 

 H2 H3 H4 H6, H10 H5, H11 H7, H8, H9 
a2.22H+ 9.63 7.89 8.47 7.30 7.04 1.28 

a2.22 9.37 7.68 8.24 7.03 7.26 1.28 
bDS +0.26 +0.21 +0.23 +0.27 –0.22 0 

aDeuterated chloroform solutions. bDS = δ2.22H+ - δ2.22 

 

Crystals of 2.23 suitable for single crystal X-ray diffraction structure analysis were 

obtained from vapour diffusion of diethyl ether into the compound dissolved in 

dichloromethane. The structure is shown in Figure 2.9a. Molecule 2.23 solved in the triclinic 

space group P-1, with one molecule in the asymmetric unit.  

 

 
Figure 2.9: (a) Asymmetric unit of 2.23; (b) π - π interactions between adjacent molecules. 
Hydrogen atoms have been removed for clarity. Selected bond lengths (Å): N1–C6 1.359(3), 
N7–C12 1.353(3), C6–C12 1.444(3), C5–C6 1.413(3), C13–C14 1.494(3), C14–C15 1.494(3), 
C13–C22 1.370(3), C17–O20 1.371(2), O20–C21 1.415(3); and distances (Å): C15···C24 
3.498(3), C15···C28 4.934(3), C19···C24 3.615(3), C19···C28 3.790(3).  
 

The phenyl rings are twisted out of the 1,10-phenanthroline plane by 69.69(7)° and 

59.45(7)°. The closest ortho-carbon atom distance is 2.904(3) Å (C14···C23). This 

measurement is the shortest of all the ortho carbon-to-carbon distances for the molecules 

crystallised in this chapter. The packing of 2.23 shows stacking of the molecules along the b 

axis co-planar to each other which displays a face-to-face π-π offset interaction between the N-

(a)        (b) 
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heterocyclic six-membered rings of the 1,10-phenanthroline core, as shown in Figure 2.9b 

[centroid-centroid distance = 3.956(1) Å, plane-to-plane shift = 0.977(4) Å, plane-to-centroid 

= 3.834(2) Å]. The packing also results in an intermolecular attraction between one of the 

oxygen atoms and a neighbouring phenyl ring (C27···O20 3.333(3) Å, C27-H27···O20 

143.4(1)°).  

 

After several attempts to grow crystals of molecule 2.24, very small crystals were 

obtained, however the poor-quality diffraction by X-rays resulted in no data being collected. 

Nevertheless, the 1H-NMR spectrum of 2.24 showed pure material which was confirmed by 

mass spectrometry. The 1H-NMR spectrum of 2.4 is shown in Figure 2.10. There is an overall 

broadening of the proton signals, as well as the lack of coupling on H2 (shown as a singlet, 

rather than the expected doublet) and H3 (broad peak, rather than the predicted triplet). This is 

most likely due to stacking of the molecules of 2.4.  

 

 
Figure 2.10: 1H-NMR spectrum (CDCl3, 298 K) of 2.24 showing the aromatic region.  

 

 

2.2.2 Attempted synthesis of 5,6-disubstituted-1,10-phenanthrolines 2.25 – 2.27 

 

Attempts were made to synthesise other 5,6-disubstituted-1,10-phenanthroline 

derivatives. Several other boronic acids were synthesised, including 1-naphthyl-, 2-thienyl- and 

3-thienyl- boronic acids, using literature procedures.64, 65 The reaction of these boronic acids 
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with 5,6-dibromo-1,10-phenthroline (Scheme 2.10) were carried out using the same procedure 

as described for the molecules 2.21 – 2.24. 

  

 
Scheme 2.10: Attempted syntheses of molecules 2.25 – 2.27.  
 

 

2.2.2.1 5,6-Di-2-naphthalenyl-1,10-phenanthroline, 2.25 

 

Firstly, the reaction of 5,6-dibromo-1,10-phenanthroline with 1-naphthylboronic acid 

was carried out in a 1:2 ratio, respectively. The reaction resulted in unreacted 5,6-dibromo-

1,10-phenanthroline (2.28), and triphenylphosphine oxide, a side product from the 

palladium(II) catalyst used in the Suzuki cross-coupling reaction. The reaction was then 

completed with excess 1-naphthylboronic acid (four equivalents) and potassium hydroxide as 

the base. The 1H-NMR and ESI-MS of this reaction mixture showed a mixture of the desired 

product (2.25), mono-substituted product (2.29) and the 5,6-dibromo-1,10-phenanthroline 

starting material (2.28). The observed mono-substituted species was not surprising due the 

steric bulk that has been added to the 1,10-phenanthroline core and the potential rotation of this 

naphthalene ring hindering this site for the second catalytic cycle to take place (Figure 2.11).  

 

 
Figure 2.11: Structure of molecule 2.25, and the mono-substituted product, 2.29 showing the 
rotation around the carbon-carbon bond hindering the second site for the reaction.  
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This desired product (2.25) was unable to be isolated from this mixture. Despite the 

successful formation of 2.25, and other conditions explored (different bases, and equivalents 

added) the reaction was not high yielding and purification of the product was difficult. This was 

not pursued any further.  

 

 

2.2.2.2 5,6-Di-2-thienyl-1,10-phenanthroline, 2.26 

 

The synthesis of the 2-thiophene derivative was completed as outlined in Scheme 2.10, 

reacting the 2-thienylboronic acid with 5,6-dibromo-1,10-phenanthroline under typical Suzuki 

coupling reaction conditions. The reaction was attempted several times exploring a range of 

conditions. These are shown in the Table 2.3. The reaction conditions 1 and 2, with excess 

boronic acid (three and four equivalents) resulted in the recovery of the 5,6-dibromo-1,10-

phenanthroline starting material (2.28). However, surprisingly, with fewer equivalents of 

boronic acid (two equivalents, reaction conditions 3) the product (2.26) and the 

monosubstituted product (2.30) were observed, in addition to the starting material, 5,6-

dibromo-1,10-phenanthroline (2.28) and triphenylphosphine oxide. The addition of a stronger 

base, potassium hydroxide, was explored with excess boronic acid. No product was observed 

in the 10 M KOH mixture, nevertheless, the 2 M KOH mixture was the most promising with 

the same results as observed for reaction conditions 3. The mass spectrum of the crude material 

of reaction conditions 5 is shown in Figure 2.12. The mixture was unable to be separated after 

multiple attempts and was not explored any further.  

 

Table 2.3: Reaction conditions explored to form 2.26.  

Conditions Eq. of Boronic Acid Base Outcome 

1 4 eq. 2 M Na2CO3 2.28 

2 3 eq. 2 M Na2CO3 2.28 

3 2 eq. 2 M Na2CO3 2.26, 2.28, 2.30, TPPO 

4 4 eq. 10 M KOH 2.28 

5 3 eq. 2 M KOH 2.26, 2.28, 2.30, TPPO 
TPPO = triphenylphosphineoxide 
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Figure 2.12: ESI-MS of the crude mixture from reaction conditions 5; and the structure of 
molecules 2.26, 2.28 and 2.30.  
 

 

2.2.2.3 5,6-Di-3-thienyl-1,10-phenanthroline, 2.27 

 

The synthesis of the 2.27 was carried out using the typical Suzuki reaction conditions 

as previously described. This reaction was attempted by utilising the same reaction conditions 

that were considered to be optimal for the 2-thiophene derivative. The optimal reaction 

conditions from the 2-thiophene synthesis (reaction condition 5, Table 2.3) were applied to the 

3-thiophene synthesis. Three equivalents of 3-thienylboronic acid and 2M potassium hydroxide 

in toluene were used. The results observed were consistent to the results for the 2-thiophene 

derivative, where the desired product (2.27), the mono-substituted product and unreacted 5,6-

dibromo-1,10-phenanthroline (2.28) were seen in the crude mixture. Purification proved 

difficult and was not explored any further.  

 

The work described here for the attempted synthesis of 5,6-disubstituted-1,10-

phenanthroline derivatives (2.25 – 2.27) contributes to the future work of this chapter after 

computational studies were completed (Section 2.4).  
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2.3 5,6-Disubstituted-1,10-phenanthroline ruthenium(II) complexes  

 

2.3.1 Synthesis of ruthenium complexes (2.32 – 2.34) with molecules 2.21 – 2.24 

 

Ruthenium(II) complexes using the molecules 2.21 – 2.24, were synthesised by reacting 

the corresponding 5,6-disubsituted-1,10-phenanthroline ligands with [Ru(phen)2Cl2] in a 

microwave reactor using ethylene glycol as the solvent, as shown in Scheme 2.11 below. The 

reaction was heated at 300W for two minute bursts and monitored by TLC (silica, 4:1:1 

DMF:H2O:1 M NH4Cl). The reactions typically required 6 – 10 minutes of total microwave 

irradiation for complete consumption of the ligand and [Ru(phen)2Cl2]. Once complete, the 

reaction mixture was allowed to cool to room temperature followed by addition to water. The 

aqueous solutions were then filtered through celite. All ruthenium complexes were isolated as 

the hexafluorophosphate salt, and no further purification was required for these complexes.  

 

 
Scheme 2.11: Synthesis of complexes 2.31 – 2.34.  
 

 

2.3.1.1 [Ru(1,10-phenanthroline)2(2.21)][PF6]2, complex 2.31 

 

The 1H-NMR spectrum for [Ru(phen)2(2.21)][PF6]2 shows sixteen non-equivalent 

proton signals, some of which are overlapping, as shown in Figure 2.13. The 1,10-

phenanthroline ligands were clearly identified using a COSY experiment. The H2 protons on 

2.21 are directed towards the shielding region of the 1,10-phenanthroline ligands hence an 

upfield shift is observed at 8.06 ppm (cf. 9.20 ppm in the free ligand spectrum). Due to the 

differences in the solubility of the ligand and complex, coordinated induced shifts could not be 

determined. Mass spectrometric analysis shows two major peaks with a 2+ charge at 397.0913 
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m/z and 1+ charge at 939.1374 m/z, which correspond to the mononuclear complex 

[Ru(phen)22.21]2+ and [Ru(phen)22.21 + PF6]+, respectively.  

 

 

  
Figure 2.13: 1H-NMR spectrum (CDCl3, 298 K) of the aromatic region of complex 2.31.   
 

Crystals of complex 2.31 suitable for single crystal X-ray diffraction analysis were 

grown by vapour diffusion of pentane into 2.31 dissolved in dichloromethane, and a crystal 

structure was obtained. The structure solved in the triclinic space group P-1, with the cationic 

metal complex, two hexafluorophosphate counter ions, four dichloromethane and two water 

molecules in the asymmetric unit. A perspective view of the cation is shown in Figure 2.14. 

 

The ligand, 2.21, binds to the ruthenium using the available chelating site of the 1,10-

phenantholine nitrogen atoms, thus, forming a stable five membered chelate ring, with bite 

angles of ~80°. The ruthenium atom has a distorted octahedral coordination geometry. The 

ruthenium-to-nitrogen distances range from 2.062(3) Å to 2.077(3) Å, with the shortest 

distances being observed to nitrogen atoms of molecule 2.21.  

 

Compared to the solid-state structure of 2.21, the ligand has undergone minimal 

conformational change. In the X-ray diffraction crystal structure of the molecule 2.21, the 

phenyl rings are twisted out of the plane of the 1,10-phenanthroline ring by an average of 

68.4(4)°. Upon chelation, there are slightly larger twists of 75.7(1)° and 76.7(1)°. This may be 

due to the intermolecular interactions between these rings and solvent molecules, and the 

packing of the cationic structures, in which the neighbouring 1,10-phenanthroline (phen) 

ligands are interleaved between each phenyl ring. 
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Figure 2.14: (a) Perspective view of complex 2.31. The counter-ions, solvent molecules and 
hydrogen atoms have been removed for clarity. Thermal ellipsoids displayed at 40% 
probability. Selected bond lengths (Å) Ru1–N2 2.065(3), Ru1–N9 2.062(3), Ru1–N28 
2.070(3), Ru1–N35 2.069(3), Ru1–N42 2.077(3), Ru1–N49 2.072(3); and angles (°): N2-Ru1-
N9 79.4(1)°, N28-Ru1-N35 80.0(1)°, N42-Ru1-N49 79.1(1)°.  
 

The solvent molecules have considerable disorder which has been modelled. There are 

four dichloromethane (DCM) solvent molecules in the asymmetric unit, with each having a 

chlorine atom disordered. One is disordered over three sites, with occupancies of 60%, 30% 

and 10%. In the other three DCM molecules one chlorine atom is disordered over two sites. 

Two of these chlorine atoms have been modelled with the largest occupancy of 55%, and the 

third has been modelled with the largest occupancy of 80%. The water molecules are located 

together between the 1,10-phenanthroline ligands of neighbouring cationic structures. These 

have been modelled with occupancies of 75%, 25% and 50%, 25%, 25%.  

 

The packing of the complex arranges the ligand (2.21) anti-parallel to each other, similar 

to that observed in the crystal packing of the free ligand. The solvent molecules are located 

between the complexes. Only one of the hexafluorophosphate anions is disordered over two 

sites on the opposing side of the phenyl rings of a neighbouring 2.21 molecule. There are weak 

edge-to-face π-π interactions of these phenyl rings with the 1,10-phenanthroline core (centroid-

to-centroid = 4.788(2), C226···centroid = 3.522(5) Å, H26···centroid = 2.712(2) Å). The phen 

ligands chelated to the ruthenium also show favourable π-π interactions slightly offset between 

the structures (centroid-to-centroid = 3.714(4) Å, plane-to-plane shift = 1.213(8) Å, plane-to-

centroid 3.510(5) Å). There are favourable intermolecular forces between the 
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hexafluorophosphate molecules and the cationic structure, with measurements noted in Table 

2.4.  

 

Table 2.4: Intermolecular interactions observed in the crystal packing of complex 2.31. 
D-H···A D···A / Å D-H···A / ° 

C3-H3 ··· F60 3.108(4)   138.2(2) 

C23-H23 ··· F69A 3.04(1) 145.9(5) 

C73-H73A ··· F64B 2.97(1) 131.2(6) 

 

 

2.3.1.2 [Ru(1,10-phenanthroline)2(2.22)][PF6]2, complex 2.32  

 

The 1H-NMR spectrum for [Ru(phen)2(2.22)][PF6]2 shows twenty-four non-equivalent 

proton signals, some of which are overlapping. When molecule 2.22 complexes to the 

ruthenium metal, the ligand chelates as seen in complex 2.31 above. The spectrum was assigned 

by COSY and 1D TOCSY experiments. Again the H2 proton on the ligand is shifted 

significantly upfield upon complexation to the ruthenium(II) metal (Figure 2.15). The ESI-MS 

spectrum shows two major peaks, 453.1507 m/z (2+) and 1051.2692 m/z (1+), confirming the 

cationic structure, [Ru(phen)22.22]2+ with the former peak and the latter with a 

hexafluorophosphate anion [Ru(phen)22.22 + PF6] +.  

 

 

     
Figure 2.15: 1H-NMR spectrum (CDCl3, 298 K) of complex 2.32, showing the aromatic region 
(8.8 ppm – 7.0 ppm) and tert-butyl region (~1.3 ppm).  
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Crystals of [Ru(phen)2(2.22)]2+ were grown by vapour diffusion of diethyl ether into the 

complex dissolved in dichloromethane. The crystals were extremely small and lost solvent 

almost immediately after being removed from the solvent they were prepared in. After multiple 

attempts to find a crystal that diffracted well, data was collected. Although the structure could 

be determined using X-ray diffraction analysis, the refinement was difficult and not all the 

solvent molecules in the asymmetric unit could be successfully modelled. The complex 

crystallised in the orthorhombic space group, Pbca, with the cationic metal complex, two 

hexafluorophosphate counter ions, two dichloromethane solvent molecules and a water 

molecule in the asymmetric unit. A perspective view of the cation is shown in Figure 2.16. 

 

 
Figure 2.16: (a) Perspective view of complex 2.32; (b) view showing the twist of the phenyl 
rings and the direction of the H2 protons on ligand, 2.22. The counter-ions, solvent molecules, 
other hydrogen atoms and the minor occupancies have been omitted for clarity. Selected atomic 
labelling shown. Thermal ellipsoids are displayed at 40% probability. Selected bond lengths 
(Å): Ru1–N2 2.05(1) Ru1–N13 2.06(2), Ru1–N39, 2.07(2), Ru1–N50 2.04(2), Ru1–N59 
2.06(2), Ru1–N70 2.05(2); and angles (°): N2–Ru1–N13 79.5(4)°, N39–Ru1–N50 79.2(4)°, 
N53–Ru1–N64 79.9(4)°.  
 

The ruthenium is in a distorted octahedral geometry with bite angles of 79.2(4)°, 

79.5(4)° and 79.9(4)°. The Ru-N bond lengths are within the expected range, 2.0 – 2.1 Å. The 

para-tert-butylphenyl rings are twisted out of the plane by 81.8(5)° and 85.7(6)°, nearly 

perpendicular to the 1,10-phenanthroline scaffold of molecule 2.22. This twist is much larger 

compared to the free ligand, 64.7(3)° and 67.7(3)°. This consequently creates a larger distance 

between the ortho carbon atoms on the phenyl rings to 3.57(2) Å (C17···C27), 4.17(2) Å 
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(C21···C31), 4.47(2) Å (C21···C27), and 4.57(2) Å (C17···C31). The two anions are situated 

around the cationic structure with weak intermolecular interactions observed, to the ruthenium 

complex structure and dichloromethane molecules, (Table 2.5). There is significant disorder; 

one of the tert-butyl groups is disordered over two sites with the largest occupancy being 60%; 

one of the dichloromethane solvent molecules is disordered over four sites with a quarter 

occupancy for each (the chlorine atoms were refined with distance restraints); and the water 

molecule is modelled over two sites with a 50% occupancy for both. There are no significant 

π–π interactions, as previously seen in complex 2.31. This is probably due to the tert-butyl 

groups that cause a larger distance between the cationic structures, along with the solvent and 

counter anions located between the structures.  

 

Table 2.5: Weak intermolecular interactions observed in the crystal packing of complex 2.32. 

D-H···A D···A / Å D-H···A / ° 

C11-H11 ··· F78 3.06(2) 140.9(10) 

C10-H10 ··· F80 3.23(2) 144.1(10) 

C30-H30 ··· F70 3.18(2) 144.0(11) 

C55-H55 ··· Cl92 3.54(3) 139.2(12) 

C81-H81A ··· F77 3.30(2) 155.2(12) 

 

 

2.3.1.3 [Ru(1,10-phenanthroline)2(2.23)][PF6]2, complex 2.33 

 

The 1H-NMR spectrum of complex 2.33 (Figure 2.17) shows eighteen non-equivalent 

proton signals, some of which are overlapping, as noted in the previous ruthenium complexes, 

2.31 and 2.32. There are significant coordination induced shift of protons H2 upon the ligand 

binding to the metal centre, due to the same shielding affect as previously described. The 

spectrum shows an AB system clearly corresponding to the aromatic component of the para-

anisole substituents. An interesting observation is that the phenyl protons (H5 and H6) in the 

free ligand spectrum are equivalent due to the free bond rotation. However, in the 

[Ru(phen)2(2.23)]2+ complex, these are split into four sets of corresponding peaks as shown in 

the inset in Figure 2.18. The ESI-MS shows the major peak at 427.0974 m/z, consistent with 

the 2.32 ruthenium complex structure and another peak at 999.1619 m/z as a 1+ charged species 

corresponding to [Ru(phen)22.23 + PF6]+.  
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Figure 2.17: 1H-NMR spectrum (CDCl3, 298 K) of complex 2.33.  
 

 

 

 

 
 

Figure 2.18: Stacked 1H-NMR spectra of (a) 2.23 (blue, CDCl3, 298 K); (b) complex 2.33 (black, 
CD3CN, 298 K); (c) inset and enlarged region showing the AB system of the anisole substituent.  
 

Crystals of complex 2.33 suitable for single crystal X-ray diffraction analysis were 

grown by vapour diffusion of diethyl ether into the complex dissolved in dichloromethane and 

a crystal structure was obtained. The structure solved in the triclinic space group P-1, with the 

cationic metal complex, two hexafluorophosphate counter ions and two dichloromethane 

solvent molecules in the asymmetric unit. A perspective view of the cation is shown in Figure 

2.19.  
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Figure 2.19: Perspective view of complex 2.33. Counter ions, solvent molecules and hydrogen 
atoms have been removed for clarity. Selected bond lengths (Å): Ru1–N2 2.065(3), Ru1–N9 
2.053(3), Ru1–N32 2.065(3), Ru1–N39 2.061(3), Ru1–N46 2.070(3), Ru1–N53 2.066(3); and 
angles (°): N2–Ru1–N9, 79.60(7), N32–Ru1–N39 79.85(7), N46–Ru1–N53 80.01(8).  
 

As previously seen above for the structures of complexes 2.31 and 2.32, the ligand binds 

to the ruthenium metal by chelating through the nitrogen atoms. The ruthenium metal is in a 

distorted octahedral geometry. The chelate bite angles around the ruthenium are 79.60(7)°, 

79.85(7)°, 80.01(8)° and the Ru-N bond lengths are in the expected range, from 2.053(2) Å – 

2.070(2) Å. The anisole groups are twisted out of the plane of the 1,10-phenanthroline core by 

74.49(8)° and 87.31(8)°. The solvent molecules and counter anions are located in the spaces 

between and around the cationic complexes. The two dichloromethane solvent molecules are 

disordered; one which is modelled over three sites each with occupancies of 33% and the other 

modelled with one chlorine over two sites (largest occupancy = 63%). The crystal packing 

involves numerous weak interactions between various components, such as face-to-face π-π 

interactions between the phen ligands (centroid-to-centroid distance = 3.846(2) Å, plane-to-

plane shift = 1.792(5) Å, plane-to-centroid = 3.403(4) Å and centroid-to-centroid distance = 

3.933(3), Å plane-to-plane shift = 1.826(5) Å, plane-to-centroid = 3.484(4) Å) and weak 

intermolecular interactions between the fluorine or chlorine atoms with the complex; with the 

closest approach being C40···F63 3.144(3) Å, C40–H40 ··· F63 121.2(2)°.  
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2.3.1.4 [Ru(1,10-phenanthroline)2(2.24)][PF6]2, complex 2.34  

 

The 1H-NMR spectrum for complex 2.34 shows eighteen non-equivalent proton signals 

(Figure 2.20). There is significant overlapping of proton signals due to the aromatic components 

of the ligands present. The chelation of molecule 2.24 to the ruthenium metal shifts the proton 

signal of H2 significantly upfield due to the anisotropy effect of this proton directed into the 

phenanthroline heterocyclic rings. The remainder of the peaks were assigned by COSY and 1D 

TOCSY experiments. The ESI-MS spectrum of 2.34, shows one major peak at 447.1026 m/z, 

corresponding to the cationic structure.  

 

 
Figure 2.20: 1H-NMR spectrum (CDCl3, 298 K) of the aromatic region of complex 2.34.  
 

Very small crystals of complex 2.34, suitable for single crystal X-ray diffraction 

analysis were grown by vapour diffusion of ethanol into the complex dissolved in acetonitrile. 

The complex solved in the triclinic space group, P-1, with the cationic metal complex and two 

hexafluorophosphate counter ions in the asymmetric unit. A perspective view of the complex 

is shown in Figure 2.21. The ruthenium metal has a distorted octahedral coordination geometry, 

with a bite angle to the coordinated 2.24 molecule of 79.011(8)° and phen ligand bite angles of 

80.221(7)° and 80.463(10)°. The Ru-N bond lengths are in the expected range, 2.0 – 2.1 Å.  

 

The 2-naphthalene substituents of molecule 2.24 are rotated out of the plane of the 

phenanthroline core by 61.898(6)°, and  81.500(8)°/76.658(8)°. One of the 2-napthyl groups is 

disordered over two sites, hence there are two angles for one of the twisted groups. This disorder 

has been modelled with 50% occupancies and is due to the rotation around the carbon-carbon 

single bond to the phenanthroline component, as shown in Figure 2.22. The centroid-to-centroid 
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distances between each corresponding ring measure 0.6788(1) Å and 1.1829(1) Å and the 

difference in twists measure 7.143(1)° and 7.143(1)°.   

 

 
Figure 2.21: Perspective view of complex 2.34 showing one of the disordered 2-naphthyl 
components. Counter ions and hydrogen atoms have been removed for clarity. Thermal 
ellipsoids shown at 40% probability. Selected bond lengths (Å): Ru1–N2 2.0627(2), Ru1–N9 
2.0058(3), Ru1–N36 2.0534(2), Ru1–N43 2.0452(2), Ru1–N50 2.0640(3), Ru1–N57 
2.0570(2); and angles (°): N2–Ru1–N13 79.011(8)°, N45–Ru1–N56 80.221(7)° and N59–Ru1–
N70 80.463(10)°. 
 

 
Figure 2.22: Rotation around the carbon-carbon between the 2-naphthyl group and the 1,10-
phenanthroline scaffold. This rotation indicates the disorder observed in the crystal structure of 
complex 2.34.  
 

The crystal packing shows the cationic structures pack co-planar to each other, with 

successful face-to-face π-π interactions (Table 2.6) and an edge-to-face π-π interaction 
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(centroid-to-centroid = 4.8858(4) Å, C37···centroid = 3.5556(3) Å, H37···centroid = 2.6652(2) 

Å). The interactions are between neighbouring naphthalene groups, phen-phen rings and 

naphthalene-phen rings. The hexafluorophosphate counter ions are located around the 

complexes, which show some weak intermolecular forces between the fluorine atoms and the 

ligands, with the closest interaction being C5···F74 3.0580(3) Å, C55–H55 ··· F74 128.625(6)°.  

 

Table 2.6: Face-to-face π-π interactions observed in the packing of complex 2.34. 

Interactions between: centroid-to-
centroid / Å 

plane-to-plane shift 
/ Å 

plane-to-centroid  
/ Å 

naphthyl···naphthyl 3.3716(3) 1.5161(5) 3.1346(4) 

naphthyl···naphthyl 3.5002(3) 1.7083(5) 3.0550(4) 

naphthyl···naphthyl 3.6423(3) 1.6995(5) 3.2218(4) 

naphthyl···phen 3.7490(4) 2.3484(5) 2.9223(4) 

phen···phen 3.7547(3) 1.6444(4) 3.4143(4) 
 

 

2.3.2 Absorption and electrochemistry of ruthenium complexes 2.31 – 2.34 

 

Electrochemical studies give insight into the electron-transfer processes in such 

complexes. Electrochemical properties for the four complexes were examined by cyclic 

voltammetry, in degassed acetonitrile solutions containing 0.1 M Bu4NPF6 as an electrolyte. 

The details of the electronic absorption spectra and redox potentials for the four ruthenium 

complexes 2.31 – 2.34 are listed in Table 2.7 and referenced to the ferrocene/ferrocenium ion 

redox couple. The experiments were initially carried out with a platinum working electrode, 

platinum mesh as the counter electrode and silver wire as the reference electrode. However, the 

reduction potential was unable to be determined due to broadening of all the peaks and signs of 

the complex coating the electrode surface. Therefore, a glassy-carbon working electrode was 

utilised instead to show the reduction peaks. These peaks are irreversible due to the adsorption 

or precipitation peak observed for all four complexes (e.g. Figure 2.23).  
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Table 2.7: Absorption maximaa and redox potentialsb for complex 2.31 – 2.34.  

 λmax / nm  
Ru ox Ligand Red 

E1/2   E1/2 Eox Ered 

2.31  449 , 264, 230 +0.93 - - -1.34, -1.83, -2.01 

2.32 449, 264, 230 +0.96 - - -1.27, -1.84, -2.03 

2.33 451, 264, 230 +0.91 –2.16* –2.15* -1.20, -1.75, -1.88, -2.18* 

2.34 450,  464, 230 +0.93 - - -1.19, -1.82, -2.00 
aIn acetonitrile bIn V vs Fc/Fc+ in CH3CN/0.1M Bu4PF6 n = 100 m V s–1 *broad reduction peaks. 

 

 
Figure 2.23: Cyclic voltammogram of complex 2.33. Recorded in degassed acetonitrile at 298 
K. The asterisk denotes the reference to ferrocene/ferrocenium couple, and the plus sign 
indicates an absorption/precipitation peak. Conditions: glassy carbon working electrode, silver 
wire, platinum mesh, n = 100 m V s–1. 
 

All complexes exhibit a chemically reversible oxidation process (platinum electrode). 

This process can be assigned to the Ru2+/Ru3+ redox couple, with the oxidation occurring on the 

metal centre and the reduction occurring on the 5,6-disubsituted-1,10-phenanthroline ligand. 

The oxidation potentials of complexes 2.31 – 2.34 are very similar to the parent compound 

[Ru(phen)3]2+ with only a slight effect observed by the peripheral substitution in the 5,6-

positions of the phen ligand, with the largest increase being from 0.90 V to 0.96 V for 2.34. 

The E1/2 values all fall within the potential range typical of ruthenium-based oxidations. The 

* 

+ 

* 
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values observed for the first reduction potential suggests that the substituted ligands are easier 

to reduce compared to the parent compound. Schäfer et al. synthesised ruthenium(II) complexes 

with 3,5,6,8-tetrasubstituted-1,10-phenanthroline ligands and noted that the complexes were 

not well behaved in acetonitrile solutions and observed the same adsorption peaks of the 

reduced species on the surface of the electrode.66 The reduction is not reversible in complexes 

2.31, 2.32 and 2.34, however 2.33 shows a broad reversible peak at E1/2 = –2.16 (Figure 2.23). 

The reduction peaks fall within the expected range for phen-containing ruthenium(II) 

complexes.  

 

It is known that ruthenium(II) polypyridyl coordination complexes exhibit 

predominately a metal-based highest occupied molecular orbital (HOMO) and ligand based 

lowest unoccupied molecular orbital (LUMO) which leads to oxidation associated with the 

metal centre, and reduction on the ligand. These complexes often exhibit intense luminescence 

at room temperature and their wavelengths can be tuned by the addition of electron donating, 

electron withdrawing and π-conjugated groups to the ligands.  

 

 

Sections 2.3.3 – 2.3.5 were completed with Georgina Shillito from the Gordon Group at the 

University of Otago.  

 

2.3.3 Steady state absorption and emission for ruthenium complexes 2.31 – 2.34  

 

The electronic absorption spectra of the complexes 2.31 – 2.34 (Figure 2.24) are not 

sensitive to substitution of the 5,6-disubstituted-1,10-phenanthroline ligand and strongly 

resemble that of the parent complex, [Ru(phen)3]2+. The high energy band at 260 nm is 

attributed to the π → π* transitions of the ligands and a metal-to-ligand charge transfer 

(1MLCT) state absorption is present at approximately 447 nm.67, 68 The heteroleptic nature of 

the complexes studied means that population of two possible MLCT states can occur, with 

formation of a radical anion residing on either the phen ligand, or the 5,6-disubstituted-phen 

ligands (2.21 – 2.24). Which state is formed is dependent on the relative energies of the phen 

acceptor molecular orbitals. The addition of electron donating substituents such as tert-butyl 

groups or methoxy groups to the phen ligand would likely raise the energy of the acceptor 

molecular orbital. However, as the substituted phenyl rings have been appended to the phen 

ligand, this could lead to increased delocalisation over the ligand, with the potential to lower 

the energy. The combination of these effects suggests that the two accessible MLCT states are 
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likely very close in energy, and this is consistent with the similarity in the electronic absorption 

spectra. Likewise, the electronic emission spectra also resembles that of the parent complex.67-

70  

 

 
Figure 2.24: (a) Electronic absorption spectra of the complexes 2.31 – 2.34 in CH2Cl2, (b) 
Corrected emission spectra of the complexes 2.31 – 2.34 recorded in CH2Cl2.  
 

The emission maxima show minimal variation, ranging from 584 nm to 588 nm 

progressing from complex 2.31 to complex 2.34 and are consistent with 3MLCT emission from 

either possible 3MLCT state. The minimal variations observed in the electronic absorption and 

emission spectra are not surprising due to the similarity in energy and nature of the states 

formed. Both the absorption and emission spectra of previously reported homoleptic [Ru(phen-

R)3]2+ derivatives, show only small perturbations from the parent complex, such that the MLCT 

state must exist on the substituted ligand (2.21 – 2.24).71 

 

 

2.3.4 Resonance Raman spectroscopy of ruthenium complexes 2.31 – 2.34. 

 

Resonance Raman spectra of the complexes were recorded at a range of excitation 

wavelengths across the absorption profile. When the excitation wavelength is coincident with 

that of an electronic state, Raman modes, where the vibrations reflect the nature of the state 

distortion, are selectively enhanced.72-74 Therefore, the chromophore involved within an 

electronic transition can be characterised by means of examining the band enhancement pattern 

of key vibrational modes relative to the non-resonant spectrum. The resonance Raman spectra 

of the ruthenium complexes 2.11 – 2.14, as shown in Figure 2.25, are very similar to each other 

and that of the previously reported parent complex.75, 76 

2.31 
2.32 
2.33 
2.34 

2.31 
2.32 
2.33 
2.34 
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Figure 2.25: Resonance Raman spectra of complexes (a) 2.31, (b) 2.32, (c) 2.33 and (d) 2.34. 

Spectra were measured in CH2Cl2. Solvent bands are marked with an asterisk. 

 
 

 
 

 
 

 
 

(a) (b) 

(c) (d) 
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With 448 nm excitation, phenanthroline modes are enhanced, with the bands at 1631 

cm–1, 1579 cm–1, 1513 cm–1, 1450 cm–1, 1207 cm–1  and 1147 cm–1 showing the most significant 

intensity changes, shown in Figure 2.26. This is consistent with a MLCT transition. The 

similarity in frequency between the substituted phenanthroline and unsubstituted 

phenanthroline modes suggests that the bands likely overlap, this is likely due to the closeness 

in energy of the two MLCT states. 

 

 
Figure 2.26: Comparison of the resonance Raman spectra of all four complexes (a) 2.31, (b) 
2.32, (c) 2.33 and (d) 2.34 with 448 nm excitation. CH2Cl2 solvent bands marked with an 
asterisk. Highlighted bands indicate spectral differences.  
 

The non-resonant spectrum of complex 2.34 shows a strong band at 1383 cm–1 which is 

not present in the related complexes or the parent complex. Density functional theory (DFT) 

calculations show that this mode corresponds to a vibration from the naphthalene substitution. 

In the resonance spectra the band is much weaker, as the electronic states do not directly involve 

the naphthalene moiety. The resonance Raman spectrum of complex 2.34 also shows a band at 

1475 cm–1 which is also not reported for the parent complex. Some enhancement is seen at 448 

nm and 457 nm and is likely attributed to a delocalised phen-naphthalene vibration. Similarly, 

the band at 1494 cm–1 in complex 2.31 is enhanced in the same region and is also likely a 

substituted phenanthroline vibration. Complex 2.32 has a similar vibration at 1479 cm–1 but is 

only enhanced at shorter wavelengths. No such band can be seen in the complex 2.33 spectra. 

Density Functional Theory (DFT) calculations were completed by Georgina Shillito from the 

(a) 

(b) 

(c) 

(d) 
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Gordon Group at the University of Otago, however, the nature of the lowest energy charge 

transfer state could not be conclusively determined from the resonance Raman data due to the 

large number of overlapping bands and the similar MLCT transition energies.  

 

 

2.3.5 Transient adsorption and emission for ruthenium complexes 2.31 – 2.34.  

 

Transient absorption and emission spectra of the complexes were measured, and kinetic 

fits were used to determine their excited state lifetimes (Table 2.8). In transition metal diimine 

complexes, emission at room temperature is normally observed from the lowest 3MLCT state. 

The transient emission of complexes 2.32 and 2.33 exhibited mono-exponential decay, with 

lifetimes not atypical for 3MLCT states of RuII(phen)•-. The lifetimes measured from the 

corresponding kinetic traces of the transient absorption spectra were consistent within 

experimental error. Emission from complexes 2.31 and 2.34 required a bi-exponential decay 

fitting, implying that two emissive states are present. These states are likely close in energy, 

due to their detection in the same spectral region and likely correspond to 3MLCT states 

involving the phenyl and naphthalene substituents of 2.31 and 2.34. 

 

The lifetimes obtained in the transient absorption spectra were fitted mono-

exponentially and are consistent with the longer lifetime emissive component. Interestingly, the 

transient absorption kinetics show that complex 2.34 also possess a much longer dark state 

lifetime of almost 40 μs, far longer than that typical for 3MLCT states of Ru(II) diimine 

complexes.77 This is attributed to a 3IL state on the substituted ligand. Previous studies have 

shown the presence of long lived 3IL states in ruthenium(II) diimine complexes.77-86  

 

Table 2.8. Excited state lifetimes of 2.31 – 2.34 measured at approximately 1 x10–4 M in 
argon purged DCM solutions. 

 τ1em / ns τ2em / ns τ1abs / ns τ2abs / ns 

2.11 15 297 290 - 

2.12 - 316 302 - 

2.13 - 285 280 - 

2.14 100 290 242 39000 

Measurement error is ± 10%. 
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The behaviour of ruthenium(II) complexes with extended excited state lifetimes, 

facilitated by 3IL population, fall into two principal groups. Firstly, the more commonly 

reported situation is the establishment of a thermal equilibrium between strongly interacting 
3MLCT and 3IL states where the rate of internal conversion is fast compared to ground state 

deactivation pathways.78, 80, 84 This leads to observation of a long, mono-exponential decay. The 

second group consists of compounds with weakly interacting 3MLCT and 3IL states not in 

equilibrium. Hence signals attributed to both states may be observed and fitted to bi-exponential 

decay functions.77, 79, 85, 86 Previous studies with appended naphthalene moieties have found no 

such long lived 3IL state. However, naphthalene phosphorescence occurs at approximately 476 

nm (21 000 cm–1)77 as it is lower in energy that the 1MLCT absorption at approximately 450 

nm (22 000 cm–1) so in principle, it should be an accessible state.79 

 

In the case of complex 2.34, the 3MLCT and 3IL states are clearly not in equilibrium. 

The transient differential absorption map of complex 2.34 is provided in Figure 2.27a and 

shows time separation of two different absorbing states. After excitation a characteristic MLCT 

ground state bleach profile between 400 and 500 nm is observed at time intervals up to 1 μs. 

Kinetic traces taken in the electronic ground state bleaching region show single exponential 

decay with lifetimes corresponding to that of the long-lived component of the emission. 

 

 
Figure 2.27: (a) Transient absorption map of complex 2.34 from initial to 41 μs after excitation. 
(b) Possible state diagram for complex 2.34. Blue arrows indicate absorption, yellow radiative 
processes and black non radiative decay.  
 

Transient absorption features are also observed between 300 and 400 nm and from 500 nm. 

After 1 μs the spectral profile evolves, the bleach recovers and a new positive feature around 

380 nm develops along with a low intensity absorption between approximately 450 and 600 

(a)              (b) 
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nm. These features cannot be definitively attributed to a naphthalene triplet state, which has 

been shown to strongly absorb at 420 nm.87, 88 It is suggested that the absorption profile obtained 

between 1 and 41 μs is due to absorbance of a delocalised, non-emissive, phenanthroline-

naphthalene triplet state, thereby maintaining 3IL character. A suggested state diagram for 

complex 2.34 is presented in Figure 2.27b. 

 

 

2.4 Photochemical cyclisation  

 

2.4.1 System, equipment and attempted photochemical cyclodehydrogenation of 

compounds 2.21 – 2.23  

 

Oxidative photocyclisation of various phenyl substituted 1,10-phenanthroline 

derivatives has not been reported in the literature. The photochemical cyclisation of stilbene 

was reported as early as 1934 by Smakula, however the reaction did not become feasible as a 

synthetic tool until Mallory pioneered the use of catalytic iodine in 1964.27, 89, 90 This not only 

allowed for more concentrated mixtures but also fewer side reactions. Previous work in the 

Fitchett Group has investigated photochemical cyclisation of molecules that contain 5-

membered heterocycles, as pyrrole and indole type structures (Figure 2.28).91, 92 A variety of 

conditions can be employed for the photochemical cyclisation reactions. Equipment was 

designed and made for this technique by the workshops at the University of Canterbury and the 

apparatus used is shown in Figure 2.29.  

 

 
Figure 2.28: Structure of molecules that undergo photochemical cyclisation, synthesised in the 
Fitchett Group.92, 93 The new bond formed through this process is shown in bold.  
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Figure 2.29: Rayonet and apparatus used for photochemical cyclisation. 

 

Trans-stilbene was the first molecule investigated to test the method and conditions 

chosen as shown in Scheme 2.12. Firstly, the choice of conditions was taken from previous 

work completed in the Fitchett group (reaction conditions 1) and the other reaction conditions 

tested (reaction conditions 2 and 3) that are shown in Table 2.9 below.  

 

 
Scheme 2.12: Photocyclisation reaction of trans-stilbene (1.39) to form phenanthrene (1.6).  
 

The reactions were carried out in an oven dried quartz tube under an inert atmosphere, 

E-stilbene, toluene, propylene oxide and iodine were added, and the tube was irradiated 

overnight. The reaction was quenched at room temperature with sodium thiosulfate solution 

and the organic layer separated. The reaction resulted in successful formation of phenanthrene, 

observed by 1H-NMR spectroscopy and ESI-MS. The reaction was repeated with THF instead 

of propylene oxide (reaction conditions 2), as well as these additions being removed completely 

(reaction conditions 3), both these conditions led to the same results.  

 

 

hv
HH

hv

hv or dark

oxidant

1.39 1.40 1.6

Quartz 
reaction 
vessel 

Condenser 

N2/Ar or air 
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Table 2.9: Reaction conditions explored for photochemical cyclisation. 
 Conditions 

1 I2 (granules), Propylene Oxide, Toluene,  Ar 

2 I2 (granules), THF, Toluene,  Ar 

3 I2 (granules), Toluene,  Air 

4 2M HCl, Ethanol (1:1), Air 

5 H2SO4, Ethanol (1:1), Air 

 

After successfully testing the equipment and reaction conditions, novel compounds 

2.21, 2.22 and 2.23 were added to the Rayonet reactor and reacted under the reaction conditions 

1 displayed in Table 2.9. Unfortunately, no cyclisation was observed following the reaction 

workup as described from the phenanthrene synthesis from E-stilbene. Due to the multitude of 

conditions that can be employed for photochemical cyclisation, tuning the conditions for the 

target molecules is the key to successful conversion. Similar systems studied showed the 

following reaction conversion from 2.35 to 2.36 succeeds only under acidic conditions, which 

indicates that the ring closure involves the corresponding quinolium ion, 2.37 (Scheme 2.13).27, 

94 This is an interesting example as its isoelectronic counterpart 1,2-diphenylnapthalene 

requires iodine for the photochemical cyclisation.95  

 

 
Scheme 2.13: Oxidative photocyclisation of 3,4-diphenylquinoline to form molecule 2.36. 

 

Other conditions include a mixture of acid and alcohol that can proceed in an oxygen 

atmosphere.27 New conditions (reaction conditions 4 and 5, Table 2.9) were tested for 

compounds 2.21, 2.22 and 2.23 these involve the addition of acid. Unfortunately, these only led 

to the recovery of the starting material. It is predicted to be very difficult to observe the desired 

photocyclisation product in molecule 2.21 via 1H-NMR spectroscopy, as the protons from the 

cyclisation are expected to overlap with the phenyl ring signals and the solvent peak in CDCl3. 

The predicted proton signals for compounds 2.23 and 2.24 should show a singlet corresponding 

N N
2M HCl

Air N
H

HH

2.35 2.36 2.37
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to the proton next to the site where the cyclisation has taken place. The reactions were carried 

out and unfortunately the products were not observed. After several attempts, to optimise these 

conditions, no conclusive results could be determined. Instead, computational studies on 5,6-

disubstituted-1,10-phenanthrolline derivatives were carried out.  

 

 

2.4.2 Computational studies with Dinga Wonanke from the Crittenden group at the 

University of Canterbury  

 

There are two steps involved in the photochemical cyclisation reaction. The first step is 

6π electrocyclisation (also known as photoplanarisation), and the second step involves 

elimination (oxidative dehydrogenation or ‘pure’ elimination). Oxidative dehydrogenation 

involves an oxidising agent where there is a loss of two hydrogen atoms and forms a double 

bond, whereas ‘pure’ elimination is where there is a good leaving group that is able to detach 

itself spontaneously (for example, iodine, chlorine or a bromine atom attached which can be 

eliminated with a hydrogen atom to form the desired product). Computational work was carried 

out on the molecules discussed previously in this chapter to predict whether the molecules will 

undergo the 6π electrocyclisation step, which is the most essential pre-condition for 

photochemical cyclisation. When the precondition is met, and the elimination is also 

favourable, the product has a high probability to form. The propensity of a molecule to 

photoplanarise is related to localised changes in charge distribution around the putative forming 

ring upon photoexcitation. Previous studies have focused on directly capturing changes in 

electron distribution upon photoexcitation, monitoring changes in quantities computed via 

Hückel molecular orbital theory such as free-valence indices,96, 97 localisation energies,96-98 

electronic overlap populations99, 100 and bond orders.101 Although these reactivity predictors 

have been employed to good effect, they are not useful for heteroatom-containing systems. 

Recent work by Wonanke and Crittenden has developed a geometric based reactivity predictor, 

that relies on projecting induced excited state atomic forces on bond vectors along the putative 

forming ring of a given conformer.91 If the forces calculated are consistent with the atoms 

moving to adopt a more planar and/or more aromatic ring-like system, then it is likely that 6π 

electrocyclisation will proceed. Unlike methods developed from the Hückel molecular orbital 

theory, the geometric based reactivity predictor is more general and can be applied to both 

carbon and heteroatom-containing systems.  
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For this reason, it was decided to use the geometric reactivity predictor because the 

systems investigated contain heteroatoms. The computational results, for molecules 2.21 – 2.27 

are displayed in both Table 2.10 and Figure 2.30. Additionally, other structures (2.38 – 2.50, 

Figure 2.30) were also subject to computational studies to determine if they would be good 

candidates for photochemical cyclisation. Due to the successful photochemical cyclisation of 

heteroatom-containing systems reported in the literature under acidic conditions, selected 

protonated molecules were also calculated.  

 

Table 2.10: Total photo-induced bond aromatisation forces, F*π,s and the outcome for the 6π-
electrocyclisation step. (Outcome: ü = Maybe û = Unlikely)  

 F*π,s 

Eh/a0 
Outcome  

 
 F*π,s 

Eh/a0 
Outcome 

2.21 0.075 û  2.41 0.119 û 
2.22 0.105 û  2.42 0.081 û 
2.23 0.123 û  2.43 0.045 û 
2.24 0.164 ü  2.44 0.133 û 

2.25 0.220 ü 
 

2.45 
0.151 
0.180 
0.214 

ü 

2.26 0.142 ü  2.46 0.142 û 

2.27 0.148 ü 
 

2.47 
0.111 
0.099 
0.149 

û  
ü 

2.38 0.110 û  2.48 0.004 û 

2.39 0.169 û 
 

2.49 
0.017 
0.048 
0.037 

û 

2.40 0.013 û  2.50 0.025 û 
Protonated compounds 

2.23H+ 0.056 û  
2.27H+ 

0.041 
0.082 
0.091 

û 
2.26H+ 0.064 û  

 

The computational method reports a clear qualitative difference between molecules with 

strong bond aromatic forces (F*π/s > 0.15 Eh/a0) that generally proceed to form the 6π 

electrocyclisation intermediates and photocyclised products, while forces that are only sparsely 

localised along the putative forming ring (0.15 Eh/a0 > F*π/s > 0.15 Eh/a0) may undergo the 6π 

cyclisation and should not be ruled out for the potential to undergo photochemical cyclisation.  
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Figure 2.30: Structures of molecules 2.21 – 2.27 and 2.38 – 2.50 submitted for photochemical 
cyclisation computation studies. The blue box indicates molecules that might photocyclise.  
 

However, those with the weaker bond aromatisation forces (F*π/s < 0.15 Eh/a0) will not be able 

to undergo the first vital step. This may be due to the forces around the putative forming ring 

being too small or the forces being localised away from the putative forming ring. It is important 

to note that the model used has a good predictive power, with a strong correlation between 

predicted ability to photocyclise and observed product formation in experiments.91 However, 

there were two cases reported where the calculations and the experimental data did not match, 

this may have been due to the structural model chosen.  

 

Computationally, molecules 2.21, 2.22, 2.38, 2.39, 2.40, 2.41, 2.42 and 2.43 are found 

to have low bond aromatising forces, 0.075, 0.105, 0.110, 0.169 0.013, 0.119, 0.081 and 0.045 

Eh/a0, respectively. The photo-induced atomic forces for 2.21 is displayed in Figure 2.31, show 

the electronic transitions in the form of magenta arrows (lengthening and shortening of the bond 

lengths). All photo-induced atomic force diagrams can be found in Appendix Two. Analysing 

the induced forces in the first singlet electronic excited state of these molecules show the 

induced forces are localised on the phen scaffold and away from the putative forming ring. This 

therefore means that the forces will not be sufficient to promote aromatisation of the putative 
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forming ring, hence not favour 6π electrocyclisation. If the intermediate cannot form, then the 

elimination step is unlikely to proceed.  

 

 
Figure 2.31: Photoinduced atomic forces within molecules 2.21. 

 

The addition of the methoxy substituent in the para position of the phenyl ring (molecule 

2.23) donates electron density to the phenyl ring which delocalises the HOMO/LUMO around 

the putative forming ring. This is evident in Figure 2.32, as the magenta-coloured arrows show 

the lengthening and shortening of the bonds in the putative forming ring. The π-bond lengths 

are lengthening, and the s-bond lengths are shortening, promoting the aromaticity of the 

putative forming ring (direction of the arrows). It is important to note that the length of the 

arrow represents the magnitude of the force. In the photo-induced atomic force diagram for 

molecule 2.23, reveals small arrows around the putative forming ring, with most of the induced 

forces on the 1,10-phenanthroline core and the forces that drive the 6π electrocyclisation 

process are low, 0.123 Eh/a0. The protonated molecule, 2.23H+, was found to have even lower 

bond aromatisation forces, 0.056 Eh/a0.  
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Figure 2.32: Photoinduced atomic forces within molecules 2.23 and 2.23H+.  
 

Molecule 2.24 has 2-naphthyl substituents, which balances the localisation of induced 

forces in the singlet electronic excited state across the putative forming ring displayed in Figure 

2.33. Hence, this molecule has a high propensity for 6π electrocyclisation to occur. It is 

proposed that the fused ring acts as a donor. The changes of the fused ring from the phenyl to 

the 2-naphthyl increases the F*π/s value from 0.075 to 0.16 Eh/a0. Although molecule 2.25 was 

unable to be synthesised, due to the bulkiness of the 1-naphthyl group, the computational results 

show the localisation of the induced forces in the singlet electronic state around the putative 

forming ring, the naphthalene substituent and a small amount on the phenanthroline core. The 

bond aromatisation forces reveal that 2.25 may undergo the 6π electrocyclisation step, 0.220 

Eh/a0.  

 

  
Figure 2.33: Photoinduced atomic forces within 2.24.  
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Molecules 2.26 and 2.27 contain thiophene groups in the 5- and 6- positions of the 1,10-

phenanthroline ring. However the connectivity is different, one being in the 2- position and the 

other 3- position. This difference shows very interesting results computationally. The singlet 

electronic excited state of molecule 2.26 shows the induced forces across the putative forming 

ring. In contrast, the induced forces in molecule 2.27 are localised on the phenanthroline ring, 

away from the putative forming ring (Appendix Two). Nevertheless, the bond aromatising force 

for molecule 2.27, is 0.148 Eh/a0, which indicates that it has the potential to undergo the 6π 

electrocyclisation step. This calculated value is higher than that for molecule 2.26, 0.142 Eh/a0. 

It has been shown that di-2-thienylethylene (2.51) proceeds in excellent yield (90%) to the 

photochemical cyclised product 2.52 (Scheme 2.14a), whereas the di-3-thienylethylene (2.53) 

reaction fails (Scheme 2.14b). The latter observation is that the photocyclisation lies in the 

oxidative trapping of the dihydro intermediate which leads to the formation of intractable 

products. It however has been shown that the mixed dithienylethylene (2.54) molecule can 

proceed forming 2.55 (Scheme 2.14c).  

 

 

 
Scheme 2.14: Photochemical cyclisation of thiophene derivatives reported in the literature. (a) 
di-2-thienylethylene; (b) di-2-thienylethylene; (c) mixed dithienylethylene.  
 

The photoinduced atomic forces for molecule 2.27 shows little-to-no induced forces on 

the putative forming ring which may be due to the inability of the intermediate to form. Two 

additional conformers of 2.27 were analysed and one of the diagrams show a small amount of 

induced forces around the putative forming ring. Unexpectedly, the calculations of these 
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conformers resulted in an increase of F*π/s values of 0.203 Eh/a0 and 0.208 Eh/a0. As these 

numbers are greater than 0.2, computational analysis of these molecules will most likely result 

in the 6π photocyclisation. It is unknown whether the second step (elimination) will be able to 

occur due to the trapping of the dihydro intermediate explained above. From these results, it 

can be concluded that both the thiophene derivatives, 2.26 and 2.27, may undergo 6π 

electrocyclisation, but optimisation of experimental conditions would need to be carried out in 

order to favour the oxidative dehydrogenation.  

 

 

2.5 Coordination chemistry  

 

The compounds synthesised (2.21 – 2.24) all contain the phenanthroline chelating site 

which can be utilised in coordination chemistry as previously seen with ruthenium(II). It was 

decided to investigate the coordination chemistry of these compounds with copper(I) and 

silver(I).  

 

2.5.1 Synthesis of [Cu(2.21)3][BF4]2, complex 2.56 

 

Two equivalents of molecule 2.21 and one equivalent of tetrakis(acetonitrile)copper(I) 

tetrafluoroborate were dissolved separately in dichloromethane and acetonitrile, respectively 

and combined to form a dark red/brown solution. Vapour diffusion of a range of different 

solvents (diethyl ether, diisopropyl ether and pentane) resulted in small blue crystals. These 

crystals were submitted for single crystal X-ray diffraction analysis giving complex 2.56. 

Unfortunately, an elemental analysis was unable to be collected due to the small amount of 

material that was collected, even after multiple attempts to grow these crystals. The mass 

spectrometric analysis showed two copper(II) complexes, [Cu(2.21)2]2+, [Cu(2.21)2 + HCO2]+, 

as well as free ligand [2.21 + H]+, indicating that the complex likely decomposes in solution 

and also shows the presence of copper(II) produced from the oxidation of Cu(I) to Cu(II). 

 

The structure was solved in the triclinic space group, P-1, with the asymmetric unit 

consisting of three molecules of 2.21, one copper metal and two tetrafluoroborate anions. A 

perspective view of the complex is displayed in Figure 2.34. The small blue crystals of complex 

2.56 is a result of the oxidation of copper(I) to copper(II). This is evident as seen by the six-

coordinate geometry that the copper atom displays in the crystal structure, due to the 

coordination preferences of copper(II), as well as the observed counter ions, two 
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tetrafluoroborate anions, balancing the charge (2+). The metal is in a distorted octahedral 

geometry by the chelation to each ligand with bite angles of 76.3(2)°, 76.3(2)° and 80.8(2)° and 

the appearance of Jahn-Teller distortion with Cu–N bond lengths range from 2.012(4) Å – 

2.255(5) Å.  

 

 
Figure 2.34: Perspective view of complex 2.56. The hydrogen atoms, counter ions and the 
disordered phenyl ring have been removed for clarity. Thermal ellipsoids are displayed at 30% 
probability Selected bond lengths (Å): Cu1–N2 2.012(4), Cu1–N28 2.118(5), Cu1–N54 
2.218(5), Cu1–N13 2.115(5), Cu1–N39 2.255(5), Cu1–N65 2.010(4); angles (°): N2–Cu1–N13 
80.8(2)°, N28–Cu1–N3976.3(2)°, N54–Cu1–N6578.3(2)° and twists (°): 87.3(2), 87.8(2), 
77.0(2), 83.3(2), 78.9(2), 76.8(3)/72.3(3).  
 

The phenyl rings are twisted out of the plane of the phen core as seen above, with twists 

in the range from 72.3(3)° – 87.8(2)°. One of the phenyl rings has been modelled over two sites 

with 50% occupancies. The cationic structures pack along the a axis with co-planar stacking of 

the ligand components with π-π interactions. There are face-to-face π-π interactions between 
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the phenyl rings and the phen scaffold (centroid-to-centroid = 3.858(5) Å, 4.062(6) Å and 

3.999(3) Å, plane-to-plane shift = 1.939(16) Å, 2.211(18) Å and 2.432(8) Å, plane-to-centroid 

= 3.335(11) Å, 3.407(12) Å and 3.175(7) Å). The tetrafluoroborate counter ions are located 

either side of the cationic structures with intermolecular interactions observed (Table 2.11).  

 

There are two poorly ordered tetrafluoroborate anions, each with partial occupancy 

(50%). One of these anions was modelled with fixed distances and each fluorine atom is split 

over two sites (25% occupancy). The other tetrafluoroborate anion was modelled with the 

geometry constrained to be the same as the ordered one, to control the configuration and shape 

of the anion. This counter ion is in close proximity to a special position (inversion centre) and 

was modelled isotropically.  

 

Table 2.11: Intermolecular interactions observed in the crystal packing of complex 2.56.  
D-H···A D···A / Å D-H···A / ° 

C12-H12 ··· F97 3.047(16) 130.0(7) 

C29-H29 ··· F89 3.132(7) 123.8(4) 

C30-H30 ··· F86 3.139(7) 133.8(4) 

C76-H76 ··· F103 2.50(2) 154.1(9) 

C84-H84 ··· F87 3.360(15) 161.2(8) 

 

 

2.5.2 Reaction of 2.22 with tetrakis(acetonitrile)copper(I) tetrafluoroborate, complex 

  2.57. 

 

The addition of two equivalents of 2.22 in dichloromethane and one equivalent of 

tetrakis(acetonitrile)copper(I) tetrafluoroborate in acetonitrile, resulted in a dark red/brown 

solution. Vapour diffusion of a range of different solvents, diethyl ether, diisopropyl ether and 

pentane resulted in small blue crystals, however these crystals were too small for single crystal 

X-ray diffraction analysis and after several attempts, only a small amount of diffraction was 

observed. The crystalline material was analysed by ESI-MS and similar results were obtained 

as seen for complex 2.56. The ESI-MS of 2.57 showed two copper(II) complexes [Cu(2.22)2]2+ 

and [Cu(2.22)2 + HCO2]+, indicating the complex has oxidised form copper(I) to copper(II).  
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2.5.3 Synthesis of [Ag(2.22)2][BF4], complex 2.58 

 

Colourless crystals of complex 2.58 were obtained by slow evaporation of an 

acetonitrile/dichloromethane solvent mixture (1:1) that contained two equivalents of 2.22 and 

one equivalent of the silver(I) tetrafluoroborate metal salt. Solution studies on this complex 

were carried out and the 1H-NMR experiments showed only the free ligand spectrum. 

Additional metal salt was dissolved and added to the NMR solution, however no changes 

occurred to the spectrum. The mass spectrum showed two silver(I) complexes, [Ag(2.22)2]2+, 

[Ag(2.22)]+, as well as the free ligand, [2.22 + H]+, indicating the complex decomposes in the 

ESI-MS.  

 

Complex 2.58 crystallised in the monoclinic space group, C2/c with the asymmetric unit 

consisting of one silver atom, one molecule of 2.22 and one tetrafluoroborate anion. Both the 

silver atom and the counter anion are located on special positions. The complex structure shown 

in Figure 2.35, displays the [Ag(2.22)2]+ complex. The silver atom, chelates to two molecules 

of 2.22, is four-coordinate with bite angles of 71.629(3)°. The silver atom geometry is nearly 

planar, the slight distortion is caused by an opposite twist of the two ligands [plane-to-plane 

twist = 23.986(2)°].  

 

 
Figure 2.35: Perspective view of complex 2.58, showing the discrete [ML2]+ structure. The 
anion and hydrogen atoms have been removed for clarity. Selected bond lengths (Å): Ag1–N2 
2.3447(1), Ag1–N13 2.3311(1); and angles (°): N2–Ag–N13 162.713(1)°, N2–Ag1–N2´ 
110.429(3), N2–Ag1–N13´ 162.71(1).  

 

The substituted phenyl groups twisted out of the plane of the phen aromatic core by 

62.426(3)° and 66.726(2)°, are smaller twists compared to the protonated ligand crystal 
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structure, 2.22H+, shown in Figure 2.36 above. This may be due to the weak intermolecular 

forces observed between these substituted groups and the tetrafluoroborate counter anion. 

Nevertheless these interactions lock the counter anion between the cationic structures which 

also results in π-π interactions. There are face-to-face interactions observed between the phen 

stacked scaffold (centroid-to-centroid = 3.6386(2) Å and 3.5712(2) Å, plane-to-plane shift = 

1.2441(2) Å and 1.0923(2) Å, plane-to-centroid = 3.4192(2) Å and 3.4000(2) Å). The phenyl 

rings show a weak face-to-face π-π interaction due to the twists of these groups (centroid-to-

centroid = 3.9095(2) Å, plane-to-plane shift = 2.2454(2) Å, plane-to-centroid = 3.2003(2) Å, 

plane-to-plane twist 31.462(2)°). The cationic complexes stack, in a step-wise fashion. (Figure 

2.36).  

 

 
Figure 2.36: View of complex 2.58 along the b axis, showing the step-wise stacking of the 
complex, and the π-π interactions observed (dashed lines) between the 1,10-phenanthroline 
rings of adjacent complex structures.  
 

 

2.4.4 Synthesis of [Ag(2.23)2][BF4], complex 2.59 

 

Crystals suitable for single crystal X-ray diffraction analysis were obtained by vapour 

diffusion of diisopropyl ether into an acetonitrile/dichloromethane solution (1:1) containing two 

equivalents of molecule 2.23 and one equivalent of silver(I) tetrafluoroborate. Solution studies 

on this complex were carried out and the 1H-NMR spectrum showed mostly free ligand. The 

ESI-MS for complex 2.59 showed similar results to complex 2.59 above, with two silver(I) 

complexes, [Ag(2.23)2]2+, [Ag(2.23)]+, as well the free ligand [2.23 + H]+, again suggesting the 

silver complex decomposing in the solution state.  
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Complex 2.59 crystallised in the orthorhombic space group, I222, with the asymmetric 

unit containing one silver atom, half a molecule of 2.23, one tetrafluoroborate counter ion and 

two water molecules. The single crystal X-ray diffraction structure is [Ag(2.23)2]+ and can be 

viewed in Figure 2.37. The silver atom, the counter ion and the solvent molecules are all located 

on special positions within the asymmetric unit. The silver atom is four-coordinate in a distorted 

tetrahedral geometry. Each ligand coordinates through the nitrogen atoms of molecule 2.23 and 

forms five-membered chelate rings with bite angles of 73.258(2)°, and Ag-N bond lengths of 

2.29812(4) Å. The phenyl rings attached in the 5,6-positions of the phen core are twisted by 

64.271(2)°. The counter ions are located between the cationic complexes with weak 

intermolecular interactions observed; measurements are located in Table 2.12. The water 

molecules are located above and below the silver atoms in the packing of the complex, however 

there are no significant interactions observed between the water molecules and the cationic 

structure. This may be due to the hydrogen atoms of the water molecules not being modelled.  

 

 
Figure 2.37: Discrete structure of complex 2.59. Hydrogen atoms, counter anions and water 
molecules have been omitted for clarity. Selected bond length (Å): Ag1–N2 2.29812(4) and 
angle (°): N2–Ag1–N2’ 73.258(2).  
 

Table 2.12: Intermolecular interactions observed in the crystal packing of complex 2.59.  
D-H···A D···A / Å D-H···A / ° 

C16-H16B ··· F21 3.30166(6) 152.3061(2) 

C16-H16B ··· F23 3.25516(5) 123.0023(7) 

C3-H3 ··· F20 3.46652(5) 137.9595(2) 

 

Surprisingly, there are no significant π-π interactions, as seen previously in complex 

2.58. This is caused by the coordination of the silver atom and the outcome of this geometry in 

the packing of the complex structures. The phen-core structures have plane-to-plane twists of 
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80.355(2)°. The crystal packing is shown in Figure 2.38, where the tetrafluoroborate anions are 

located in the spaces between the structures, resulting in interactions of the anions with the 

methoxy groups. There are also other weak interactions observed between the fluorine atoms 

and C-H bonds on the phen rings (closest interaction = C3-H3···F20, Table 2.12).  

 

 
 
 
 
 
 
 
 
Figure 2.38: Packing of complex 2.59 along the a axis showing the anions are located in the 
spaces between the structures. Zoomed region showing the non-traditional hydrogen bonding 
with the tetrafluoroborate counter ions.  
 

The significant differences in the silver complexes discussed is the coordination 

geometry of the silver atom, causing different intermolecular forces within the crystal packing. 

The variations in the geometry is caused by the chelation of the ligands, parallel in complex 

2.58 (Figure 2.39a) and approximately rotated at a 90° angle in complex 2.59 (Figure 2.39b).  

 

   
Figure 2.39: Representation of the two different geometries of the silver metal in complexes 

2.58 and 2.59.  

(a)           (b) 
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2.6 Conclusion  

 

2.6.1 Summarising remarks  

 

A series of novel 5,6-disubstituted-1,10-phenanthroline ligands have been prepared as 

precursors for photochemical cyclisation (2.21 – 2.24). Attempts to synthesise other derivatives 

was undertaken, but this was hindered by issues during synthesis and the difficulty of product 

isolation. Equipment was designed and tested to carry out photochemical cyclisation and 

successful results were obtained from the testing. However, the investigation of the derivatives 

synthesised for photocyclisation did not yield the desired products. Regardless, the precursors 

(2.21 – 2.24) were successfully complexed to ruthenium forming complexes 2.31 – 2.34. A 

detailed characterisation of the molecules and complexes by single crystal X-ray diffraction 

analysis provided important structural information.  

 

The photophysical and electrochemical properties of the coordination complexes have 

been compared and the complexes share many characteristics with the parent [Ru(phen)3]2+. 

All the complexes exhibit spectral features typical of MLCT emission. The resonance Raman 

studies suggest the presence of MLCT states involving both the substituted and unsubstituted 

phen ligands but it could not be conclusively determined which is lower in energy due to the 

similarities of the possible MLCT states. Transient measurements of the complexes reveal that 

emission is likely composed of two MLCT states as it can be fitted bi-exponentially. Transient 

absorption kinetics revealed that the naphthalene substitution also possesses a dark state, with 

a lifetime an order of magnitude greater than that of the emissive state. The long-lived dark 

state is attributed to a delocalised triplet state on the phen-naphthalene moiety. Long lived 3IL 

states in ruthenium(II) complexes have been observed previously but mostly involved systems 

such as pyrene where the 3IL state is nearly isoenergetic with the 3MLCT.77, 82, 102 Previous 

studies with naphthalene have shown no such long lived state. It has been suggested that this is 

because the triplet state of naphthalene is too high in energy above that of the 3MLCT.77 The 

compound 2.24 contains two naphthyl groups appended in the 5- and 6-positions of the 

phenanthroline ligand, thereby conjugation is maintained, unlike in previous reports where the 

conjugation was broken by an alkyl bridge.77, 78 It is possible that this delocalisation lowered 

the energy sufficiently such that the 3IL state is centred over both the phenanthroline and 

naphthalene and facilitates 3IL population from the 1MLCT state. Internal conversion between 

the 3MLCT and 3LC states must be slower than the deactivation processes as the states are not 

in equilibrium and decay independently to the ground state. 



 113  

 

Computational studies were carried out on 5,6-disubstituted phenanthroline molecules 

using a recently developed geometric reactivity predictor instead of previous reported reactivity 

predictors as the latter are not useful for heteroatom-containing systems.91 The results were 

interesting and unexpected. The addition of electron donating substituents (i.e. methoxy, 

amino) do not contribute significantly to promote the 6π-electrocyclisation step, however the 

fused polyacene systems, 1-naphthyl and 2-naphthyl substituents show promising results. 

Calculations were carried out on additional molecules that were not targeted in this research, 

however, contribute to the future direction of these systems (see Section 2.6.2).  

 

The molecules 2.21 – 2.24 were also coordinated to copper(I) and silver(I), forming 

metallosupramolecular architectures. The former complexes, showed the formation of [ML]+ 

and [ML2]+ species in solution (ESI-MS), but the crystal structure of 2.26 revealed a [ML3]+, 

which is formed from the oxidation of copper(I) to copper(II). This result was not surprising 

from the colour of the crystals obtained and could be avoided by the addition of substituents in 

the 2,9-positions of the phenanthroline rings. The silver(I) complexes formed discrete [ML2]+ 

species, analysed by both solution (ESI-MS) and solid state studies, with two ligands chelated 

to the metal centres. The structures showed interesting crystal packing and weak interactions 

between the complexes and the counter ions.  

 

 

2.6.2 Scope and future work  

 

The synthetic accessibility of various disubstituted phenanthrolines make them ideal 

targets for further developments as building blocks for the construction of tuneable luminescent 

sensors. The computation studies completed on the molecules in this chapter have given insight 

into the target molecules that may cyclise under photochemical conditions.   

 

 It has been demonstrated that 5,6-dibromo-1,10-phenanthroline (2.28) is an expedient 

precursor for the formation of 5,6-disubstituted phen molecules and the these ligands are 

compatible with a variety of complex systems, such as ruthenium(II) complexes (2.31 – 2.34) 

and copper(I) and silver(I) complexes. (2.56 – 2.59). Of these complexes synthesised, 

[Ru(phen)22.24]2+ is particularly interesting and further spectroscopic studies are underway 

(Gordon Group at the University of Otago).  
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The computational work has established a useful way of determining if the 6π-

electrocyclisation step, which is the most essential pre-condition for photochemical cyclisation, 

will take place. This being the case, the addition of five-membered heterocycles, pyrrole, furan 

and thiophene substituted in the 5 and 6 positions of 1,10-phenanthroline, show the potential 

for photocyclisation.  
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3.1 Introduction  

 

3.1.1 Hexabenzocoronene (HBC) and HBC derivatives  

 

 Organic photovoltaics (OPVs) have been extensively investigated as a virtually 

inexhaustible energy source to address the increasing energy demand. HBC and derivatives 

have been explored as a family of PAHs with interesting structural, optical and electronic 

properties for the use in OPVs. Hexa-peri-benzocoronene has been used as a prototype for 

larger, planar hydrocarbons and is known as the “smallest graphene fragment” that tends to π-

stack in columnar arrays, facilitating its application in organic electronics, photovoltaics and 

photonics.1, 2 The HBC structures contain a coronene core with six benzene rings used on the 

outer edges of the core, forming ‘flat’ and ‘contorted’ structures (Figure 3.1). The latter 

structure is due to the steric interaction between the hydrogen atoms in the bay positions.3, 4 

Despite the difference in their three-dimensional structures, both these molecules have very 

similar electronic and optical properties and are both p-type semiconductors with a maximum 

UV-Vis absorption near 380 nm and a HOMO-LUMO gap of ~2.7 eV.3, 5 

 

The solubility of HBC is limited, and further extension of aromatic rings off these core 

structures leads to insoluble compounds. However, researchers have added solubilising groups 

such as linear alkyl units and bulky groups such as tert-butyl functionality to combat this issue. 

The former units favour liquid crystalline phases, while the latter inhibits such phase 

formation.6  

 

 
Figure 3.1: Structures of coronene (3.1) and two hexabenzocoronene derivatives, flat (3.2) and 
contorted (3.3) structures. 
 

3.1 3.2 3.3
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HBC is a very well-studied molecule, which can be synthesised in a variety of different 

ways. The Scholl reaction has often been the method of choice to synthesise this molecule 

which involves chemical cyclisation as described above. Several studies of HBC linked to 

transition metal units have been published.7-11  

 

HBC derivatives which contain nitrogen atoms are of interest, as well as having the 

potential for metal complexation, have the potential to display interesting chemical and physical 

properties. As previously described in Chapters One and Two, bipyridine- and terpyridine-type 

systems have been extensively studied and derivatives of 1,10-phenanthroline have received 

increasing attention in ruthenium(II) complexes.12-14 The large extended surfaces of the ligands 

bound to the ruthenium(II) centre are usually prepared initially, followed by the complexation.  

 

Work published by Draper and co-workers have investigated the use of the molecules 

synthesised from oxidative cyclodehydrogenation of heterosuperbenzenes and the 

complexation of these molecules with ruthenium(II).15 The HBC components of these 

molecules (Figure 3.2) were prepared at different stages; 3.4 was prepared employing Scholl 

reaction conditions, followed by a palladium cross-coupled reaction to functionalise the HBC 

component with terpyridine functionality. In contrast, the final step in the synthesis of 3.5 

utilised the Scholl reaction from the uncyclised precursor. The authors reported that “large 

surface” molecules modify the lowest energy MLCT absorption and the MLCT-based 

luminescence bands of the corresponding ruthenium(II) polypyridyl complexes, therefore 

playing an important role in the design and potential applications for these molecules and 

complexes.16-18  

 

Draper et al. also reported a series of terpyridine-fused within the HBC component, 

however lower yields were obtained when the Scholl reaction was employed for the cyclisation 

step of 3.7.19 The authors reported the unusual incomplete carbon-carbon bond closures with 

the main product as 3.8, in 32% yield, but a side product of 3.9 was also collected in 5% yield. 

They suggested that the formation of the carbon-carbon bonds to the central pyridine ring is 

disfavoured and the product 3.10 was not observed, which was rationalised by giving 

consideration to the mechanism of the cyclodehydrogenation reaction. Photochemical 

cyclisation may be an alternative route for the synthesis of these types of molecules.  
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Figure 3.2: Previously reported nitrogen-containing HBC derivatives.16-18, 20 
 

Recent work by Elliot, Gordon and co-workers, synthesised two pyridine-hexa-peri-

benzocoronene ligands (3.6, Figure 3.2) with peripheral substitution and their rhenium(I) 

tricarbonyl chloride complexes.20 The single crystal X-ray diffraction structure of the tert-butyl 

substituted complex is shown in Figure 3.3. The complexes show interesting stacking, with the 

interatomic contact between the cores being 3.31 Å, shorter than the interplanar separation of 

graphite. The metal complexes showed unusual properties with the formation of a long-lived 

excited state using time-resolved spectroscopy, giving insight into the tuning of the electronic 

properties of metallographene hybrids.  
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Figure 3.3: X-ray diffraction single crystal structure of a [Re(3.6)Cl(CO3)] complex reported 
by Elliot et al..20 Hydrogen atoms and chloroform solvates have been omitted for clarity.  
 

 

3.1.2 Scope of this chapter  

 

This chapter focuses on the synthesis of a series of novel pyridine pentaphenyl-benzene 

derivatives and attempts of photochemical cyclisation. These molecules were complexed with 

a range of metals, however only one single crystal X-ray diffraction structure was obtained. 

Computational studies were completed to analyse the potential for the 6π-electrocyclisation 

reaction to take place and compared to the experimental results.  

 

A retrosynthetic analysis for target pyridine-fused benzene derivatives (3.11 – 3.13), is 

presented in Figure 3.4. The bonds displayed in bold are the bonds required to be formed 

through photochemical cyclisation. The pyridyl pentaphenyl benzene derivatives (3.14 – 3.16) 

can be prepared by a Diels-Alder cycloaddition between the corresponding acetylene and 

tetracyclone precursors (3.19 – 3.20), which can be prepared through a palladium cross-

coupling reaction and an aldol condensation reaction, respectively. The single crystal X-ray 

diffraction structures of 3.14 – 3.16 will give insight into the ortho carbon distances (as 

discussed previously in Chapter Two) and the computational calculations correspond to these 

atoms involved in the 6π-electrocyclisation step. 
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Figure 3.4: Retrosynthetic analysis of target compounds 3.11 – 3.18. 
 

 

3.2 Pyridyl pentaphenylbenzene derivatives  

 

3.2.1 Synthesis of 3-pyridylpentaphenylbenzene derivatives 3.14 – 3.16  

 

The Diels-Alder reaction between a substituted acetylene and a tetracyclone derivative 

is a convenient method for the construction of non-symmetrical hexasubstituted-benzene 

compounds. The target compounds 3.14 – 3.16 require the acetylene precursors, 3.17 and 3.18, 

which were synthesised by a Sonogashira coupling reaction between 3-bromopyridine and the 

respective phenylacetylenes under a nitrogen atmosphere in dry toluene in the presence of the 

palladium tetrakis-triphenylphosphine, copper(I) iodide and diisopropylamine (Scheme 3.1). 
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Scheme 3.1: Synthesis of molecules 3.14 – 3.16. 
 

Molecules 3.17 and 3.18 were isolated in 89% and 84% yields after column 

chromatography on silica gel with 15% ethyl acetate and petroleum ether. Molecule 3.17 has 

been reported previously and the data collected matched the reported analyses.21 In contrast, 

3.18 has not previously been reported and was fully characterised by NMR, UV-Vis and IR 

spectroscopies, ESI-MS, melting point analysis and elemental analysis during the course of this 

study. The 1H-NMR spectrum of 3.18 is similar to the other precursor formed, with a singlet 

from the H2 proton on the pyridyl group at 8.75 ppm and the AB system from the phenyl group 

at 7.48 ppm and 7.39 ppm as shown in Figure 3.5. The remaining aromatic peaks corresponding 

to the pyridyl ring system and the nine protons from the tert-butyl functionality are as expected. 

The ESI-MS shows one major peak at 236.1439 m/z, corresponding to [3.18 + H]+.  

 
Crystals suitable for single crystal X-ray diffraction structure analysis were obtained 

after the purification by column chromatography. The X-ray diffraction structure of molecule 

3.18 is shown in Figure 3.6a and confirms the structure assigned through spectroscopic 

methods. The compound solved in the orthorhombic chiral space group, P212121, with one 

molecule in the asymmetric unit.  This is a chiral space group; however, the compound is achiral 

and therefore the molecular components pack in such a way as to exhibit only one symmetry 

operation as a two-fold screw axis. The pyridyl ring is twisted out of the plane of the phenyl 

ring by 11.98(5)°. The nitrogen atom could be positioned at two potential sites on the 

crystallographic model. There are three different methods that can be used to determine the 

location of the nitrogen, all of which have been employed throughout this research; (i) 
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determination by the decrease in R values; (ii) thermal parameter differences; (iii) refining the 

two atoms with site occupancies. The three methods described were applied to the 

crystallographic data of 3.18 and the nitrogen was successfully determined to be located on a 

single site.  

 

  
Figure 3.5: 1H-NMR spectrum (CDCl3, 298K, 0.5 – 9.5 ppm) and an inset of the aromatic region 
of 3.18.  
 

  
Figure 3.6: (a) Perspective view and (b) packing of 3.18. The hydrogen atoms have been 
removed for clarity. Selected bond lengths (Å): N1–C2 1.331(2), N1–N6 1.340(2), C3–C7 
1.434(2), C7–C8 1.198(2), C8–C9 1.426(2), C12–C15 1.530(2), and angles (°): C3–C7–C8 
179.3(2), C7–C8–C9 179.4(2).  

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1

2 
CDCl3 

6 4 

7 8 

5 

9 

(a)    (b) 

d / ppm  

N
2

6

4

7

8

9

5



 130 

The molecules stack in a herringbone pattern as shown in Figure 3.6b. The molecules 

pack co-planar to each other with no significant π-π interactions due to each molecules being 

twisted by 59.04(6)°, resulting in weak intermolecular forces, edge-to-face interactions (H5-to-

centroid = 3.018(7) Å, C5-to-centroid = 3.589(2) Å and H10-to centroid = 2.9667(7) Å, C10-

to-centroid = 3.663(2) Å).  

 

The second step in the synthesis of molecules 3.14 – 3.16, employs a Diels-Alder 

cycloaddition between the acetylene precursor (3.17 or 3.18) and tetraphenylcyclopentadienone 

(3.19) or tetrakis(4-tert-butylphenyl)cyclopentadienone (3.20) as shown in Scheme 3.1. The 

tetracyclones were prepared using literature procedures.22, 23 The reaction was carried out under 

nitrogen atmosphere with benzophenone as the solvent and heated to 300°C overnight. Diels-

Alder cycloadditions are usually carried out at high temperatures, therefore the choice of 

benzophenone (or diphenylether) as the solvent is ideal at its boiling point is over 300°C. The 

intermediate formed during the reaction is unstable and undergoes a retro-Diels-Alder reaction 

to the final product with carbon monoxide being evolved. There is a significant colour change 

observed form purple to a reddish-brown which is consistent with a similar reaction reported.24 

The products were obtained by precipitation or trituration purification yielding 89%, 20% and 

66%, for 3.14, 3.15 and 3.16, respectively. The low yield obtained for molecule 3.15, is likely 

due to the purification method. The products from the Diels-Alder cycloaddition have been 

characterised by NMR, UV-Vis, IR spectroscopies, ESI-MS and melting point analysis and 

microanalysis.  

 

 The pentaphenyl derivative, 3.14 shows the expected number of protons present. The 

four pyridyl protons all experience an upfield shift, with the largest shift experienced by H2 

from 8.77 pm to 8.08 ppm, caused by the increased bulk around the protons due to the 

neighbouring phenyl rings causing shielding of these protons. The phenyl protons also 

experience an upfield shift of 0.47 and 0.50 ppm. Similar effects are observed in 3.15 and 3.16, 

however a larger shift is observed for H4, +0.60 ppm and 0.66 ppm, and H5, 0.41 ppm and 0.47 

ppm, respectively. The tert-butyl substituted phenyl protons (Ph1 and Ph2) undergo a significant 

shift, with the largest observed in 3.16 of +0.82 ppm. The anisotropy effect of these protons can 

explain these shifts. The 1H-NMR spectrum for the Diels-Alder product, 3.16, is shown in 

Figure 3.7. A summary of all the proton chemical shifts from the precursor molecules (3.17 and 

3.18) to the pyridylpentaphenyl derivatives (3.14, 3.15 and 3.16) are displayed in Table 3.1.  
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Figure 3.37: 1H-NMR spectrum (CDCl3, 298 K) of 3.16 and an inset of the aromatic region.  
 

Table 3.1: 1H-NMR chemical shiftsa from the precursor (3.17 or 3.18) to the Diels-Alder 
cycloaddition products (3.14, 3.15 and 3.16).  

 H2 H4 H5 H6 HPh  
3.17 8.77 7.83 7.30 8.54 7.34 / 7.37 
3.14 8.08 7.55 7.14 8.16 6.87m 

H Shiftb +0.69 +0.28 +0.16 +0.38 +0.47 /+0.50 
       

 H2 H4 H5 H6 HPh1 / HPh2 HtBu 
3.18 8.75 7.80 7.28 8.53 7.48 / 7.38 1.33 
3.15 8.08m 7.20 6.87m 8.08m 6.69m / 6.87m  1.10 

H Shiftb +0.67 +0.60 +0.41 +0.27 +0.79 / +0.51 +0.23 
       

 H2 H4 H5 H6 HPh1 / HPh2 HtBu 
3.18 8.75 7.80 7.28 8.53 7.48 / 7.38 1.33 
3.16 8.11 7.14 6.81m 8.05 6.66m / 6.81m 1.08 

H Shiftb +0.64 +0.66 +0.47 +0.48 +0.82 /+0.57  +0.31 
aFor deuterated chloroform solutions. bH Shift= δprecrusor-δDA product mProtons located within a multiplet  

0
1.
0

2.
0

3.
0

4.
0

5.
0

6.
0

7.
0

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

0
0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

8.0 7.0 6.0

tBu 

HPh2 

4 

CDCl3 

5, HPh1 

2 

6 

N
2 4

5

6

tBu

tBu

tBu

Ph1

Ph2
Ph1

Ph2

Ph1

Ph2

d / ppm  



 132 

The mass spectrometric analysis of each Diels-Alder product show single peaks, at 

536.2398 m/z, corresponding to [3.14 + H]+, 592.3016 m/z for [3.15+ H]+ and 816.5518 m/z for 

[3.16 + H]+.  

 

 

3.2.2 Single crystal X-ray diffraction analysis of 3.14 – 3.16 

 

Crystals of each Diels-Alder product were grown to determine the conformation of the 

phenyl rings and to analyse any interactions observed between the structures in the solid state. 

Crystals of 3.14 were obtained by slow vapour diffusion of diethyl ether into the compound 

dissolved in dichloromethane. Compound 3.14 solved in the orthorhombic space group, Pna21 

with the asymmetric unit containing one molecule, as shown in Figure 3.8. This molecule 

crystallises in a non-centrosymmetric space group and is isostructural to hexaphenylbenzene 

(HPB).25 The nitrogen atom was attempted to be located in the potential 3-pyridyl sites using 

the three different methods as described on page 129, however unfortunately could not be 

resolved. The phenyl groups have fairly large twists in the same direction out of the central 

aromatic rings ranging from 60.95(6)° – 70.66(6)°, very similar observations to HPB (62° – 

71°), forming a propeller like arrangement.25 The shortest distance of the ortho-carbon atoms 

that have the potential to undergo photochemical cyclisation is 3.464(3) Å.  

 

The structure is built up from repetition of one planar independent layer consisting of 

asymmetrical molecules, as shown in Figure 3.9. The layers are related by the 21 axis and the 

unit cell contains four molecules related by n symmetry, which transforms the M- propeller 

system into a P- propeller form and conversely.  
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Figure 3.8: Perspective view of 3.14. Hydrogen atoms have been omitted for clarity. Selected 
bond lengths (Å): C1–C7 1.496(2), C7–C8 1.389(3) and distances (Å): C12···C14 2.483(3), 
C18···C24 3.482(3), C24···C26 3.555(3), C30···C32 3.393(3), C36···C42 3.578(3), C8···C42 
3.464(3).  
 

 
Figure 3.9: The stacking of the structures in the molecular cell of 3.14. Hydrogen atoms have 
been omitted for clarity.  
 

Crystals of compound 3.15 were obtained by slow vapour diffusion of diisopropyl ether 

into the compound dissolved in dichloromethane. Compound 3.15 crystallises in the monoclinic 

space group, C2/c with the asymmetric unit containing one and a half molecules. The half 
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molecule lies on a crystallographic two-fold axis, and is in the M- propeller formation, with the 

other molecule in the P- propeller orientation (Figure 3.10). The position of the nitrogen atom 

could not be determined after multiple attempts to model the atom placement using the three 

methods (as described on page 129). Consequently, the nitrogen will be located over four sites 

in the whole molecule (C2, C4, C26, C28) and over two sites in the half molecule (C48, C50), 

as shown in Figure 3.10 by asterisks.  

 

 
Figure 3.10: Perspective view of the two conformers of 3.15. The hydrogen atoms and 
disordered tert-butyl groups have been removed for clarity. Asterisks indicate where the 
nitrogen atoms could be located. Selected bond lengths (Å): C1–C2 1.369(2), 1.536(2), C33–
C37 1.536(2), C47–C48 1.380(2), C65–C71 1.540(3), and distances (Å): C5···C11 3.511(2), 
C7···C13 3.420(2), C17···C19 3.443(2), C23···C25 3.344(2), C29···C31 3.544(2), C5···C35 
3.638(2), C51···C57 3.332(2), C51···C63 3.383(2), C53···C59 3.489(2).  

 

The phenyl rings are twisted out the plane of the central ring ranging from 63.58(5)° to 

73.77(5)° and –66.67(5)° to –82.74(5)° and the ortho carbon-carbon bond distances that have 

the potential to undergo cyclisation range were measured with the shortest distance being 

3.332(2) Å. The molecules stack with the tert-butyl substituted components over the central 

phenyl rings, as shown in Figure 3.11. There is an offset face-to-face π-π interaction between 

the C47-C52 rings (centroid-to-centroid = 3.971(2) Å, plane-to-plane shift = 2.279(3) Å, plane-

to-centroid = 3.251(2) Å).  
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Figure 3.11: Perspective view along the x axis of 3.15. The hydrogen atoms and disordered 
components have been omitted for clarity. The dashed line indicates the π-π overlap between 
the structures.  
 

Crystals of 3.16 were grown after vapour diffusion of methanol into a solution of the 

compound dissolved in chloroform. The structure solved in the triclinic space group, P-1, with 

two molecules of 3.16 in the asymmetric unit (Figure 3.12). The molecules differ by the 

direction of the phenyl group twists out of the core of the central benzene ring forming P- and 

M- propellers. The pyridyl nitrogen atoms were located using the three methods as described 

above, resulting in the location of the nitrogen in single sites on both molecules in the 

asymmetric unit. The twist angles out of the plane of the central benzene ring range from 

55.354(2)° – 73.343(2)°, with the larger angles associated with the pyridyl rings. Two of the 

tert-butyl groups have been modelled over two sites, with larger occupancies of 63% and 53%.  
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Figure 3.12: Perspective view of the two molecules in the asymmetric unit of 3.16. Hydrogen 
atoms and the minor disordered components have been omitted for clarity. Selected bond 
lengths (Å): N1–C2 1.24017(3), C3–C7 1.49462(3), C7–C8 1.41368(3), C16–C19 1.53430(4), 
C63–C64 1.34164(3), C65–C69 1.49340(3), C69–C70 1.40311(4), C78–C81 1.53386(3) and 
distances (Å): C2···C14 3.4347(1), C18···C24 3.2919(1), C28···C34 3.3078(1), C38···C44 
3.3383(1), C48···C54 3.3925(2), C4···C58 3.5754(2), C66···C76 3.4155(1), C80···C86 
3.3072(1), C90···C99 3.4001(1), C103···C113 3.3756(2), C117···C123 3.3719(2), 
C66···C127 3.5472(1).  
 

The pyridyl nitrogen atoms are facing the same direction with a weak intermolecular 

attraction between nitrogen atoms and the H4 proton on the neighbouring heteroaromatic ring, 

as shown in Figure 3.13a (C4···N63 3.3299(2) Å, H4···N63 2.41 Å, C4-H4···N63 

171.0471(3)°; C66···N1 3.5646(2) Å, H66···N1 2.65 Å, C66-H66···N1 168.1489(5)°). The 

molecules stack with these groups in close proximity with the opposite propeller conformer, 

however the heterocycles lack sufficient overlap for any π-π interactions, as shown in Figure 

3.13b [centroid-to-centroid = 4.6665(2) Å, plane-to-plane shift = 3.5974(2) Å/3.0832(2) Å, 

plane-to-centroid = 2.97247(7) Å/3.50296(9) Å]. The different conformers are off-set with the 

central benzene rings measuring centroid-to-centroid = 6.0378(2) Å, plane-to-plane shift = 

2.8986(2) Å, plane-to-centroid = 5.2965(2) Å, causing an angled ladder-like stacking of the 

molecules along the x axis.  
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Figure 3.13: Perspective view of 3.16 along the (a) y axis, hydrogen atoms not involved in the 

intermolecular interaction and minor disordered components have been omitted for clarity; (b) 

x axis, hydrogen atoms and minor disordered have been omitted for clarity, selected atomic 

labelling shown. 

 

 

3.3 Synthesis of bipyridine derivatives 3.21 – 3.22 

 

 The 2,2´-bipyridine motif has excellent coordination properties26 and substitution in the 

5,5´-positions provides a versatile building block for the synthesis of functional materials, 

including photovoltaics and organic-light emitting diodes to more complex molecular 

topologies, such as catenanes, knot and grid-like structures.26-28 The 5,5´-dibromo derivatives 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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of the 2,2´-bipyridine building block is a useful intermediate for developing more complex 

ligands through metal-catalysed coupling reactions. A retrosynthetic analysis for additional 

target compounds (3.21 and 3.22) with 2,2´-bipyridine functionality is presented in Figure 3.14. 

 

 
Figure 3.14: Retrosynthetic analysis of 3.21 and 3.22.  

 

The synthesis of target compounds 3.21 and 3.22 requires the uncyclised precursors 

3.23 and 3.24, which can be prepared through a Diels-Alder cycloaddition of 3.25 and 3.26 

acetylenes with tetracyclones. The acetylene derivatives (3.25 and 3.26) can be prepared 

through palladium cross-coupling reactions from the corresponding bromo derivatives. 5-

Bromo-2,2´-bipyridine (3.27) and 5,5´-dibromo-2,2´-bipyridine (3.28) were prepared by a 

literature procedure developed by Leigh and co-workers.27 However, a slight modification was 
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required, as sealed tubes were utilised, in contrast to a stainless steel bomb. After purification 

by column chromatography, the products 3.27 and 3.28 were obtained in yields of 41% and 

11%, respectively (Scheme 3.2). The palladium-catalysed cross-coupling of 3.27 and 3.28 with 

phenylacetylene leads to the formation of 3.25 and 3.26 using palladium tetrakis-

triphenylphosphine and copper(I) iodide as the catalyst and diisopropylamine as the base in dry 

toluene. The pure compounds were obtained after column chromatography in good yields (69% 

and 89%) and matched the data reported in the literature.29, 30  

 

 
Scheme 3.2: Synthesis of 3.25 – 3.28.  

 

The Diels-Alder reactions of 3.25 and 3.26 with tetracyclone were carried out as 

described above for the pyridyl-derivatives (3.14 – 3.16). The reaction of 3.25 and tetracyclone 

was attempted with the use of diphenyl ether or benzophenone as the solvent, with the latter 

giving higher yields, possibly due to the more straightforward purification procedure. The 

reaction was heated to 250°C overnight under an inert atmosphere. The diphenyl ether mixture 

was loaded onto the top of a silica plug followed by eluting with petroleum ether, followed by 

dichloromethane to afford the product as a crude mixture. Further purification by column 

chromatography (silica gel, 1% MeOH:DCM), leads to the product in 56% yield. The 

benzophenone material was crushed with a spatula, heated slightly then added to methanol. The 

solid was collected and washed with copious amounts of methanol to give the desired product, 

3.23 in 87% yield, and characterised by classical techniques (NMR spectroscopy, UV-Vis, and 

IR spectroscopies, ESI-MS, melting point analysis and microanalysis).  
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Scheme 3.3: Diels-Alder reaction to form 3.23.  
 

The 1H-NMR spectrum of 3.23 was first collected in CDCl3 which resulted in a 

considerable broadening of all the peaks, due to the π-π stacking of the compounds. The 1H-

NMR was subsequently collected in DMSO-d6 and the spectrum is shown in Figure 3.15. The 

protons were assigned using standard COSY pulse sequences. Protons H4´, H5´ and H6´ 

experience a downfield shift compared to the precursor due to the shielding environment these 

protons experience from the neighbouring phenyl rings. The ESI-MS shows one major peak at 

613.2644 m/z which corresponds to [3.23 + H]+. 

 

 
Figure 3.15: 1H-NMR spectrum (DMSO-d6, 298 K) of 3.23.  

 

The reaction of 3.26 and tetracyclone (3.19) was then carried out utilising the 

benzophenone method as described for 3.23, however, the formation of 3.24 requires two Diels-
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Alder cycloadditions to take place. The reaction was heated to 300°C under a nitrogen 

atmosphere, and once cooled to room temperature, methanol was added to dissolve the 

benzophenone and an off-white solid was obtained. This crude material contained both the 

single Diels-Alder side-product (3.29) and the desired product (3.24), which were separated by 

column chromatography, obtaining the product 3.24 in 60% yield.  

 

 
Scheme 3.4: Synthesis of compounds 3.24 and side product, 3.29.  

 

Although the product has poor solubility, a 1H-NMR spectrum could be collected and 

is shown in Figure 3.16. The protons were assigned using standard COSY pulse sequences. 

Protons H4 and H6 experience a shielding environment due to the phenyl substituents, causing 

a upfield shift of these peaks compared to the diacetylene precursor, 3.26. This effect has been 

observed in all the Diels-Alder cycloaddition products previously described (3.14 – 3.16 and 

3.23). Crystals suitable for single crystal X-ray diffraction analysis could not be obtained for 

this compound but ESI-MS confirm the presence of this species at 1069.4554 m/z 

corresponding to 3.24 as [C82H56N2 + H]+.  
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Figure 3.16: 1H-NMR spectrum (CDCL3, 298 K) of 3.24, showing the aromatic region.  

 

 

3.4 Coordination chemistry  

 

During the course of this study, we became aware of unpublished work on these 

compounds and the corresponding complexes with ruthenium(II) came to light. Hence, these 

compounds were complexed with a range of different metals including silver(I), copper(I) and 

zinc(II). Solution studies of the complex mixtures showed the free ligand in solution. 

Unfortunately crystals of the silver(I) and copper(I) complexes were not obtained, but crystals 

of 3.23 with zinc(II) perchlorate could be formed. 

 

 

3.4.1 Reaction of 3.23 with zinc(II) perchlorate, complex 3.30  

 

Zinc perchlorate and molecule 3.23 were reacted in a 1:2 ratio. Surprisingly, despite the 

ratio, the crystal structure was not what was expected. Very small colourless crystals of 

complex 3.30 were grown after vapour diffusion of diisopropyl ether into the complex mixture 

dissolved in acetonitrile/dichloromethane (1:1). The structure solved in the triclinic space 

group, P-1, with one zinc perchlorate, one molecule of 3.23, four coordinating solvent 
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molecules; three acetonitrile and one water, and one dichloromethane molecule in the 

asymmetric unit.  

 

The cationic complex is displayed in Figure 3.17. The zinc metal has an octahedral 

coordination geometry, chelated to one molecule of 3.23, three acetonitrile solvates and one 

water molecule, the Zn–N bond lengths range from 2.10089(7) Å – 2.18377(7) Å. The 

pentaphenyl benzene central ring is twisted out of the plane of the directly attached pyridine 

ring by 72.817(3)°. The five phenyl rings are twisted with respect to the central phenyl ring by 

60.817(2)°, 69.347(3)°, 78.240(3)°, 78.478(3)° and 80.149(3)°, with the two pyridine rings 

having a small twist angle of 2.6587(2)°. The ortho-carbon distances were measured, with the 

shortest distance being 3.3810(2) Å (C13-C26).  

 

 
Figure 3.17: Perspective view of complex 3.30 with selected atomic labelling shown. Hydrogen 
atoms and non-coordinating solvent molecules have been omitted for clarity. Selected bond 
lengths (Å): Zn1–N2 2.11570(8), Zn1–N14 2.10089(7), Zn1–N51 2.18377(7), Zn1–N57 
2.15494(7), Zn1–N54 2.10871(7), Zn1–O60 2.14826(6); angles (°): N2–Zn1–N14 78.352(3), 
N2–Zn1–N57 93.639(3), N14–Zn1–N54 98.075(3), N54–Zn1–N57 89.748(3), N2–Zn1–N51 
91.644(3), N14–Zn1–O60 88.869(3), O60–Zn1–N51 176.458(1); and distances (Å): C13···C50 
3.4375(2), C13···C26 3.3810(2), C22···C32 3.6832(1), C28···C33 3.4815(2), C37···C40 
3.5833(2), C44···C60 3.5023(2).  
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The counter ions are located in pockets formed between the cationic complexes, one 

located above the central benzene ring and the other on the opposite side of the 2,2´-bipyridine 

chelate. The former counter ion has been modelled over two sites and is involved in non-

classical hydrogen bonding interactions between the phenyl groups, bipyridine (C13-H13) and 

one of the coordinating acetonitrile atoms (C56). The latter perchlorate is also involved in non-

classical hydrogen bonding between the H3 and H3´ protons of the bipyridine moiety. The 

cationic complexes are related through a crystallographic inversion centre, with relatively 

strong hydrogen bonding between the counter ions and the coordinating water molecule. The 

hydrogen atoms on the water molecule were located in the difference map. These interactions 

are displayed in Figure 3.18 and the results are summarised in Table 3.2. There is additional 

non-classical hydrogen bonding between the perchlorate anions and the ligand and acetonitrile 

(C-H) atoms. These are shown in Figure 3.18. The non-coordinating acetonitrile atom is 

modelled over the same site as one of the carbon atoms of the diisopropyl ether solvate, these 

solvates are located on the opposite side of the central benzene ring, with no significant 

interactions observed between these and the cationic structure.  

 

 
Figure 3.18: Perspective view of the intermolecular hydrogen bonding (classical and non-
classical) in complex 3.30. Hydrogen atoms not involved in the interactions have been omitted 
for clarity. Selected non-classical hydrogen bonding measurements: C4···O65 3.3416(2) Å, 
H4···O65 2.42 Å, C4–H4···O65 171.2691(5)°; C10···O62 3.1991(2) Å, H10···O62 2.52(2) Å, 
C10-H10···O62 129.842(2)°; C13···O71 3.3187(2) Å, H13···O71 2.49 Å, C13–H13···O71 
143.315(2)°; C44···O67 3.3788(2) Å, H44···O67 2.52 Å, C44–H44···O67 153.989(2)°;  
C56···O68 3.32126(9) Å, H56A···O68 2.41 Å, C56-H56A···O68 157.975(2)°.  
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Table 3.2: Hydrogen bonding observed between the perchlorate anions and the coordinated 
water molecule in complex 3.30. 

D-H···A D···A / Å H···A / Å D-H···A / ° 

O60-H60B···O65 1.9(2) 2.857(5) 160(8) 

O60-H60A···O68 2.73(2) 2.07(7) 168(7) 

O60-H60A···O69 2.84(2) 2.17(6) 174(6) 

 

 

3.5 Photochemical Cyclisation  

 

3.5.1 Attempted photochemical cyclisation of 3.14 and 3.23. 

 

Oxidative photochemical cyclisation has become one of the most important and widely 

used techniques because it provides an efficient route for the synthesis of polycyclic aromatic 

and heteroaromatic macromolecules. These molecules function as organic semi-conductors, 

making them well-suited for use in technological applications such as light-emitting diodes, 

organic solar cells, organic field transistors, liquid crystals and sensors.31 Photocyclisation is a 

way of promoting the carbon-carbon bond forming reaction where the Scholl reaction fails to 

do so. The addition of heteroatoms under the Scholl reaction conditions can lead to 

polymerisation,32 partial cyclisation19 and unsuccessful reactions.33  

 

As previously discussed in Chapter Two, previous work in the Fitchett group has 

successfully employed this technique with five-membered heterocycles. It was decided to 

investigate the cyclisation of molecules 3.14 and 3.23, as shown in Scheme 3.5. The reactions 

were carried out in an oven-dried quartz tube under an inert atmosphere where iodine granules, 

propylene oxide and toluene or THF was utilised, or attached to an aspirator when the reaction 

was completed under acidic conditions, to bubble air through the mixture (Table 3.3).  

 



 146 

 
Scheme 3.5: Synthesis of compounds 3.11 and 3.21, with the newly synthesised bonds shown 
in bold.  

 

Table 3.3: Conditions explored for photochemical cyclisation of 3.14 and 3.23. 
 Conditions 

1 I2 (granules) propylene oxide, toluene or THF, N2 or Ar 

2 H2SO4, ethanol, air 

 

Many attempts to cyclise 3.14 under different conditions were employed. Firstly, the 

reaction was carried out with the iodine/propylene oxide mixture in toluene and irradiated for 

24 hours. Once the reaction was cooled to room temperature, the reaction was quenched with 

sodium thiosulfate and extracted into dichloromethane. The 1H-NMR spectrum of the crude 

material shows broadening of all protons, along with additional signals observed (Figure 3.19).  

 

The ESI-MS (Figure 3.20) showed the presence of three peaks, two major peaks at 

536.2390 m/z and 626.2865 m/z, corresponding to [3.14 + H]+ and [C48H35N + H]+, respectively. 

The latter molecular formula matches the substitution of a molecule of toluene to 3.14, however 

whereabouts this occurs on the structure is unknown. The additional protons in the 1H-NMR 

spectrum are related to this compound and was not pursed any further due to a lack of synthetic 

reactants. There is also a minor peak in the ESI-MS at 594.2799 m/z which matches to the 

substitution of a molecule of propylene oxide ring opened, with the molecular formula 

[C44H35NO + H]+.  
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Figure 3.19: 1H-NMR spectrum (CDCl3, 298 K) of the crude mixture from the photochemical 
cyclisation of 3.11 under reaction conditions 1. Zoomed region of the (a) crude mixture; (b) 
1H-NMR spectrum of 3.14. 
 

 
Figure 3.20: ESI-MS of the crude mixture from the photochemical cyclisation of 3.14 under 
reaction conditions 1.  
 

 Reaction conditions 2 were then applied to the photochemical cyclisation of 3.14. The 

reaction was again irradiated for 24 hours, cooled to room temperature, then carefully 

neutralised. An off-white precipitate formed and was subsequently extracted into 

dichloromethane and the solvent evaporated. The 1H-NMR spectrum did not give any indication 

as to whether cyclisation had taken place, as it mostly resembled the starting material, 3.14. 
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The crude mixture was submitted for ESI-MS, which gave a major peak for 3.14 at 536.2368 

m/z, furthermore the spectra showed that one and two cyclisation’s had taken place, with peaks 

at 534.2206 m/z and 532.2053 m/z, respectively (Figure 3.21). The reaction was repeated on a 

larger scale; however, the results were not reproducible at this scale, and the amount of desired 

product was too small to be analysed further.  

 

  
Figure 3.21: ESI-MS of the crude mixture of the cyclisation of 3.14 under conditions 2.  
 

Both reaction conditions 1 and 2, were explored for molecule 3.23, with neither reaction 

conditions yielding product and only starting material recovered.  

 

 

3.5.2 Computational Studies with Dinga Wonanke from the Crittenden group at the 

University of Canterbury  

 
 After the results obtained for the 5,6-disubstuted-1,10-phenanthroline derivatives, it was 

decided to submit the molecules synthesised here (3.14 – 3.16, 3.23 and 3.24) to computational 

analysis using the geometric reactivity predictor, as described above in Chapter Two. The 

results are displayed in Table 3.4, and the photoinduced forces of all compounds are shown in 

Appendix Two, which shows the electronic transitions in the form of magenta arrows 

(lengthening and shortening of the bond lengths). 

 

Computationally, the molecules 3.15, 3.23 and 3.24 are found to have low bond 

aromatising forces for all potential cyclisation sites between the ortho-carbon of the phenyl 

rings and/or pyridine rings, ranging from 0.011 to 0.138 Eh/a0. This indicates that these 

molecules have low bond aromatising forces and these forces will not be sufficient enough to 

[3.23 + H]+ 

[C41H27N + H]+ 

[C41H25N + H]+ 

[C41H27N + H]+ 

[C41H25N + H]+ 
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promote aromatisation of the putative forming ring, hence does not favour the 6π-

electrocyclisation step, and therefore photochemical cyclisation is unlikely to proceed. 

 

Table 3.4: Total photo-induced bond aromatisation forces, F*π,s and the outcome for the 6π 
electrocyclisation step. (Outcome: ü = Maybe û = Unlikely) 

Molecule F*π,s Eh/a0 Outcome   Molecule F*π,s Eh/a0 Outcome 

3.3 

0.12  

0.103 

0.189 

0.165 

0.089 

0.119 

û 

û 

ü 

ü 

û 

û 

 

3.6 

0.138 

0.078 

0.062 

0.085 

0.113 

0.13 

û 

3.4 

0.114 

0.093 

0.088 

0.118 

0.086 

0.087 

û 

 

3.7 

0.073 

0.011 

0.015 

0.017 

0.02 

0.066 

0.078 

0.009 

0.017 

0.028 

0.037 

0.083 

û 

3.5 

0.137 

0.098 

0.168 

0.175 

0.093 

0.11 

û 

û 

ü 

ü 

û 

û 

 

 

In contrast, two rings in molecules 3.14 and 3.16 have the propensity to be photocyclised, (3.14 

is displayed in Figure 3.22). The pentaphenyl derivative, 3.14, has forces of 0.12 and 0.103 

Eh/a0, associated with cyclisation to the pyridine ring, which are not efficient enough to promote 

cyclisation. However, the phenyl ring para to the pyridine ring has forces of 0.189 and 0.165 

Eh/a0; the former confirms that photochemical cyclisation can occur, meanwhile, the latter is 

less likely but could potentially form. This confirms the result that was obtained experimentally 

above. The penta-tert-butyl substituted derivative 3.16 is also likely to cyclise in the equivalent 

places, as described for 3.14, with values of 0.168 and 0.175 Eh/a0, the highlighted rings (red) 

are shown in Figure 3.23. 
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Figure 3.22: Photoinduced atomic forces within molecules 3.14 The direction of the magenta 
arrows indicates the lengthening and shortening of the bond lengths.  

 
 

   

 

 

Figure 3.23: Photoinduced atomic forces (magenta arrows) and the highlighted rings (red) that 
have a high propensity to photocyclise in (a) 3.14 and (b) 3.16. Chemdraw representations of 
the potential sites for photochemical cyclisation to occur (c) 3.14 and (d) 3.16. 

N N
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(c)             (d) 
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3.6 Conclusion 

 

3.6.1 Summarising remarks  

 

A series of novel compounds with 3-pyridine and 2,2´-bipyridine functionality have 

been synthesised as precursors for photochemical cyclisation. Detailed single crystal X-ray 

diffraction analyses were carried out and show interesting propeller like conformations, which 

is not unusual for these types of systems.25 Subsequent computational studies completed using 

the geometric reactivity predictor developed by Crittenden et al. revealed that the compounds 

3.15, 3.23 and 3.24 are not suitable candidates for photochemical cyclisation, due to their low 

probability to undergo the 6π-electrocyclisation step. Although the outcome for compounds 

3.14 and 3.16 show a high propensity to photocyclise, this has been determined to occur on the 

opposite side to the pyridyl functionality. These results support the results obtained 

experimentally for 3.14, where the products could not be isolated.  

 

The compounds synthesised were complexed with a range of different metals yet 

crystals suitable for single crystal X-ray diffraction studies were only obtained from the zinc(II) 

perchlorate mixture with 3.16. The solid-state structure reveals the bipyridine unit twisted out 

of the plane of the benzene core it is appended to, similar to the work reported by Gordon et 

al.20  

 

 

3.6.2 Scope and future work  

 

It has been demonstrated that the Diels-Alder cycloaddition is a facile way of forming 

precursors for the synthesis of nitrogen-containing PAHs. Unfortunately, additional work is 

required for the experimental conditions of the final step to essentially ‘zip’ up the phenyl rings 

producing the desired pyridine-fused PAHs. This could be explored further with different 

photochemical cyclisation methods, as there is an extensive library of different conditions that 

can be employed.34 Computational studies give insight into the possibility of the 6π-

electrocyclisation occurring, therefore, the molecules of interest would benefit from 

computational analysis before experimental work was carried out.  

 

 Dehydrohalogenation is one way that could potentially promote cyclisation to the 

pyridyl rings. Scheme 3.6 outlines a potential synthetic route for this. The first three steps have 
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been performed employing a Corey-Fuchs reaction, which is comparable to a Wittig reaction, 

leading to the formation of a substituted dibromoalkene. Treatment of this alkene with n-butyl 

lithium, followed by the work up, generates the terminal alkyne. This alkyne can be employed 

in a Sonogashira coupling reaction, as described in this chapter, to form the substituted 

acetylenes to be applied in the Diels-Alder cycloadditions to form the photochemical 

cyclisation precursors. However, due to time constraints this was not pursued any further. 

Nevertheless, this scheme shows promising results with high yielding material being obtained.  

 

 
Scheme 3.6: New synthetic route proposed for the oxidative cyclodehydrogenation step to form 
carbon-carbon bonds o the pyridine rings.  
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4.1 Introduction 

 

4.1.1 Singlet Fission  

 

Singlet fission (SF), is a process that converts one singlet exciton (S1) to a pair of triplet 

excitons (T1) in strongly coupled chromophores. This phenomenon offers the potential to 

increase the efficiency of solar photovoltaics from a current maximum of 32% to 46%.1 The SF 

mechanism couples the S1 state to a 1(T1T1) triplet state that has overall singlet character; thus, 

the spin is conserved, and results in an ultra-fast and highly efficient process when it is 

energetically favourable (E(S1) ³ 2E(T1)). While this process has been known for fifty years,2, 

3 important details of its photophysical mechanism, especially the role of charge transfer states, 

remain unresolved. This process was originally observed in polyacenes1-4 through unexpected 

delayed fluorescence phenomena and has subsequently been discovered in a broad range of 

chromophores including polyenes,5-7 semiconducting polymers and oligomers,8, 9 rylenes10-13 

and other aromatic chromophores.14-16 A range of compounds has been synthesised for SF 

purposes, as shown in Figure 4.1 below. The polyacene family continues to serve as a very 

good model for SF investigations.17-22 

 

 
Figure 4.1: Widely studied ethynyl substituted polyacenes.  
 

Polyacenes such as anthracene, tetracene and pentacene have been utilised as π-

conjugated core units in organic electronic devices and in the design of functional materials.23-

25 Anthracene and its derivatives have strong fluorescence and have practical uses as fluorescent 

dyes, in ion sensing and as electroluminescent devices.26-29 Tetracene and pentacene derivatives 

are applied in OLEDs, as well as showing exceptionally high charge transport properties.24 In 

many examples, the acene core has appended groups and a popular choice is the addition of 

ethynyl substituents which not only extend the π-conjugation across the molecule, but also 

enhance the stability and solubility.30 The increased π-conjugation of the ethynyl substitution 
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red-shifts absorbance and luminescence spectra of acenes. Typical ethynyl derivatives include 

9,10-diethynylanthracene, 5,12-diethynyltetracene and 6,13-diethynylpentacene (Figure 4.1).  

 

These compounds have been extensively studied and are generally synthesised from the 

corresponding quinones by the nucleophilic addition of the ethynyllithium reagents, followed 

by reductive aromatisation.31-33 Recent work has shown the synthesis of unsymmetrical 

tetracene derivatives and the effects this has on the photophysical properties.33 The addition of 

heteroatoms within the acene core show desirable properties such as solubility, stability and 

crystal packing, which make them good candidates as charge-transport materials.34-36 Sensing 

applications and an interest in these materials for SF, continues to drive the development of 

new synthetic methods.37, 38  

 

Heteroacenes ranging from sulfur-containing (thiophene-fused acenes, acenothiophenes 

(4.1) and acenodithiophenes (4.2) including anthra-, tetra-, pent- and heptacene)39-44 and 

nitrogen-containing (diazapentacene (4.3, 4.4) and tetraazapentacenes (4.5))45-48 have been 

formed via the reductive aromatization using tin(II) and hydrochloric acid (Figure 4.2). 

Anthracenedithiophenes exhibited hole mobilities up to 6 cm2V-1s-1 in OFET’s fabricated from 

crystals grown from the vapour phase and tetraazapentacenes have a high electron mobility, 

which demonstrates that designing n-type semiconductors from well-known p-type 

semiconductors (e.g. TIPS-pentacene) is an effective method.43, 46 

 

 
Figure 4.2: Functionalised heteroacenes synthesised via the addition-reduction sequence using 
SnCl2 and hydrochloric acid; acenothiophenes (4.1), acenodithiophenes (4.2) diazapentacene 
(4.3, 4.4)and tetraazapentacenes (4.5).  
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4.1.2 Coordination chemistry of acene derivatives  

 

Supramolecular architectures combining organic moieties with transition-metal atoms 

have been widely studied.49-53 Interest in the assemblies arises from both the robustness and 

electronic features that can lead to the development of applications in numerous fields.54 

 

Hosseini et al. synthesised unsymmetrical molecules with heteroatom functionality 

appended to the acene core.55, 56 The synthesis shown in Scheme 4.1 below, involves the 

reaction between 9,10-dibromoanthracene (4.6) with 3-ethynylpyridine to produce desired 

product (4.7) in 40% yield. This was further reacted to form compound 4.8 in good yield (87%). 

The symmetrical bis-pyridine side product (4.9), which is of interest in this work, was produced 

in the first step in 30% yield. The combination of the unsymmetrical compounds with metal 

cations [Pd(II) and Co(II)] led to the formation of 1D directional polycationic coordination 

networks on surfaces, as observed by STM. For this combination of ligand and metals, either a 

discrete cyclic motif or an extended zig-zag type arrangement would be expected. The authors 

observed, under the conditions used in both cases, only the formation of the extended 

architecture. This can be ascribed to the thermodynamics governing the physisorption at the 

solid/liquid interface; for enthalpic reasons it favours the high density packing of the molecules 

onto the surface. The authors also investigated the 4-pyridyl derivative, which allows for a 

linear type link between the metal ions, in comparison to the zig-zig observed for the 3-pyridyl 

derivative.56  

 

 
Scheme 4.1: Synthesis reported by Hosseini et al. of an unsymmetrical compound 4.8 for the 
formation of one-dimensional coordination networks on graphite surfaces.55  
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Macrocyclic π-conjugated molecules have attractive structural features in materials 

chemistry, as well as host-guest chemistry.57-59 The addition of pyridine-containing π-systems 

is of interest because of their strong coordinative character.60 Fujita et al. synthesised strained 

pyridine containing cyclynes (4.11) using mild and efficient tin-mediated reductive 

aromatisation, instead of the low yielding palladium cross-coupling reactions.61 The results 

presented support the belief that reductive aromatisation is a potential method to construct π-

conjugated systems.  

 

 
Scheme 4.2: Synthesis of a cyclic trimer by Fujita and co-workers.61  

 

The Fitchett group are in the process of developing a new class of singlet fissionable 

materials using supramolecular chemistry to control the distance and orientation of the 

chromophores. Metal-to-ligand coordination has proven useful in the assembly of functional 

molecular materials, which include a variety of 1D chains, 2D sheets and 3D networks 

containing cavities of various sizes.  

 

 

4.1.3 Scope of this chapter  

 

This chapter describes the development of a new class of potential singlet fissionable 

molecules and the investigation of the synthetic routes required for heteroatom-containing 

systems. The supramolecular self-assembly of these molecules has been explored with a range 

of different metals. The self-assembled structures show the different orientations of the 

polyacene components in the crystal packing. The information gained from these structures 
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may aid in increasing the efficiency of solar photovoltaic technology, in the singlet fission 

process.  

 

 

4.2 Synthesis of ethynylpyridyl anthracene derivatives  

 

4.2.1 Synthesis of 2- and 3-ethynylpyridine 

 

It was decided to use anthracene as a model system for the tetracene and pentacene 

derivatives. Firstly, the 2- and 3-ethynyl pyridine precursors (4.12 and 4.13) were synthesised 

by reacting the corresponding bromopyridine derivatives with 2-methyl-3-butyn-2-ol (in 

excess) using Sonogashira reaction conditions, under an inert atmosphere, in dry triethylamine 

in the presence of the palladium tetrakis-triphenylphosphine catalyst and copper(I) iodide 

(Scheme 4.3a). The acetylene protecting group was subsequently deprotected to afford 4.12 (2-

pyridyl) and 4.13 (3-pyridyl). However, this resulted in only a small amount (44% yield over 

two steps) of the product being collected after column chromatography. Due to the large 

quantity required for the reactions, 4.12 and 3-(trimethylsilyl)ethynylpyridine 4.14 were 

purchased from Sigma Aldrich. The latter was deprotected with K2CO3 in methanol at room 

temperature to afford 4.13 in quantitative yield (Scheme 4.3b), characterised by 1H-NMR 

spectroscopy and ESI-MS.  

 

 

 
Scheme 4.3: (a) Synthesis of 4.12 and 4.13; (b) deprotection of trimethylsilane of 4.14 to afford 
4.13.  
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4.2.2 Reaction between 2-ethynylpyridine and anthraquinone  

 

The dialkyne, 4.15, was synthesised in a two-step, one pot reaction, outlined in Scheme 

4.4. The first step involves reacting 4.12 and nbutyllithium in dry diethyl ether at –78°C, 

followed by the addition of anthraquinone (4.16) and heating the mixture to 50°C for an hour. 

Following extraction with diethyl ether and chloroform, the crude intermediate diols (4.17) 

were obtained as a mixture of cis- and trans- isomers. The second step of the reaction, without 

isolation of the diols, involves reductive aromatisation to produce the anthracene core. The 

cis/trans intermediate 4.17 was not separated due to both isomers yielding the same product in 

this step. The subsequent reaction was carried out by cooling the reaction to room temperature, 

acidifying with hydrochloric acid and adding tin(II) chloride dihydrate to the reaction mixture. 

After purification by column chromatography 4.15 along with the mono-addition and a side 

products 4.18 and 4.18, were obtained (Scheme 4.4) in 5%, 24% and 2% yields. The mono-

addition product, 4.5 is produced by a single nucleophilic attack at only one of the ketone sites 

on the anthraquinone. This therefore cannot undergo the dehydration and is carried through to 

the final reaction mixture. Although the polarity of both 4.15 and 4.18 are very similar 4.15 can 

be collected after washing the mixed fraction with acetonitrile or methanol, centrifugation and 

filtration.  

 

 
Scheme 4.4: Synthesis of molecule 4.15, 4.18 and 4.19. 
 

Molecule 4.15 was fully characterised by NMR, UV-Vis and IR spectroscopies, ESI-

MS, steady state fluorescence spectroscopy and melting point analysis. The 1H-NMR spectrum 
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spectrometric analysis show two peaks 381.1388 m/z and 191.0725 m/z corresponding to [4.15 

+ H]+ and [4.15 + 2H]2+, indicating the compound can be singly and double protonated.  

 

 

 
Figure 4.3: 1H-NMR spectrum (CDCl3, 298 K) of the aromatic region of molecule 4.15. 
 

Dark orange crystals of 4.15 suitable for single crystal X-ray diffraction analysis were 

obtained from the mixed fraction of molecules 4.15 and 4.18 from column chromatography. 

The data was solved in the monoclinic space group P21/n, with half a molecule in the 

asymmetric unit. The structure is shown in Figure 4.4, and the two halves of the molecules are 

related by a crystallographic centre of inversion located in the centre of the central anthracene 

ring.  

 

The pyridyl rings twist out of the centre of the anthracene core ring by 10.359(2)°. The 

molecules stack along the a axis, with the anthracene rings offset by 3.8574(3) Å (centroid-to-

centroid), 1.8746(4) Å (plane-to-plane shift), 3.3713(3) Å (plane-to-centroid). (Figure 4.5a) 

There are π-π interactions between the anthracene rings and the pyridyl-pyridyl rings, distances 

and angles are shown in Table 4.1. The view along the c axis shows a zig-zag pattern with the 

pyridyl rings overlapping and a relatively weak hydrogen bond between the nitrogen atom and 

neighbouring pyridyl C-H atoms (N11···C15 3.4570(2) Å, C15-H15···N11 139.129(3)°). 

(Figure 4.5b) 
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Figure 4.4: Solid state structure of molecule 4.15, atomic labelling shown. Hydrogen atoms 
have been omitted for clarity. Selected bond lengths (Å): C1–C2 1.36287(7), C2–C3 
1.42131(7), C3–C4 1.35474(8), C4–C5 1.42231(7), C5–C6 1.41529(8), C6–C7 1.41109(7), 
C7–C1 1.42342(9), C6–C8 1.43192(7), C8–C9 1.19985(6), C9–C10 1.43771(7), C10–N11 
1.34659(7), N11–C12 1.34170(6), C12–C13 1.37934(7), C13–C14 1.37934(7), C14–C15 
1.38372(7), C15–C10 1.39171(8).  
 

  
Figure 4.5: (a) Stacking of molecules 4.15, showing the π-π interactions; (b) view along the c 
axis showing the zig-zag pattern in the crystal packing. Hydrogen atoms have been omitted for 
clarity.  
 

Table 4.1: Face-to-face π-π interactions observed between the packing of 4.15 in the crystal 
structure. 

Interactions between: 
centroid-to-centroid 

/ Å 

plane-to-plane shift 

/ Å 

plane-to-centroid  

/ Å 

Anthracene···Anthracene 3.5813(3) 1.2100(2) 3.3707(3) 

Pyridyl···Pyridyl 3.5813(3) 1.6025(3) 3.5088(2) 

 

(a)                   (b) 



 165 

The 1H-NMR spectrum of molecule 4.18 shown in Figure 4.6 and shows eight non-

equivalent proton signals which were assigned using standard COSY pulse sequences. The ESI-

MS spectrum shows three major 1+ peaks at 334.0841 m/z, 312.1034 m/z and 294.0919 m/z. 

These correspond to [4.18 + Na]+, [4.18 + H]+ and [4.18 – H2O + H]+.  

 

 

 
Figure 4.6: 1H-NMR spectrum (CDCl3, 298 K) of molecule 4.18, showing the aromatic 
region. 
 

Crystals of 4.18 were obtained by vapour diffusion of petroleum ether into a 

dichloromethane/methanol solution of the compound. The complex crystallised in the 

orthorhombic chiral space group P212121, with one molecule of 4.18 in the asymmetric unit. 

Although the molecule is achiral it crystallises in a chiral space group. This is unusual but not 

unprecedented. The structure is shown in Figure 4.7. 
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Figure 4.7: (a) Perspective view of 4.18; (b) packing of the molecules showing both the π-π off-
set stacking and the intermolecular hydrogen bond. The other hydrogen atoms not involved in 
the hydrogen bond have been omitted for clarity. Selected bond lengths (Å): C1–C2 1.38709(2), 
C5–C6 1.47917(2), C12–C13 1.53131(2), C6–O15 1.22564(2), C13–O16 1.42646(2), C13–
C17 1.48061(2), C17–C18 1.19646(2), C18–C19 1.43976(2), C19–N20 1.35158(2), N20–C21 
1.33781(2); and angles (°): C16–C13–C17 107.7166(4), C13–C17–C18 174.44185(5), C17–
C18–C19 173.89436(5), C18–C19–C20 114.9122(4), C18–C19–N24 122.0555(7).  
 

The pyridyl group is twisted nearly perpendicular to the anthracenone core 

(77.1418(6)°). This twist allows an intermolecular hydrogen bond between the hydroxy group 

and the pyridyl nitrogen (O16-H16···N20 177(2)°, O16···N20 2.882(2) Å, H16···N20 1.97(2) 

Å) of a neighbouring molecule. The hydrogen involved in this interaction was located using the 

difference map. The molecules stack along the a edge, with an offset face-to-face π-π 

interaction between the anthracenone aromatic rings (centroid-to-centroid 3.53555(2) Å), in 

addition to a weak edge-to-face π-π interaction (C1-centroid 3.53183(2) Å, C1-H1···centroid 

154.8013(3)°).  

 

The mechanism for the formation of 4.15 and 4.18 is shown in Figure 4.8. The first step 

of the reaction is the deprotonation of the ethynylpyridine molecules using nbutyllithium to 

form an anion that attacks the carbonyl carbon of anthraquinone. The addition of one 

ethynylpyridine unit produces compound 4.18 (after protonation in the workup). The addition 

of the second ethynylpyridine forms the diol intermediate (4.17). The second step of the 

reaction involving SnCl2 has been widely investigated for the reduction of diols, however, only 

a few studies exploring the mechanism of this reaction have been reported.62, 63 It has been 

proposed that H2SnCl4, which is formed by the reaction between SnCl2 in the presence of HCl, 

displaces a hydroxyl group of the diol intermediate (4.17), via a loss of water to form INT1 

(a)      (b) 
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then the organotin intermediate INT2 (blue arrows). An alternative mechanism could be the 

tin(II) removing one of the hydroxy groups and the loss of water on the opposite side of the 

central ring to form the product (pink arrows). 

 

 
Figure 4.8: Mechanism for the formation of 4.15 and 4.18 using the tin(II) chloride in aqueous 
hydrochloric acid method. Pink arrows show the organotin intermediate (INT1) converting to 
4.15 directly. Blue arrows show the formation of the hydro-hydroxy species (INT2). 

 

Reports have proposed that H2SnCl4 can act as a hydride donor and the organotin 

intermediate is converted into a hydro-hydroxy species, from which dehydration to the product 

could occur. In 1980, Newman and Kanakarajan noted that “in principle, a hydrogen acid of 

any oxidisable atom such as Sn(II) could be used. The hydrogen acid should be strong enough 

so that it behaves as a proton donor. In general, stannanes behave as hydride donors. Only when 

the other groups, such as chlorines, attached to Sn are electron withdrawing, does the hydrogen 

have strongly acidic properties, as in the present example”.62 The mechanism for the formation 

of 4.15 and 4.18, has been adapted from this proposed mechanism, however it is believed that 

this is not a hydride displacement. 

 

Yamago and co-workers confirmed, by 119Sn NMR experiments, the assertion that 

H2SnCl4 plays a critical role in this mechanism.63 It is reasonable to suggest that changing the 
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acid used in the reaction to acetic acid or trifluoroacetic acid would produce the same overall 

product. This is explored later in this chapter.  

 

Other fractions, including the anthraquinone starting material and a small amount of 

molecule 4.19, were collected from chromatography. When this fraction was collected and 

analysed, it was noted that there were two different pyridyl environments by the 1H-NMR 

spectrum. The mass spectrum of this sample shows the isotope pattern with the presence of two 

chlorine atoms with a mass to charge (m/z) of [451.0758]+ and [226.0439]2+. This corresponds 

to the molecular formula of [4.19 + H]+ and [4.19 + 2H]2+ (Figure 4.9).  

 

 

 
Figure 4.9: ESI-MS of 4.19, the experimental (top) and calculated (bottom) isotope patterns. 
(a) [4.19 + H]+; (b) [4.19 + 2H]2+.   
 

The 1H-NMR spectrum of 4.19 shows twelve non-equivalent protons of which some are 

overlapping, as shown in Figure 4.10. The assignment of the 1H-NMR spectrum was established 

by using 1H-1H COSY experiment as shown in Figure 4.11. The 13C-NMR spectrum shows the 

presence of peaks at 100.7 and 87.0 ppm in the region expected for acetylene functionality and 

peaks at 132.2 and 126.2 ppm in the estimated position of an alkene based on a chlorine atom 

attached to each carbon. This structure would not have been elucidated without the results from 

the single crystal X-ray diffraction data analysis (as the dichloroethene has E- stereochemistry).  

 

  

(a)          (b) 
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Figure 4.10: 1H-NMR spectrum (CDCl3, 298 K) of 4.19, showing the aromatic region. 
 

 

 

 
Figure 4.11: The COSY spectrum (CDCl3, 298 K) of 4.19. 

 

Yellow needles of 4.19 suitable for single crystal X-ray diffraction analysis were 

obtained by diffusing diethyl ether into a solution of the compound dissolved in methanol. The 

structure solved in the monoclinic space group, P21/n with the asymmetric unit containing one 

molecule. The structure clearly indicates that the chlorine atoms are in the E conformation. 
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However, this component of the molecule is disordered over two orientations with the largest 

occupancy being 70%. This disorder occurs by the rotation around the carbon-carbon (C16-

C25) bond, as shown in Figure 4.12. The nitrogen atoms, confirmed by the methods described 

in Chapter Two (page 129), were located in single positions.  

 

 
Figure 4.12: Perspective view of 4.19. The hydrogen atoms and lower occupied disordered 
components have been removed for clarity. Selected bond lengths (Å): N1–C2 1.33721(2), N1–
C6 1.34423(2), C6–C7 1.43722(2), C7–C8 1.20203(2), C8–C9 1.43080(2), C9–C10 
1.41266(3), C11–C12 1.35919(3), C16–C25 1.51706(2), C25–C26 1.34122(2), C26–Cl27 
1.72871(4), C25–Cl28 1.74712(4), C26–C29 1.49357(2), C29–C34 1.41365(3), C29–N30 
1.30684(2); and angles (°): N1–C6–C7 117.539(1), C5–C6–C7 119.707(1), C6–C7–C8 
174.110(2), C7–C8–C9 178.5015(1), C16–C23-Cl37 123.376(1), C23–C24-Cl28 116.340(1), 
Cl28–C24–C20 113.852(2).  
 

The pyridyl ring connected to the acetylene functionality is not disordered and nitrogen 

atom remains in the same site, as shown in Figure 4.13. The pyridyl rings are twisted out of the 

plane of the anthracene core by 38.704(1)°, 49.767(2)° (70% occupied) and 51.063(2)° (30% 

occupied). The molecules pack in a coplanar arrangement and the pyridyl twists are an 

important aspect to the crystal packing of the molecules, with a weak edge-to-face π-π 

interaction between C-H of the larger occupied pyridyl and the fully occupied pyridyl ring 

(C20···centroid = 3.77923(8) Å, C20-H20···centroid = 26.2599(14)°). The anthracene 

components stack off-set with face-to-face π-π interactions [centroid-to-centroid = 3.70680(5) 

Å, 3.75301(8) Å and 3.92061(9) Å, plane-to-plane shift = 1.48002(9) Å, 1.4787(2) Å, 

1.93685(5) Å, plane-to-centroid = 3.39852(7) Å, 3.44942(7) Å, 3.40878(7) Å].  
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Figure 4.13: (a) Rotation around the carbon-carbon bond, resulting in the two conformers (A 
and B) observed as two disordered components in the X-ray diffraction crystal structure of 4.19. 
(b) Overlay of the two conformers emphasizing the differences (major = pink, minor = green). 
Hydrogen atoms have been omitted for clarity. Thermal ellipsoids shown at 40% probability.   
 

The proposed mechanisms for the formation of this structure is shown in Figure 4.14, 

which combines the reductive aromatization and the chloride addition. In this mechanism the 

first step involves the loss of water forming INT1, followed by the addition of a chlorine ion to 

one of the acetylene groups to stabilise the positive charge (INT2). The next step involves the 

loss of the second hydroxyl group as water through the attack of the chloride ion at the allene 

producing the product 4.19. The proposed mechanism could be tested by atomic labelling of 

the chloride ions, which would give insight into the source of the chlorine atoms.  

 

 
Figure 4.14: Proposed mechanism for the formation of 4.19. 
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Previous work by Rio and co-workers reported the use of various reducing agents to 

transform the 9,10-bis(phenylethynyl)anthracene-9,10-diol (4.20) intermediate into the desired 

product, 9,10-bis(phenylethynyl)anthracene (4.21) (Figure 4.15). Several different acids, which 

formed a range of isomeric products, were investigated. When hydrochloric acid was added to 

the 4.20, a similar product to that of 4.19, was reported (9-(1,2-dichloro-2-phenylethenyl)-10-

phenylethynylanthracene, 4.22). It was noted, in a recent review,64 that the treatment of 

diethynylated cyclohexadiendiols with acid solutions (HCl, HBr or HI) can produce 

haloacetophenone derivatives via a modified Rupe rearrangement. Treatment with hydrochloric 

acid can convert the diol into the desired para-diethynylbenzene (4.21) and 1,2-dichlorovinyl-

benzene (4.22). The addition of dilute hydrochloric acid can convert the diol into other alkynols 

(4.23). Treatment with 7% hydrobromic acid solution gives bromoacetophenone (4.24), 

whereas treatment with a more concentrated solution of 25% hydrobromic acid yields the 1,2-

dibromovinyl- derivatives (4.25). The treatment with 7% hydroiodic acid gives the 

iodoacetophenone (4.24) product as well as the desired aromatized product (4.21). 

 

 
Figure 4.15: Products arising from the reaction of the diethynylated cyclohexadiendiols with 
different acids (HCl, HBr and HI). R1 = H, R2 = aryl, R3 = alkyl.  
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In these examples, concentration seems to influence which product is observed. This 

could not be the case for 4.19, as 3% hydrochloric acid solution was used during the reaction. 

Therefore, the formation of 4.19 demonstrates that the acid concentration in the reaction does 

not influence the product production. Instead the chloride ions present disturb the reductive 

aromatization step as the chloride ions stabilise the carbocations formed.  

 

From the results, described above, and the formation of a small amount of desired 

material, 4.15, the reaction was carried out to isolate the diol intermediate (4.17). The reaction 

was repeated as outlined in step (i) of Scheme 4.4. After the addition of the anthraquinone (1 

equivalent) to the reaction mixture, the reaction was allowed to warm to room temperature and 

stirred overnight. The next morning, the reaction was a dark red colour and, by TLC, showed 

conversion of 2-ethynylpyridine (2.1 equivalents added) with some of the anthraquinone 

remaining. The reaction was quenched with ammonium chloride and extracted into 

dichloromethane. The crude material was loaded onto a silica gel column (ethyl 

acetate/petroleum ether 1:4). Analysis of the reaction by TLC showed many different products 

and after careful collection of the fractions, the following were collected; anthraquinone, a 

mixed fraction of the diol intermediate 4.17 with an unidentified species, 4.18, and the yellow 

crystalline material 4.26. The one step synthesis did form the desired diol intermediate, however 

impurities were present.  

 

The 1H-NMR spectrum of the yellow crystalline material, 4.26, showed twenty-one 

non-equivalent protons. It was apparent from the 1H-1H COSY experiment that the molecule 

contained three distinct pyridyl environments (Figure 4.16). The 13C-NMR experiment (Figure 

4.17) gave further information, with two peaks at 195.1 ppm and 188.7 ppm, corresponding to 

carbonyl functionality which was unexpected. The mass spectrometric analysis showed the 

presence of two peaks at 532.1676 m/z and 266.5858 m/z, corresponding to the formulas 

[C35H21NO2 + H]+ and [C35H21NO2 + 2H]2+.  
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Figure 4.16: The COSY spectrum (CDCl3, 298 K) of 4.26. The different colours show the 
coupling between each pyridyl ring protons (pink, blue and yellow) and the coupling between 
the anthracene protons (green).  
 

 
Figure 4.17: 13C-NMR spectrum (CDCl3, 298 K) of 4.26. Asterisks’ indicate the presence of 

carbonyl functionality.  

 

Yellow crystals of 4.26 were obtained from slow evaporation of the column fraction 

(ethyl acetate/petroleum ether (1:4) mixture). The structure solved in the triclinic space group, 

P-1 with one molecule and a quarter occupied water molecule in the asymmetric unit. One of 

the pyridyl rings has been modelled with disorder over two sites with the largest occupancy 

8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0

8.
7

8.
6

8.
5

8.
4

8.
3

8.
2

8.
1

8.
0

7.
9

7.
8

7.
7

7.
6

7.
5

7.
4

7.
3

7.
2

7.
1

7.
0

0
0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0

0
0.1

0.2
0.3

0.4
0.5

9.1 9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6

00.10.20.30.40.5

9
.1

9
.0

8
.9

8
.8

8
.7

8
.6

8
.5

8
.4

8
.3

8
.2

8
.1

8
.0

7
.9

7
.8

7
.7

7
.6

7
.5

7
.4

7
.3

7
.2

7
.1

7
.0

6
.9

6
.8

6
.7

6
.6

* * 

d / ppm  



 175 

being 75%. There is an intramolecular interaction between the hydroxyl group and the nearby 

pyridyl ring’s nitrogen atom [O16···N18 2.6027(2) Å, O16-H16···N18 145.754(2)°]. The core-

structure shows a 2,2,2-bridged system with a fused cyclopentenone ring, as displayed in Figure 

4.18. The nature of the bonds that compose this framework can be determined by the bond 

lengths from the crystallographic data. There are π-π interactions observed between the two 

pyridyl rings that are located on the same side of the core structure, suspended to the side of the 

cyclopentenone ring. Both the disordered pyridyl rings exhibit this interaction (centroid-to-

centroid = 3.8663(2) Å, plane-to-plane shift = 1.2355(2) Å, plane-to-centroid = 3.2629(2) Å 

and centroid-to-centroid = 3.8446(2) Å, plane-to-plane shift = 1.3534(2), plane-to-centroid = 

3.4395(2) Å. There are also significant π-π interactions between the molecules in the packing 

of 4.7, between the anthracene rings (centroid-to-centroid 3.6553(2) Å, plane-to-plane shift = 

1.1209(2) Å, plane-to-centroid = 3.4792(2) Å) and between pyridyl rings (centroid-to-centroid 

= 3.5552(2) Å, plane-to-plane shift = 0.8110(2) Å, plane-to-centroid = 3.4614(2) Å).  

 

 
Figure 4.18: X-ray crystal structure of 4.26. The disordered pyridyl ring and hydrogen atoms 
have been removed for clarity, except from the hydroxyl hydrogen. Selected atomic labelling 
shown. Selected bond lengths (Å): C6–O24 1.22002(5), C6–C15 1.56869(7), C13–C14 
1.53542(6), C13–C26 1.51441(7), C14–C15 1.35125(6), C14–C23 1.48496(7), C23–C25 
1.49195(7), C25–C26 1.34623(6), C26–C27 1.50029(6) C27–O28 1.25556(5), C6–C16 
1.40041(7); and angles (°): C12–C13–C48 106.433(3), C15–C6–O16 116.519(3), C13–C26–
C25 111.426(3), C23–C25–C26 110.807(3), C14–C23–C25 106.302(3), C26–C27–O29 
118.025(3), C26–C27–O28 121.291(3).  
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The core-type structure of 4.26 (A in Figure 4.19a), has been reported once in the 

literature by Toda and co-workers.65 The scaffold B shown in Figure 4.19 has been investigated 

in the synthesis of natural products, formed through Lewis-acid catalysed cyclisation, oxidation 

and photochemical dimerisation. The following structures are shown in Figure 4.19. The 

cyclisation, using a Lewis-acid (AlCl3), followed by ketonisation afforded the structure shown 

in Figure 4.19a. Other related compounds have been reported with anthracene, via a 

photochemical isomerisation and a Diels-Alder cycloaddition, as shown in Figure 4.19b (the 

difference between the core-structure B containing a dihdyro bridge, protons shown). The 

authors characterised the cycloadducts by single crystal X-ray diffraction analysis, commenting 

on the bond lengths between the 9,10-dihydroanthracene moiety with the 9-

anthrylmethylcarbon. The longer bond length is part of the cyclopentane system and connects 

the dihydroanthracene moiety with the ‘ethano’ bridge, which is also characteristic in 4.19 

(C13-C14).  

 

 
Figure 4.19: Reported structures containing the same/similar core structure as 4.7.  
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causing this transformation. Other compounds with the core structure C, shown in Figure 4.19c, 

are synthesised as precursors for the formation of the novel diterpene eremolactone and several 

related compounds isolated from Eremophilia fraseri and E. freelingii.66, 67 In addition, this 

core (C) is also required in the Diels-Alder cycloaddition of maocrystal V and sesquiterpenoid 

natural products, isolated from medicinally used Chinese herb, Isodon eriocalyx, and in the 

eastern Asian plant, Illicium merrillianum, respectively. The types of natural products listed 

here are known to be antimicrobial, anti-inflammatory and shows selected cytotoxicity against 

Hela cells. 

 

After the elucidation of the crystal structure of molecule 4.26, the 1H-NMR spectrum 

could be assigned. A HMBC experiment was crucial to locate the pyridyl ring (C2’’’ – C6’’’) 

by the correlation between H3’’’ and the nearby carbonyl carbon. However, the HMBC 

experiment, in addition to multiple 1D- and 2D ROESY and NOESY experiments, did not give 

the desired outcome to assign the other two pyridyl rings. These pyridyl rings have been 

assigned based on chemical shifts due to the interactions with the assigned pyridyl ring and the 

hydroxyl group observed from the single crystal X-ray diffraction data. The π-π interaction and 

the close proximity of the pyridyl rings suggests shielding of the protons and hence an upfield 

shift of protons H6’’ and H6’’’. The hydrogen bond between the hydroxyl group and the nearby 

pyridyl allows H6’ to be assigned the signal at 8.69 ppm due to the extra deshielding.  

 

 

 

 

 

 

 
Figure 4.20: 1H-NMR spectrum (CDCl3, 298 K) of molecule 4.7, showing the aromatic region.  
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A proposed mechanism for the formation of the key intermediate (C) for the formation 

of 4.26 is displayed in Figure 4.21. The addition of two pyridylethynylates first occurs, which 

rearranges to form 9-anthrone with the pyridylacetylene substituents attached to the same 

carbon (A). This rearrangement is known to occur in these systems with the use of acid. 

However, the third addition of the ethynylpyridine must occur on one of the acetylenes of A 

first, thus forming the anion intermediate (B) which subsequently attacks the carbonyl carbon 

forming the bridged intermediate. The 2,2,2-bridge system (C) is formed between the two 

central carbon atoms of the anthrone ring which is believed to be the key intermediate for the 

formation of 4.26. 

 

 
Figure 4.21: Proposed mechanism for the formation of key intermediate C. 
 

Two decades ago, Ramkumar et al. investigated the photooxidation of enediynes. 1,5-
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via a radical cyclisation pathway, while the latter involves a radical anion. The authors reported 
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with the 1,5-cylisation showing preference over the 1,6-Bergman cycloaromatization found in 

neutral enediynes. The proposed pathway for the 1,5-cyclisation of 1,2-diethylenebenzene (i) 
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in the presence of oxygen yields the indenone derivative (v). The structural features are 

highlighted in Figure 4.22. This method was initially proposed for the formation of 4.26, 

however, recent work from Zhou et al. has shown a I2O5-mediated method for 1,5-cyclisation 

of aryldiynes in water which involves the production of I+ released from the formation of HOI. 

After the formation of the 2,2,2-bridged structure, C, the next step could involve a 5-exo-dig 

cyclisation to form the fused cyclopentenone system (vii, Figure 4.23). This intermediate then 

undergoes addition of water and elimination of HCl, generating intermediate viii. Finally, the 

tautomerism of viii to ix occurs followed by oxidation of the resulting intermediate to give the 

product 4.26. Both methods have been adapted showing two possibilities for the formation of 

4.26. 

 

 
Figure 4.22: First proposed mechanism for the formation of 4.26 from intermediate C adapted 
from Ramkumar et al. The structural features are highlighted, C (blue) and 4.26 (pink). 
 

 
Figure 4.23: Second proposed mechanism for the formation of 4.26 adapted from Zhou et al.  
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4.2.3 Reaction between 3-ethynylpyridine and anthraquinone  

  

The reaction between 3-ethynylpyridine and anthraquinone was carried out as a two-

step reaction in one pot, as described previously for the formation of 9,10-bis(2’-

pyridylethynyl)anthracene, 4.15. The diol-intermediate was not isolated. The reaction resulted 

in the generation of two products, 4.9 and 4.27 in 12% and 2% yield (Scheme 4.5). Molecule 

4.9 has previously been synthesised by a Sonogashira coupling reaction and the data was 

consistent with the reported analyses. Red needle-like crystals of 4.9 were obtained after slow 

evaporation of a solution of ethyl acetate/petroleum ether.  

 

 
Scheme 4.5: Synthesis of molecules 4.9 and 4.27. 
 

Despite multiple attempts to screen crystals of 4.9, all proved to diffract poorly. Finally, 

a data set was collected and supports the proposed structure. Compound 4.9 crystallised in the 

monoclinic space group P21/n, with half the molecule observed in the asymmetric unit. The 

structure can be viewed in Figure 4.24. The pyridyl rings are disordered over two sites (largest 

occupancy = 64%) and have minimal twists compared to the central ring of the anthracene 

component (2.5325(4)°, 5.8700(6)°). The disorder is due to the rotation around the acetylene 

carbon-carbon bonds, causing two different conformers of the pyridyl rings (Figure 4.25).  
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Figure 4.24: Perspective view of 4.9. The disordered pyridyl ring and hydrogen atoms have 
been removed for clarity. Thermal ellipsoids are shown at 40% probability. Selected bond 
lengths (Å): C6–C8 1.4292(2), C8–C9 1.20234(8), C9–C10 1.3859(2), C9–C10A 1.5406(2), 
C5–C6 1.4110(2), C5–C7’ 1.4242(2) and angles (°): C6–C8–C9 179.13153(6), C8–C9–C10 
176.2174(5), C8–C9–C10A 172.038(2).  
 

 
Figure 4.25: View of the two pyridyl rings of 4.9 showing the disordered components (major = 
pink, minor = green). Hydrogen atoms have been omitted for clarity.  
 

Unexpectedly, there are no face-to-face π-π interactions observed between the aromatic 

rings. The anthracene rings and pyridyl rings are stacked off-set, with the rings above and below 

the acetylene functionality (Figure 4.26). This offset is too large for significant face-to-face π-

π interactions (centroid-to-centroid = 5.0251(5) Å), nonetheless there are interactions between 

the acetylene π electrons and the central anthracene rings (π-to-centroid = 3.4631(2) Å). The 

packing of the molecules is very similar to the 2-pyridylaceylene derivative (4.15) previously 
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described. The molecules stack along the a face and show a zig-zag like packing along the c 

face. There are weak non-classical hydrogen bonds between pyridyl C-H atoms and 

neighbouring nitrogen atoms (C11-H11···N18 164.024(2)°, C11···N18 3.3857(2) Å, 

H11···N18 2.4820(2) Å and C17-H17···N12 159.604(2)°, C17···N12 3.5783(2) Å, H17···N12 

2.6920(2) Å).  

 

 
Figure 4.26: Stacking of 4.9, showing the offset nature of the aromatic rings, and the 

acetylene···aromatic ring interaction. Hydrogen atoms and the disordered pyridyl rings have 

been removed for clarity. Thermal ellipsoids are shown at 40% probability.  

 

Alkene 4.27 shows intense fluorescence in solution and has been characterised by NMR, 

UV-Vis and IR spectroscopies, ESI-MS and melting point analysis. The compound was isolated 

by washing the column fraction with methanol and collecting the solid. However this compound 

is only slightly soluble in methanol and the filtrate also contained the product with a small 

amount of 4.9 as these two molecules have very similar polarity. The 1H-NMR spectrum of 

molecule 4.27 shows twelve non-equivalent protons, with some overlapping of signals (Figure 

4.27). There are two different pyridyl environments and these were assigned by COSY and 1D 

TOCSY experiments. The structure is similar to that seen for the related 2-pyridyl structure, 

4.6, and the same mechanism is proposed for the formation of this species.  
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Figure 4.27: 1H-NMR spectrum (CDCl3, 298 K) of 4.27, showing the aromatic region. 
 

Yellow crystals were obtained after evaporation of a solution of 4.27 dissolved in 

petroleum ether and ethyl acetate and were submitted for single crystal X-ray diffraction 

analysis. The structure solved in the triclinic space group, P-1, with one molecule in the 

asymmetric unit (Figure 4.28).  

 

 
Figure 4.28: X-ray crystal structure of molecule 4.27. The hydrogen atoms and minor 
disordered components have been omitted for clarity. Selected bond lengths (Å): C6–C7 
1.40922(3), C6–C15 1.43078(4), C7–C12 1.43412(4), C13–C23 1.52953(5),C15–C16 
1.19982(3), C16–C17 1.42987(4), C17–C18 1.39564(4), N19–C18 1.33326(4), C23–Cl24 
1.76592(5), C23–C25 1.32593(3), C25–Cl26 1.76367(5), C25–C27 1.48921(4); and angles (°): 
C6–C15–C16 178.02587(8), C16–C17–C18 179.34614(3), C13–C23–Cl24 116.653(2), Cl24–
C23–C25 120.724(2), C13–C23–C25 122.351(2), Cl26–C25–C27 113.833(2).  
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The dichlorovinyl-3-pyridyl substituent is disordered with the largest occupancy being 

60%. The rotation around the carbon-carbon bond attached to the anthracene causes this 

disorder showing two different conformers of this molecule. The pyridyl rings are twisted by 

57.069(2)°, 53.804(2)° (major) and 54.279(2)° (minor). The molecules stack in a head-to-tail 

arrangement with π-π interactions between anthracene rings, as shown in Figure 4.29 (centroid-

to-centroid = 3.8630(2) Å, 3.8920(2) Å, 3.7746(2) Å, plane-to-plane shift = 1.8299(2) Å, 

1.8476(2) Å, 1.5481(2) Å, plane-to-centroid = 3.40208(9) Å, 3.42549(9) Å, 3.44258(9) Å).  

 

 
Figure 4.29: Head to tail stacking of molecules 4.27 along the a axis, showing the π-π 
interactions between the anthracene rings. Hydrogen atoms and disordered pyridyl rings have 
been removed for clarity.  
 

 

4.3 Synthesis of ethynylpyridine tetracene derivatives  

 

Tetracenequinone (4.28) was synthesised by adopting the method of Miller and co-

workers.69 The synthesis involves the reaction between a,a,a’,a’-tetrabromo-o-xylene (4.29) 

and naphthoquinone (4.30), with potassium iodide, under an inert atmosphere in DMF (Scheme 

4.6).  
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Scheme 4.6: Synthesis of molecule 4.28.  
 

The reaction mechanism, as shown in Figure 4.25, first involves an elimination reaction 

between the a,a,a’,a’-tetrabromo-o-xylene (4.29) and the iodide ions. The resulting 

intermediate is unstable (due to the highly reactive o-quinoid produced) and reacts immediately 

with the naphthoquinone (4.30) in a Diels-Alder cycloaddition reaction. The final step is the 

loss of HBr to form the desired tetracenequinone material in 71% yield. The loss of HBr can 

occur spontaneously (under heat), or the use of the iodide ions present can assist in this 

elimination.  

 

 
Figure 4.25: Mechanism for the formation of 4.28. 

 

The tetracenequinone (4.28) was treated with 2- or 3-ethynylpyridyllithium reagent (as 

previously described for the anthracene derivatives) in diethyl ether at room temperature for 24 

hours, followed by the reductive aromatisation to afford a mixture of the desired tetracene 

product (4.29 or 4.31) and the mono-addition product (4.30 or 4.32) as displayed in Scheme 

4.7. Due to the results of the dichlorovinyl products observed in the SnCl2/HCl mixture for the 
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anthracene derivatives, acetic acid was utilised instead. The low yields obtained for 4.29, 4.30, 

4.31 and 4.32 (2%, 11%, 24% and 27%, respectively) is suggested to be due to the formation 

of side products (see page 191). 

 

 
Scheme 4.7: Reaction of tetracenequinone and ethynylpyridines to afford products 4.29 – 4.32.  
 

Molecules 4.29 and 4.30 were purified by silica gel column chromatography, eluting 

with a mixture of ethylacetate and petroleum ether (1:5). Unreacted 4.28 was first collected, 

followed by 4.29, then 4.30. Due to the similar polarity of the two molecules, the fraction 

containing 4.29 was washed with methanol, filtered and the solvent removed under reduced 

pressure to afford a dark purple solid, 4.29.  Compounds 4.31 and 4.32 were also purified by 

silica gel column chromatography, with 0.5% methanol dissolved in dichloromethane. Again, 

both molecules have very similar polarity and the same washing and filtration with methanol 

was carried out. All molecules were fully characterised by NMR, UV-Vis and IR 

spectroscopies, ESI-MS, steady state fluorescence and melting point analysis. The 1H-NMR 

spectra of molecules 4.29 and 4.31 show nine non-equivalent proton signals and the spectra of 

molecules 4.30 and 4.32 show fourteen non-equivalent protons, with some of the protons 

overlapping. All four 1H-NMR spectra are shown in Figure 4.26. A broadening of the pyridyl 

protons of molecule 4.29 were observed in CDCl3, this is due to the stacking of the highly 

planar conjugated system in solution. The 1H-NMR spectrum (Figure 4.26a) was also collected 

in DMSO-d6 to eliminate this effect. Surprisingly, for molecule 4.31, this effect was not 

observed, however dilution of the sample was required. The spectra were assigned by standard 
1H-1H COSY pulse sequences. The mechanism for the formation of these molecules is proposed 

to be the same as described for the anthracene derivatives.  
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Figure 4.26: 1H-NMR spectra (298 K) of molecules (a) 4.29 in DMSO-d6 and (b) 4.30, (c) 4.31, 

(d) 4.32 in CDCl3.  
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Crystals of molecule 4.30 were obtained after vapour diffusion of diisopropyl ether into 

the dichloromethane solution. The molecule 4.30 solved in the orthorhombic chiral space group 

P212121, with one enantiomer in the asymmetric unit, displayed in Figure 4.27. The symmetry 

operations involve a two-fold screw axis which results in only a single enantiomer (S-) being 

seen. The tetracenone component is slightly curved in the opposite direction to the 

pyridylacetylene substituent. The pyridyl ring is twisted nearly perpendicular, by 102.247(5)°, 

to the ring it is attached to. The geometry around the tetrahedral carbon (C17) is distorted with 

angles of 106.141(3)°, 107.515(2)°, 111.001(2)°, 113.352(2)°. The acetylene group is slightly 

bent (C17-C21-C22 172.4961(2)°, C21-C22-C23 176.9893(3)°, torsion angle = C17-C21-C22-

C23 9.8385(2)°). This may be due to the hydrogen bonding interaction between the pyridyl 

nitrogen and the hydroxyl group observed in the crystal packing (O20···N24 2.844(3) Å, 

H20···N24 1.89(4) Å O20-H20···N24 176(4)°). The hydrogen atom involved in this interaction 

was located using electron density peaks. The molecules pack along the x and y axes, with offset 

face-to-face π-π interactions observed (centroid-to-centroid = 3.87334(9) Å, plane-to-plane 

shift = 1.78448(13) Å, plane-to-centroid = 3.43779(3) Å) and edge-to-face π-π interactions 

(C1···centroid = 3.61982(8) Å, 2.72738(6) Å, 4.97539(11) Å).  

 

 
Figure 4.27: Perspective view of the enantiomer crystallised of 4.30. Hydrogen atoms not 
involved in the hydrogen bond have been removed for clarity. Selected bond lengths (Å): C1–
C2 1.39202(4), C5–C6 1.48252(4), C6–C7 1.47282(5), C16–C17 1.52757(4), C17–C18 
1.52703(5), C6–O19 1.23661(3), C17–O20 1.42128(3), C17–C21 1.48601(4), C21–C22 
1.19395(3), C22–C23 1.43979(3), C23–N24 1.35461(4), C5–C18 1.39988(3); and angles (°): 
O20–C17–C21 107.616(2), C17–C21–C22 172.5175(1), C21–C22–C23 176.99126(3), C22–
C23–N24 115.741(1), C22–C23–C28 121.684(2), C7–C6–O19 121.3920(7), O19–C6–C5 
120.685(2), C5–C6–C7 117.858(2).  
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The mass spectrometric analysis of the tetracene derivative 4.29 shows a major peak at 

216.0801 m/z and a minor peak at 431.1534 m/z, corresponding to the [4.29 + 2H]2+ and [4.29 

+ H]+, whereas, 4.31 showed the major peak at 431.1499 m/z, and the 2+ species was, 

surprisingly, not observed. It is important to note that 4.29 and 4.31, do not ionise in the crude 

material. The mono-addition products 4.30 and 4.32 each show three species present, 

[C25H15NO2 – H2O]+, [C25H15NO2+ H]+, [C25H15NO2 + Na]+ , e.g. peaks at 344.1059 m/z, 

362.1179 m/z and 384.0982 m/z, respectively for 4.30, similar to the anthracenone compounds. 

The low yields obtained from these reactions is due to the side products formed during the 

reaction. The ESI-MS show a variety of different species present, in the crude mixtures. The 

presence of peaks at 231.0730 m/z and 232.0808 m/z correspond to the addition of two oxygen 

atoms to the 4.29/4.31 tetracene compounds; as well as a 2+ charged peak at 346.1152 m/z 

which is proposed to be the dimer of the mono-addition side product. More information is 

required to understand these results and could not be pursued due to time constraints.  

 

 

4.4 Reaction between 2-ethynylpyridine and pentacenequinone   

 

Pentacene has attracted much interest in recent years, as a result of both the crystals and 

thin-films behaving as p-type organic semiconductors. It is one of the most thoroughly 

investigated conjugated organic molecules and can be employed to manufacture electronic 

devices such as OFETs, due to the hole mobility of up to 5.5 cm2/(V-s), which exceeds that of 

amorphous silicon. The synthesis of pentacene derivatives, is explored via the precursor 

pentacenequinone. The formation of pentacenequinone (4.33) can be carried out via a range of 

different reactions.23, 24, 70 The one explored here is via the Diels-Alder reaction between 

a,a,a’,a’-tetrabromo-o-xylene (4.29) and p-benzoquinone (4.34), with potassium iodide, 

under an inert atmosphere in dry DMF (Scheme 4.8). The reaction mechanism for the formation 

of pentacenequinone is the same as previously described for tetracenquinone,69 however, the 

reaction requires two Diels-Alder cycloadditions, resulting in a relatively small yield (31%). 

Nevertheless, the material collected was pure (as estimated through 1H-NMR spectroscopy and 

ESI-MS) and did not need further purification.  
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Scheme 4.8: Synthesis of 4.33 and 4.35. 

 

The reaction of pentacenequinone and 2-ethynylpyridyllithium reagent in diethyl ether 

or THF at room temperature was carried out under inert conditions, followed by the reductive 

aromatisation with tin(II) chloride dihydrate in acetic acid solution to afford a mixture of 

products. When the resulting acidic mixture was extracted with diethyl ether, a red solution was 

obtained. The acid layer was neutralised and extracted with chloroform resulting in a green 

solution. The product was purified from the latter residue by silica gel column chromatography, 

followed by washing of the desired fraction with methanol, to obtain the desired product in low 

yield (10%). The product is sparingly soluble in most common solvents. The 1H-NMR spectrum 

of 4.35 is shown in Figure 4.28 below. The spectrum shows seven non-equivalent protons which 

have been assigned by a 1H-1H COSY experiment. 

 

 

 
Figure 4.28: 1H-NMR spectrum (DMSO-d6, 298 K) of 4.35 (the asterisk indicates an impurity 
in the DMSO-d6 solvent).  
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Unfortunately, due to the amount of material collected and the insoluble nature of the 

compound, a more concentrated sample could not be produced to collect at 13C-NMR spectrum.  

 

The red solution obtained from extraction, as well as the last fractions collected from 

the column, were analysed and found to contain dimerized species. The molecular formula 

revealed from the ESI-MS shows a signal at 791.2702 m/z and 396.1375 m/z (Figure 4.29a). 

These are thought to correspond to the species [C58H34N2O2 + H]+ and [C58H34N2O2 + 2H]2+, 

respectively, as shown in Figure 4.29 below. The proposed structure is the dimerisation of the 

single substituted species (4.36), which is caused by the loss of two water molecules from the 

hydroxyl functionality forming the following structure, 4.37 (Scheme 4.9). There is no evidence 

from the 1H-NMR spectrum (Figure 4.29b) that this species has been formed, and this was not 

pursued any further due to time constraints.  

 

 
Scheme 4.9: Proposed formation of the dimerised species formed in the pentacene 2-
ethynylpyridine reaction.  

 

 
Figure 4.29a: ESI-MS showing the dimerised species (4.37) formed during the reaction between 
pentacenequinone and 2-ethynylpyridine.  
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Figure 4.29b: Crude 1H-NMR spectrum (DMSO-d6, 298 K) of the mixture containing the 
dimerised species.  
 

The synthesis to obtain the pentacene derivative, 4.35, has been repeated several times 

and a range of different solvents explored, number of equivalents added, and different reductive 

aromatisation conditions, but this method proved difficult to obtain the molecule in high yield 

due to the formation of side products.  

 

 

4.5 Optical properties of anthracene, tetracene and pentacene derivatives  

 

4.3.1 Anthracene derivatives  

 

Emission and excitation spectra were measured for all anthracene derivatives, 4.9, 415, 

4.19, 4.27 and the side products obtained during the reactions, 4.18 and 4.26. The compounds 

exhibit a range of different colours in the solid state from off-white to yellow to dark orange, 

whereas, the solution colours range from colourless to fluorescent green. To better understand 

and quantify this observation an analysis of the absorption of all compounds was carried out 

and measurement of the emission properties of the anthracene derivatives were also completed 

in dichloromethane. The key spectral features are summarised in Table 4.2 and the absorption 

spectra can be viewed in Figure 4.30. The shape of the spectra show similarities between the 

anthracene derivatives. The anthracene derivatives, 4.9 and 4.15 display similar maxima at 273, 

~314, ~439 and ~464 nm, whereas the vinyldichloro- compounds 4.19 and 4.27 show maxima 

at 267, ~301, 409, 434 nm. The two side products 4.18 and 4.26, produce no maxima between 

350 – 500 nm, which suggests that the peaks in this region are as a result of the anthracene π-

conjugated system.  
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Table 4.2: Summary of the absorption and emission maxima of anthracene derivatives (4.9, 
4.15, 4.19, 4.27) and side products (4.18, 4.26), recorded in CH2Cl2. 

 
Absorption Emission 

λmax / nm ε / M–1cm–1 λmax / nm 

4.9 273, 313, 438, 462 12008, 3128, 3775, 4095 472, 503 

4.15 230, 273, 314, 439, 465 9147, 30613, 8962, 9993, 10909 474, 505 

4.18 278, 303, 316, 448, 465 31111, 11494, 11255, 2212, 2653 - 

4.19 267, 301, 409, 434 44994, 7082, 9407, 10151 442, 470 

4.26 276, 380 12104, 2154 - 

4.27 267, 302, 409, 434 68282, 9170, 14117, 15317 441, 467 

 

 
Figure 4.30: UV-visible spectra of 4.9, 4.15, 4.18, 4.19, 4.26, 4.27 measured in dichloromethane 
at room temperature, concentration ~10–5 mol L–1. 

 

Excitation at ~438 nm results in fairly sharp emission curves for the 2- and 3- bis-pyridyl 

anthracene derivatives, 4.9 and 4.15, at 474 nm, 505 nm and 472 nm, 503 nm, respectively 

(Figure 4.31). Compounds 4.19 and 4.27 show very similar results, with sharp peaks at 442 nm, 

470 nm and 441 nm, 467 nm, after excitation at ~409 nm. The highly conjugated π-system in 

these molecules is responsible for the Stokes shift.  
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Figure 4.31: UV-visible and photoluminescence spectra of (a) 4.9 and 4.15 and (b) 4.19 and 
4.17, all measured in dichloromethane at room temperature, concentration ~10–5 mol L–1.  

 

The difference in absorption and emission spectra of anthracene derivatives has 

previously been reported in the literature for both substituted and unsubstituted anthracenes. 

The addition of substituents in the 9,10 positions of anthracene causes a larger red shift 

compared to anthracene. Anthracene shows absorption maxima at 310, 325, 340, 356 and 376 

nm, and fluorescence at 375, 397, 420 and 446 nm. A similar compound to the 2-pyridyl 

derivative which the authors used to compare with the macrocycle as shown in Scheme 4.2 

shows similar values to those reported here. The macrocycle shows emission at 489 and 523 

nm which is attributed to the extension of the π-conjugated structure. Spectra reported by 

Henhela et al., Levitus et al. and Heller et al. studying the 9,10-(diphenylethynyl)-anthracene 

compound showed bathochromic shifts in the fluorescence spectrum at values of ~477 nm and 

~507 nm, with benzene, cyclohexane and dioxane solutions.28, 71, 72 The results reported here, 

are consistent with the literature results. The addition of the heterocycle in place of a phenyl 

ring shows no significant effect, as a result of the similar conjugated systems present, to the 

absorption and emission maxima.  

  

Protonation of the compounds in solution, by addition of trifluoroacetic acid, gives rise 

to a bathochromic shift in the UV-Vis absorption and emission spectra for compounds 4.15 and 

4.9. A UV-Visible spectroscopic titration was carried out for both 4.15 and 4.9 and the results 

are displayed in Figure 4.32 and 4.33, respectively.  

 

The UV-Vis acid titration of 4.15 shows a small hypochromic and bathochromic shift 

(273 nm to 279 nm) from the lowest energy transition from the neutral molecule to the doubly 

(a)        (b) 
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protonated compound, [4.15 + 2H]2+. There is also a hyperchromic shift at 254 nm that forms 

after the addition of 0.2 eq. of acid. The peak at 303 nm broadens as the acid is added and the 

π-π* transitions exhibit a red shift from 448 and 465 nm to 482 and 496 nm, respectively. These 

peaks also experience significant broadening. Note there are isosbestic points from 4.15 to [4.15 

+ H]+, then a different set of isosbestic points from [4.15 + H]+ to [4.15 + 2H]2+. This indicates 

that there is an equilibrium established between the deprotonated and singly protonated species; 

however, once all the species in solution are protonated, the second protonation occurs. During 

the titration the colour of the solution changes from green to orange. 

 

 
Figure 4.32: UV-Vis spectroscopic titration of 4.15 and trifluoracetic acid, to form [4.15 + H]+ 

and [4.15 + 2H]2+ in dichloromethane. Concentration ~10–5 mol L–1.  
 

Similar results were observed for 4.9, however a smaller bathochromic shift was 

observed. Overall there is a broadening of all peaks throughout the titration. The bathochromic 

shift from 438 and 462 nm to 452 and 473 nm has a more distinctive shape compared to the 2-

pyridyl derivative, 4.15. There is a very small hypochromic shift and broad peak produced at 

251 nm.  
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Figure 4.33: UV-Vis spectroscopic titration of 4.9 and trifluoracetic acid, to form [4.9 + H]+ 

and [4.9 + 2H]2+ in dichloromethane. Concentration ~10–5 mol L–1.  
 

 

4.3.2 Tetracene and pentacene derivatives  

 

Emission and excitation spectra were also measured for the tetracene and tetracenone 

derivatives, 4.29 – 4.32. The colour of the compounds range from an off white/pink colour to 

dark purple. The key spectral features are displayed in Table 4.3 and the absorption spectra are 

shown in Figure 4.34.  

 

The shape of the spectra, show similarities between the tetracene compounds (4.29 and 

4.31) and the tetracenone (4.30 and 4.32), as expected. The absorption spectra show 

considerable differences between the core units, with the absorbance of the tetracene derivatives 

displaying maxima from 480 – 552 nm. The absorption and emission of 4.29 and 4.31 are 

consistent with other similarly substituted acenes (e.g. diethynylphenyl tetracene; absorption 

λmax  = 512 nm, 548 nm; emission λmax = 565 nm, 608 nm).28, 73, 74  
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Table 4.3: Summary of the absorption and emission maxima of 4.29 - 4.32 and 4.35.  

 
Absorption Emission 

λmax / nm ε / M–1cm–1 λmax / nm 

4.29 
231, 268, 292, 340, 358, 

484, 515, 552 

18086, 19491, 56676, 9524, 9808, 

3925, 9063, 12267  
567, 610 

4.30 232, 277, 316, 303, 362 82216, 62855, 23203, 24214, 5871 - 

4.31 
231, 267, 292, 342, 358, 

481, 513, 552 

33715, 32318, 99860, 17105, 

18096, 6495, 15674, 21331 
564, 605 

4.32 233, 277, 316, 302, 362 
39650, 39650, 25639, 9887, 10785, 

3518 
- 

4.35 229, 311, 371, 442, 608, 660 2893, 16985, 2192, 330, 899, 1502 673 

 

 

 
Figure 4.34: (a) UV-visible spectra of 4.29 – 4.32 b) UV-visible with overlaid photo-
luminescence spectra of 4.29 and 4.31 in dichloromethane at room temperature. Concentration 
~10–5mol L–1. 
 

The UV-Vis acid titrations of 4.29 and 4.31 are shown in Figures 4.25 and 4.26, 

respectively. The titration of 4.29 shows considerable broadening across the whole spectrum. 

Significant broadening is observed at 513 nm and 552 nm with a bathochromic shift to 583 nm 

after 1.0 equivalent of acid is added and to 589 nm after 2.0 equivalents. Furthermore, 

hypochromic shifts at 231 nm, 292 nm and 358 nm are observed and hyperchromic shifts at 

270 nm, 389 nm/410 nm (broad). Isosbestic points are observed from 4.29 to [4.29 + H]+ and a 

second set from [4.29 + H]+ attributed to the doubly protonated 4.29, analogous to the 

anthracene derivatives discussed.  

  

(a)       (b) 
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Figure 4.35: UV-Vis spectroscopic titration of 4.29 and trifluoracetic acid, to form [4.29 + H]+ 

and [4.29 + 2H]2+ in dichloromethane. Concentration ~10–5 mol L–1.  
 

 
Figure 4.36: UV-Vis spectroscopic titration of 4.31 and trifluoroacetic acid, to form [4.31 + 
H]+ and [4.31 + 2H]2+ in dichloromethane. Concentration ~10–5 mol L–1.  
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The titration of 4.31, shows similar shifts, however a more refined structure is observed 

throughout the acid addition. The maxima at 231 nm and 292 nm for compound 4.31 

experiences a small hypochromic shift, whereas the maxima at 267 nm shows a small 

hyperchromic shift. The maxima at 342 nm and 358 nm display more defined peaks at 335 nm 

and 366 nm (slight blue and red shift, respectively). The structure between 500 – 600 nm is 

well-defined compared to the 2-pyridyl derivative with a hypochromic and small bathochromic 

shift of 513 nm and 552 nm to 525 nm and 561 nm, respectively.  

 

The emission and excitation spectra for the pentacene derivative, 4.35, are displayed in 

Figure 4.37. Comparisons of this spectra to the previously discussed anthracene and tetracene 

derivatives, 4.35 shows an extension of the maxima to longer wavelengths due to the increased 

conjugation to the central acene core. Pentacene derivatives with ethynyl substitution in the 6- 

and 13- positions, such as the incorporations of the TMS-acetylene and phenylacetylene 

substitutions, have been shown to extend the absorption wavelength from 639 nm to 656 nm 

(in THF).75, 76 The substitution of the pyridyl ring show similar results to the phenyl derivative 

(λmax = 660 nm). The shape of the spectra from 200 to 480 nm is unusual and further 

investigation to understand this is required. The emission spectrum is also comparable with a 

similar Stokes shift of 13 nm (compared to the diethynylphenyl derivative with a Stokes shift 

of 9 nm).  

 

 

 
Figure 4.37: (a) UV-visible spectra of 4.35 b) UV-visible with overlaid photo-luminescence 

spectre of 4.35 in dichloromethane at room temperature, concentration ~10–5 mol L–1. 

 

 A trifluoroacetic acid titration, as described for the anthracene and tetracene derivatives, 

was carried out on the pentacene derivative. The longer wavelength maxima show a 

hypochromic and bathochromic shift with the presence of broadened peaks from 608 nm and 

(a)       (b) 
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660 nm (0 eq.) to 620 nm and 669 nm after 1.0 equivalents added and then red shifted to 625 

nm and 669 nm after the addition of 2.0 equivalents. A small hypochromic shift is also observed 

at 311 nm and 271 nm. Hyperchromic shifts occur at 230 nm and 270 nm. As previously 

described, isosbestic points are also observed from 4.35 to the formation of the singly 

protonated compound, [4.35 + H]+, then an additional set from [4.35 + H]+ to [4.35 + 2H]2+. 

The zoomed region displaying these are shown in Figure 4.38 (b) and (c).  

 

 

  
Figure 4.38: (a) UV-Vis spectroscopic titration of 4.35 and trifluoracetic acid, to form [4.35 + 

H]+ and [4.35 + 2H]2+ in dichloromethane; zoomed regions (b) 200 – 400 nm; (c) 525 – 750 

nm, showing isosbestic points, 0 eq – 1.0 eq, 1.2 eq and 2.0 eq additions. Concentration ~10–5 

mol L–1.  

(b)       (c) 

(a) 



 201 

4.6 Coordination chemistry  

 

The compounds discussed were complexed with a range of different metals to 

investigate the orientation of the chromophores within and between the metallosupramolecular 

architectures formed. There are two possibilities for systems that can be formed through the 

self-assembly of the molecules and metal ions. The two possibilities are polymeric species 

versus discrete structures. The metals were mixed with the ligand in a 1:1 or 2:1 ratio, 

respectively. A range of different counter ions (potential coordinating and non-coordinating 

anions) were utilised to investigate the effect these have on the topologies formed.  

 

 

4.6.1 Coordination chemistry with silver salts 

 

4.6.1.1 Synthesis of [Ag2(4.15)3]BF4, complex 4.38 

 

Crystals formed from the reaction of 4.15 in dichloromethane and silver 

tetrafluoroborate in acetonitrile after vapour diffusion of pentane. The ESI-MS spectrum shows 

the presence of the ligand and metal complexes, [ML]+, [ML2]+/[ML2 + H]+ and [M2L2]+, 

indicating the likely possibility of a polymeric complex, or a macrocycle.  

 

The structure solved in the monoclinic space group, P21/c, with the asymmetric unit 

containing two silver metal atoms, three molecules of 4.4, two tetrafluoroborate anions and two 

water molecules. The structure is a 1D polymer that propagates along the b axis.  

 

The two silver atoms display different geometries, linear (two coordinate) and T-shaped 

(three coordinate). The differences observed are due to the pyridyl group twists and the 

intramolecular π-π interactions. Both silver atoms are disordered over two sites (each with the 

largest occupancy of 79%) and the pyridyl group involved in the third coordination site is also 

modelled over two sites (60% largest occupancy). The Ag-N bond lengths range from 1.8903(2) 

Å – 2.5997(2) Å, with a longer length due to nitrogen pyramidalization. Typical Ag-N bond 

lengths are within the range 2.1 – 2.4 Å, however longer bond lengths of up to 2.62 Å have 

been observed.77-79 The pyridyl ring twists ranging from 5.270(3)° – 36.901(2) Å, can be seen 

in the asymmetric unit shown in Figure 4.39.  
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Figure 4.39: Asymmetric unit of complex 4.38. The counter ions, solvent molecules, hydrogen 
atoms and minor disordered components (silver atoms and pyridyl ring) have been removed for 
clarity. Selected atomic labelling shown, and thermal ellipsoids displayed at 40% probability.  

 

The pyridyl rings from the same ligand point in different directions, similar to these in 

the crystal structure of 4.15. The Ag-N bond lengths and pyridyl twists are shown in Table 4.4. 

The distance between Ag1 to N93 is too large for coordination to occur, therefore it has been 

shown as a very weak interaction (Table 4.4).  

 

Table 4.4: Silver to nitrogen bond lengths and the pyridine ring twists observed in the crystal 
structure of complex 4.38. 

Ag – N Bond Lengths / Å 

 

Pyridyl ring twists / ° 

Ag1 – N3 2.2036(2) Ag1a – N3 1.8903(2) 
L1 

7.3723(5) 

13.5578(6) Ag1 – N33 2.0298(2) Ag1a – N33 2.4421(2) 

Ag1 – N87 2.5997(2) Ag1a – N87 2.4277(2) 
L2 

6.5821(7) 

17.176(2) Ag1··· N93 2.6436(2) Ag1a – N93 2.4434(2) 

Ag2 – N57 2.0812(2) Ag2a – N57 2.3354(2) 
L3 

5.2701(3) 

26.594(2)/ 36.901(2) Ag2 – N63 2.1721(2) Ag2a – N63 1.9265(2) 

 

There is no coordination between N27 and a silver atom (Ag2/Ag2a). This is due to the 

large distance (2.6482(2) Å/2.8677(2) Å), which is produced by the intramolecular face-to-face 
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π-π interaction (Table 4.5) between the neighbouring anthracene component, causing the 

heterocycle to be close to parallel [plane-to-plane twist =  2.3492(2)°] to the polyacene, instead 

of twisting towards the silver atom (Figure 4.40). The counter ions and solvent molecules are 

located in the spaces between the polymer chains, with weak non-classical hydrogen bonds 

between the fluorine atoms and pyridyl C-H atoms (C96 ···F108 = 2.86(6) Å, H29···F108 = 

2.20 Å, C96-H29···F108 = 127.7°). One of the tetrafluoroborate anions has disordered fluorine 

atoms, which have been modelled over two sites, with the largest occupancy being 74%. One 

of the acetonitrile solvents is located on an inversion centre, between the polymeric structures.  

 

 
Figure 4.40: Perspective view of complex 4.38, showing the π-π interactions (dashed lines) 
between the pyridyl rings and between the anthracene components. Thermal ellipsoids are 
displayed at 40% probability. Selected atomic labelling shown.  

 

Table 4.5: Face-to-face π-π interactions observed in complex 4.38. 
Interactions:a centroid-to-centroid / Å plane-to-plane shift / Å plane-to-centroid / Å 

Anthracene···Anthracene 3.7301(2) 1.4801(3) 3.4238(2) 

Anthracene···Anthracene 3.6934(2) 1.4786(3) 3.3845(2) 

Anthracene···Anthracene 3.7427(2) 1.3663(3) 3.4844(2) 

Pyridyl···Pyridyl 3.7964(2) 2.2955(3) 3.0200(2) 
 

Interactions:b centroid···π bond / Å plane··· π bond / Å 

Pyridyl··· π bond (A) 3.4523(2) 3.2725(2) 

Pyridyl··· π bond (A) 3.5878(2) 3.45390(2) 
aintramolecular interactions bintermolecular interactions 
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Figure 4.41: (a) Packing of two 1D-polymer chains of complex 4.38, showing the 
intramolecular π-π interactions between the anthracene units and the intermolecular π-π 
interactions between the pyridyl rings and the neighbouring anthracene core. Selected atomic 
labelling shown, and thermal ellipsoids displayed at 40% probability. (b) Cartoon 
representation of the polymer chains.  
 

 

4.6.1.2 Synthesis of polymeric [Ag2(4.15)3]OTf2, complex 4.39 

 

It was decided to investigate the use of a silver salt with a potential coordinating counter 

ion. The reaction of 4.15 in dichloromethane and silver triflate in acetonitrile, gave a highly 

luminescent green/yellow solution, similar to that of the free ligand. Pale orange crystals 

suitable for single crystal X-ray diffraction analysis were obtained after vapour diffusion of 

dioxane into the reaction mixture. The ESI-MS spectrum show the same results as obtained for 

the previous complex.   

 

The complex crystallises in the orthorhombic space group, Pbca, with the asymmetric 

unit containing one silver atom, one and a half molecules of 4.15, one non-coordinated triflate 

counter ion and three dichloromethane solvent molecules. The structure is similar to complex 

4.38, generating a 1D polymer that grows along the b-unit cell edge. The Ag2(4.15)3 polymeric 

framework is shown in Figure 4.42. The silver metals are bound to the ligands via three pyridyl 

rings with bond lengths ranging from 2.13251(8) Å – 2.61897(9) Å. The pyridyl rings have 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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twists (out of the plane of the anthracene core) ranging from 4.7227(2)° - 20.971(2)°. The 

smaller twists correspond to the larger Ag-N bond length as these pyridyl groups are involved 

in an offset face-to-face π-π interactions with neighbouring polymer anthracene rings (pyridyl 

plane···anthracene π bond = 3.3808(2) Å, pyridyl centroid···anthracene π bond 3.5039(2) Å), 

and an intramolecular offset face-to-face π-π interactions with the pyridyl rings (measurements 

in Table 4.6).  

 

 
Figure 4.42: Perspective view of 4.39, with molecular labelling shown. Hydrogen atoms, 
counter ions, solvent molecules have been removed for clarity. Thermal ellipsoids displayed at 
30% probability. Selected bond lengths (Å): Ag1–N2 2.14256(7), Ag1–N32 2.13251(8), Ag1–
N26 2.61897(9) and angles (°): N2–Ag1–N32 173.8836(4), N26–Ag1–N32 95.9394(8), N2–
Ag1–N26 89.521(2).  
 

As seen in the previous silver complex, there are also intramolecular face-to-face π-π 

interactions observed between the polyacene units. These measurements are displayed in Table 

4.6 and can clearly be observed in Figure 4.43. The solvent molecules and counter ions are 

located between the polymer structures, with weak interactions between the C-H groups of the 

ligands and the triflate counter ions (C63···O49 2.71(7) Å, H63···O49 2.05 Å, C63-H63···O49 

123(7)°).  
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Table 4.6: Intramolecular face-to-face π-π interactions observed between the anthracene 
components in complex 4.39. 

Intramolecular Interactions: 
centroid-to-

centroid / Å 

plane-to-plane 

shift / Å 

plane-to-centroid 

/ Å 

Anthracene···Anthracene 3.6852(2) 1.1408(2) 3.5042(2) 

Anthracene···Anthracene 3.6631(2) 1.1214(2) 3.4873(2) 

Anthracene···Anthracene 3.7321(2) 1.388(2) 3.4913(2) 

Pyridyl···Pyridyl 3.9190(2) 2.3327(8) 3.1491(2) 

 

 

 
Figure 4.43: (a) View along the x axis, showing the intramolecular and intermolecular 

interactions of four 1D polymer units of complex 4.39. Thermal ellipsoids shown at 30% 

probability; (b) Cartoon representation of the polymer chains.  

 

 

4.6.1.3 Synthesis of polymeric [Ag2(4.15)3]OTf2, complex 4.40 

 

Orange plate-like crystals of complex 4.40 were also obtained after vapour diffusion of 

methanol into the same complex mixture as complex 4.39. The crystals were submitted for 

single crystal X-ray diffraction analysis and revealed a different structure. The complex solved 

in the monoclinic space group, P21/n, as a discrete silver(I) complex. The asymmetric unit 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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consists of one silver metal, one and half of ligand 4.15, one triflate anion, one acetonitrile and 

one water molecule. The structure which is [Ag2(4.15)3]2+ can be viewed in Figure 4.44. The 

silver atoms are two-coordinate with bond lengths of 2.130(5) Å and 2.106(5) Å. The 

coordination geometry of the silver atom is distorted linear, with a N-Ag-N angle of 172.7(2)°, 

this being due to a pyridyl ring from a neighbouring complex in close proximity causing a weak 

interaction (2.6764(1) Å Ag1-N26). The pyridyl rings are twisted by 9.6178(3)°, 10.9113(6)° 

and 17.372(2)°, with the larger twist associated with the ligand bridging both silver metals. 

 

 

 
Figure 4.44: (a) Perspective view of the discrete complex 4.40. Hydrogen atoms, triflate counter 
ions and solvent molecules have been removed for clarity. Thermal ellipsoids shown at 40% 
probability. Selected bond lengths (Å): Ag1–N2 2.130(5), Ag1–N32 2.106(5) and angles (°): 
N2–Ag1–N32 172.7(2). (b) Cartoon representation of the discrete complex and the interactions 
observed between the complexes.  
 

The molecules pack in a similar way as previously seen for the two silver complexes 

(4.38 and 4.39). There are several weak face-to-face π-π interactions observed in the packing 

(anthracene···anthracene, pyridyl···pyridyl and pyridyl···anthracene), shown in Table 4.7. One 

of the pyridyl rings is located either side of a pyridyl and anthracene core with π-π interactions, 

as seen in the previous complexes. Due to these interactions, the pyridyl rings have very small 

twists out of the plane of the anthracene core, causing the distance from the nitrogen to the 

silver atom to be longer than previously observed above (2.6764(1) Å). This explains why a 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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discrete system is formed rather than the polymeric structure. The Ag1···N26 interaction can 

be assigned as a weak interaction (Figure 4.45).  

 

Table 4.7: Face-to-face π-π interactions observed in complex 4.40. 

π-π Interactions: 
centroid-to-centroid 

/ Å 

plane-to-plane shift 

/ Å 

plane-to-centroid  

/ Å 

Anthracene···Anthracene 3.6712(2) 1.3113(2) 3.42907(9) 

Anthracene···Anthracene 3.6404(2) 1.3601(2) 3.37675(8) 

Pyridyl···Pyridyl 3.8143(2) 2.2602(2) 3.07251(7) 
 

π···π Interactions: centroid···π bond / Å plane··· π bond/ Å 

Pyridyl··· π bond (A) 3.3009(2) 3.4426(2) 

 
Figure 4.45: Packing of complex 4.40 showing the weak Ag1-N26 interaction and π-π 

interactions. Thermal ellipsoids shown at 30% probability. Selected atomic labelling and 

interaction (Å): Ag1···N26 2.6764(1). 
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4.6.1.4 Summary of silver complexes with 4.15, 4.38 – 4.40 

 

The complex structures 4.38, 4.39 and 4.40 was synthesised with compound 4.15 show 

an interesting set of supramolecular architectures where similar topologies are observed. The 

coordination at the metal atom is instigated by the pyridyl ring twists. Large rotations out of the 

plane of the central anthracene ring cause a higher coordination geometry around the metal with 

the third site occupied by this pyridyl nitrogen (nitrogen pyramidalization) and a weaker π-π 

interaction is noted. In contrast, the smaller the twist are effected by the stronger π-π interactions 

between neighbouring pyridyl and anthracene components which increases the distance 

between the nitrogen and the silver atom resulting in an interaction, instead of a coordination 

bond. The complexes 4.38, 4.39 and 4.40 contain silver atoms that are three and two coordinate; 

both three coordinate; and both two coordinate, respectively. Nevertheless, the two coordinate 

silver metal atoms are in a distorted linear coordination geometry due to an interaction to the 

nearby pyridyl rings with nitrogen pyramidalization.  

 

 

4.6.1.5 Synthesis of discrete [Ag24.15(4.18)2]OTf2, complex 4.41 

 

The monoaddition side product, 4.18 was complexed with a range of different metal 

salts [silver(I), copper(I), zinc(II), cadmium(II))], however no crystals suitable for single crystal 

X-ray diffraction analysis were obtained. Serendipitously, one of the mixed fractions of 4.18, 

with a small impurity of 4.15 (10%) was complexed with silver triflate, resulting in crystals 

suitable for single crystal X-ray diffraction analysis. The complex solved in the monoclinic 

space group, C2/c, with the asymmetric unit containing one silver atom, half of 4.15, one 

molecule of 4.18, one non-coordinated triflate anion and two non-coordinating solvent 

molecules, acetonitrile and dichloromethane. The bis-pyridyl ligand, 4.15 is located between 

two 4.18 molecules linked by silver atoms, forming the discrete complex structure 

[Ag2(4.15)(4.18)2]+, displayed in Figure 4.46. The silver metals within this complex are two 

coordinate, each bound to two nitrogen atoms, one from 4.15 (Ag1-N2 2.139(4) Å) and the 

other from 4.18 (Ag1-N17 2.137(3) Å).  
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Figure 4.46: Perspective view of complex 4.41. Hydrogen atoms (not involved in the hydrogen 
bonding interaction) and solvent molecules have been removed for clarity. Hydrogen bonding 
interactions and π-π interactions shown through a dashed line. Selected bond lengths (Å): Ag1-
N2 2.139(4), Ag1-N17 2.137(3) Å and angles (°): N2-Ag1-N17 169.5(2).  
 

The hydrogen atoms on the hydroxyl group of 4.18 were found using electron density 

peaks. The triflate counter ions are in close proximity to these functional groups with a 

relatively strong hydrogen bonding interaction [O39···O42 = 2.819(4) Å, H39···O42 = 2.07(6) 

Å, O39-H39···O42 = 171(5)°]. The stacking of the molecules exhibits offset face-to-face π-π 

interactions, between pyridyl rings (4.18) and the anthracene core (4.15) [centroid···π bond = 

3.57316(6) Å, plane··· π bond = 3.56862(6) Å] within the discrete complex, as well as 

intermolecular π-π interactions between symmetry equivalent pyridyl rings [centroid-to-

centroid = 3.74719(9) Å, plane-to-plane shift = 1.6949(2) Å, plane-to-centroid = 3.34196(7) 

Å]. Additionally, there are weak non-classical hydrogen bonding interactions between the 

dichloromethane solvent and C-H atoms on the pyridyl rings (C4···Cl54 = 3.67426(6) Å, 

H4···Cl54 = 2.84913(5) Å, C4-H4···Cl54 = 148.4828(8)° and C5···Cl55 = 3.43894(6) Å, 

H5···Cl55 = 2.86681(5) Å, C5-H5···Cl55 = 120.956(2)°).  
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4.6.2 Coordination complexes with copper salts 

 

Copper(I) tetrakisacetonitrile tetrafluoroborate in acetonitrile was reacted with 4.15 in 

dichloromethane giving a luminescent green/yellow solution. Small orange crystals were 

obtained after vapour diffusion of methanol into the complex mixture. These crystals were 

diffracted but gave poor data and a poor refinement. Despite the poor data, enough information 

was obtained from the solution of the crystal structure solution to determine the structure to be 

a ML3 2D polymeric topology (complex 4.42). Solution studies of this complex showed the 

free ligand in the 1H-NMR spectrum and the ESI-MS analysed to indicate the free ligand, and 

three metal complexes, [ML]+, [ML2]+ and [ML2 + H]2+, thus suggesting that the polymer 

fragments in solution state.  

 

Copper(I) iodide in acetonitrile was reacted with 4.15 in dichloromethane and 

immediately resulted in a precipitate, which was filtered and analysed. The complex (4.43) is 

sparingly soluble in most common solvents, however ESI-MS results were collected showing 

the presence of three species, [ML]+, [ML2]+ and [ML2 + H]2+, likely indicating that the complex 

decomposes in solution.  

 

Due to the difference in coordination preferences between copper(I) and copper(II), 4.15 

was reacted with copper(II) nitrate forming a dark orange coloured solution. Unfortunately, 

crystals suitable for single crystal X-ray diffraction analysis were unable to be obtained.  

 

 

4.6.3 Coordination complex with cadmium(II) nitrate, complex 4.44 

 

Complex 4.44 formed from vapour diffusion of dioxane into the reaction of 4.15 in 

dichloromethane and cadmium(II) nitrate in acetonitrile The complex 4.44 crystallises in the 

monoclinic space group C2/c. The asymmetric unit contains half of molecule 4.15 and one-half 

cadmium nitrate. The complex is a one-dimensional coordination polymer as shown in Figure 

4.47. The geometry around the cadmium atoms is distorted octahedral, containing two 

coordinated ligands and two chelating nitrate ions. The 4.15 ligands are coordinated on the 

same side of the cadmium metal separated at an angle of 120.849(2)°. The Cd-N bond lengths 

are 2.26782(6) Å and 2.32798(7) Å and Cd-O bond lengths are 2.32798(7) Å and 2.43928(7) 

Å, with bite angles of 53.901(2)°.  
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Figure 4.47: Perspective view of 4.44, with atomic labelling shown. Non-classical hydrogen 
bonding and π-π interactions shown as a dashed line. Selected bond lengths (Å): Cd1–N2 
2.26782(6), Cd1–O17 2.32798(7), Cd1–O19 2.43928(7), interactions: C7···O19 3.11881(6) Å, 
C7-H7···O19 132.012(2)° and C15···O17 3.31352(1), C15-H15···O17 137.338(2)° and angles 
(°): N2–Cd1–N2’ 120.849(2), N2–Cd1–O17 109.140(4), N2–Cd1–O19 87.308(3), O17–Cd1–
O19 53.901(2), N2–Cd1–O17’ 91.428(3), N2–Cd1–O19’ 142.598(2), O17–Cd1–O19’ 
92.750(3), O17–Cd1–O17’ 138.119(2), O19–Cd1–O19’ 81.571(4).  
 

The ligands bridge two cadmium atoms through the pyridyl nitrogen atoms, giving a 

Cd1···Cd1’ separation of 11.2644(3) Å. The pyridyl rings are twisted in opposite directions out 

of the plane of the anthracene central ring by 38.698(2)°. The two halves of the ligands are 

related through a crystallographic centre of inversion located in the central acene ring. There 

are hydrogen bonding interactions within the polymer chains and between the coordinated 

oxygen atoms and C-H atoms on the pyridyl and anthracene rings, as shown in Figure 4.48.  

 

The polymer propagates along the ac-face of the unit cell. The molecules are stacked in 

a zig-zig type arrangement with the anthracene and pyridyl rings overlapping with weak π-π 

interactions observed (pyridyl centroid···anthracene π bond = 3.4823(2) Å, pyridyl 

plane···anthracene π bond = 3.35519(9) Å). The stacking of the polymeric structures show 

weak non-classical hydrogen bonding interactions (C7···O20 3.4738(2) Å, C7-H7···O19 

138.090(2)°.  
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Figure 4.48: Perspective view of the polymer chains, showing the intramolecular π–π stacking 
and the intermolecular non-classical hydrogen bond. Thermal ellipsoids displayed at 30% 
probability.  
 

 

4.6.4 Coordination chemistry with zinc(II) salts  

 

 4.6.4.1 Reaction of 4.15 with zinc(II) perchlorate  

 

Metallosupramolecular architectures containing zinc(II) have shown varying 

coordination preferences (4-, 5- or 6-coordinate) depending on the ligand, counter ion and 

crystallising conditions.80-83 Zinc(II) perchlorate was reacted with 4.15, however this led to 

protonation of the ligand in all crystallisation vials. Crystals of 4.15.(HClO4)2 were grown after 

vapour diffusion of pentane into the 2:1 complex mixture of zinc(II) perchlorate and molecule 

4.15 in acetonitrile and dichloromethane, respectively. The data collected on the reddish-orange 

crystals were solved in the triclinic space group, P-1, with half a protonated 4.15, and the 

perchlorate anion in the asymmetric unit. The hydrogen attached to the nitrogen atom was 

located using the difference map, with a hydrogen bonding interaction between this proton and 

the counter ion [N11···O16 2.823(3) Å, H11···O16 1.93(3) Å, N11-H11···O16 174(3)°], as 

shown in Figure 4.49.  

 

The pyridyl rings have a minimal twist out of the plane of the anthracene core 

(3.6457(4)°). The molecules stack along the x axis, the polyacene core is off-set, with no 

significant interactions due to the lack of overlap [off-set distance of 4.3933(7) Å]. The 

protonation has caused a larger distance between the molecules, due to the counter ions 

occupying space, as shown in Figure 4.50. There are weak non-classical hydrogen bonds 



 214 

between the counter anions and pyridyl C-H atoms (C13···O17 3.3479(3) Å, H13···O17 2.48 

Å, C13-H13···O17 156.132(3)° and C14···O17 3.3457(3) Å, H14···O17 2.50 Å, C14-

H14···O17 151.503(3)°).  

 

 
Figure 4.49: Perspective view of 4.15.(HClO4)2 with atomic labelling shown. Selected bond 
distances (Å): C1–C2 1.3575(2), C2–C3 1.4134(2), C6–C8 1.42734(2), C8–C9 1.1960(2), C9–
C10 1.4208(2), C10–N11 1.3542(2), C15–C10 1.3866(2); and angles (°): C6–C8–C9 
178.9835(1), C8–C9–C10 177.0770(4), C9–C10–N11 118.559(6), C9–C10–C15 122.757(6).  
 

 
Figure 4.50: Perspective view of the stacking of 4.15.(HClO4)2, showing the classical hydrogen 
bonding interactions with the counter ions as a dashed line between the donor and acceptor 
atoms. The hydrogen atoms not involved in the interactions have been omitted for clarity. 
Thermal ellipsoids shown at 40% probability level.  
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4.6.4.2 Coordination complex with zinc(II) nitrate, complex 4.45  

 

Due to the reaction between zinc perchlorate and 4.15 failing to form a coordination 

complex, zinc(II) nitrate was employed under the same conditions. Red needle-like crystals 

were obtained after vapour diffusion of dioxane into the reaction mixture containing zinc nitrate 

and 4.15 in a dichloromethane:acetonitrile (1:1) solvent mixture. The zinc nitrate complex 

solved in the hexagonal space group, R-3c, with one molecule of 4.15, one zinc nitrate and non-

coordinating solvent molecules (dichloromethane, water and dioxane) in the asymmetric unit, 

as shown in Figure 4.51. In this highly symmetrical space group and as the solvent molecules 

are located on a crystallographic inversion centre and a two-fold proper rotation axis, the 

modelling of the solvates proved difficult. One dichloromethane, three water molecules and 

disordered solvent could not be resolved. The solvent is likely dioxane and has been modelled 

accordingly.  

 

 
Figure 4.51: Asymmetric unit of complex 4.45, with selected atomic labelling shown. Thermal 
ellipsoids displayed at 40% probability. Selected bond lengths (Å): Zn1–N2 2.03854(5), Zn1–
O32 2.42687(5), Zn1–O34 2.01771(4), Zn1–O36 2.02743(4), interaction (Å): Zn1···O38 
2.54389(6) and angle (°) O32–Zn1–O34 56.923(2).  

 

The structure is a M6L6 metallo-macrocycle and is displayed in Figure 4.52. The 

complex is related by a centre of inversion which lies in the middle of the macrocycle. The 

distance between the zinc atoms across the bridging ligands is 11.0950(2) Å.  

 

The zinc atoms are coordinated to two nitrogen atoms of two ligands (4.15) and three 

oxygen atoms from the nitrate counter ions. The Zn-N bond lengths are 2.03854(5) Å, with the 
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Zn-O bond lengths ranging from 2.01771(4) – 2.42687(5) Å. One of the nitrate ions is chelated 

with a bite angle of 56.923(2)° and the other nitrate ion is coordinated via one oxygen atom, 

another oxygen is in close proximity with a distance of 2.54389(6) Å indicating an interaction 

rather than a bond.84-86 The zinc has a distorted five-coordinate geometry, with the pyridyl 

groups located cis- around the metal ion forming an angle of 116.9671(3)° at the metal centre.  

 

 
Figure 4.52: Structure of the [Zn6(4.4)6](NO3)12 macrocycle. Hydrogen atoms and solvent 
molecules have been removed for clarity. Thermal ellipsoids shown at 40% probability. π-π 
interactions and Zn···O interaction shown with a dashed line.  

 

There are several π-π interactions between the stacking of the aromatic/heterocyclic 

rings within and between the macrocycles. The intramolecular interaction is between the 

pyridyl rings and anthracene, as shown in Figure 4.52 (centroid-to-centroid = 3.81166(8) Å, 

plane-to-place shift = 1.91381(5) Å, plane-to-centroid = 3.29637(9) Å). The macrocycles stack 

with π-π interactions between the anthracene rings and pyridyl···pyridyl rings, as indicated in 

Figure 4.53. The measurements for these interactions are displayed in Table 4.8.  
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Figure 4.53: (a) View of the packing of the macrocycles of 4.45 showing the pores formed 
down the c-face of the unit cell; (b) perspective view of the intermolecular forces between the 
macrocycles in the packing.  
 

Table 4.8: Face-to-face π-π interactions observed in complex 4.45. 

π-π Interactions: 
centroid-to-

centroid / Å 

plane-to-plane shift 

/ Å 

plane-to-centroid / 

Å 

Anthracene···Anthracene 3.6965(1) 1.57777(3) 3.3429(1) 

Anthracene···Anthracene 3.5808(1) 1.21844(2) 3.3671(1) 

Anthracene···Anthracene  3.5975(1) 1.32976(4) 3.3427(1) 

Pyridyl···Pyridyl 3.6342(1) 0.80253(5) 3.5445(1) 

 

 

4.6.5 Comparisons of the Cd(NO3)2 and Zn(NO3)2 topologies 

 

The cadmium nitrate and zinc nitrate complexes 4.44 and 4.45 show some similarities 

in the coordination around the metal centre, with the two monodentate ligands coordinated cis- 

to the metal. However, the cadmium ion is six-coordinate, compared to zinc which is five-

coordinate, with the sixth site occupied by a Zn-O interaction. Interestingly, the zinc complex 

is discrete compared to the cadmium being polymeric. Nitschke and co-workers have shown 

the formation of discrete and polymeric species with different metal salts and a flexible ligand.87 

(a)             (b) 
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The authors commented that the structures have formed based on appropriate templating anions. 

The use of zinc nitrate formed a polymeric topology and the perchlorate anions as a M5L5 

macrocycle with a chelating component. It would be interesting to investigate the topologies 

formed from other cadmium and zinc salts, and the incorporation of a chelating component (see 

future work).  

 

 

4.6.6 Reactions of compounds 4.9, 4.29 and 4.31 with metal salts  

 

 The bis-3-pyridylacetylene anthracene derivative, 4.9 and bis-pyridylacetylene 

tetracene derivatives, 4.29 and 4.31 were reacted with a range of different metal salts. The 

reaction of 4.9/4.29/2/31 with the metal salts, as described for 4.15, (silver(I), copper(I), zinc(II) 

and cadmium(II) with different counter ions) were dissolved separately in warm 

dichloromethane and acetonitrile solutions then upon addition caused immediate precipitation. 

The reactions were repeated in methanol and the same results were obtained. 

 

The solution studies for the reaction of 4.9 with the metal salts showed similar results 

to the 2-pyridyl derivative; the 1H-NMR spectra showed the free ligand and the mass 

spectrometric analysis showed the presence of the ligand [L + H]+ , [L + 2H]2+ and metal 

complexes [ML]+/[ML]2+ and [ML2]+/[ML2]2+, indicating the decomposition of the complexes 

in solution state. Very small crystals were obtained in some cases, however poor diffraction 

was observed.  

 

The reaction between 4.29 and 4.31 with a variety of metal salts, also produced small 

crystals in some complex mixtures, unfortunately with very little diffraction detected. The 

reaction mixtures however did show the presence of metal complexes in the silver, copper(I) 

and zinc reaction mixtures, [ML]+, [ML2]+ and [ML]2+, respectively. This was not pursued any 

further due to time constraints. 

 

 

4.7 Synthesis of bis-(2-pyridyl)-anthracene derivatives  

 

Pyridyl groups appended directly to polyacene cores have rarely been investigated. The 

direct attachment of the pyridyl rings, compared to the pyridylethynyl derivatives reported 

above, decreases the space between the pyridyl groups. It was decided to investigate the 
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supramolecular self-assembly of bis-pyridyl anthracene and tetracene derivatives with a range 

of different metals. Bis- 2-pyridyl, 3-pyridyl and 4-pyridyl anthracene compounds have been 

previously reported by Fudickar and Linker.88 The 3-pyridyl and 4-pyridyl were synthesised by 

a Suzuki coupling reaction between 9,10-dibromoanthracene and the corresponding boronic 

acids. However, the authors reported that the synthesis of the 2-pyridyl derivative failed through 

this method due to the unstable nature of the 2-pyridyl boronic acid. Instead, the authors 

synthesised the bis-2-pyridylanthracene, via a similar method as previously described for the 

acetylene derivatives.  

 

 

4.7.1 Synthesis of 4.46 and 4.47 

 

Bis-(2-pyridyl)-anthracene, 4.46 was synthesised by reacting anthraquinone with 2-

pyridyllithium in THF under inert conditions, followed by the reductive aromatisation with 

glacial acetic acid, sodium hypophosphite and potassium iodide at 100°C (Scheme 4.10). The 

desired product was obtained after acidifying the crude material with hydrochloric acid, 

extracting the impurities with ethyl acetate, careful neutralisation with sodium hydroxide and 

extraction of the product into chloroform. The product, 4.46, was obtained in 42% yield. The 
1H and 13C spectra and the ESI-MS results were consistent with the reported literature.88 This 

reaction also gave an interesting side product, 4.47 from the crude mixture after purification by 

column chromatography (1% yield). The 1H-NMR spectrum of 4.47 shows twelve different 

proton environments, as displayed in Figure 4.54. Standard 1H-1H COSY experiments were 

required to assign the spectrum, with the J-J coupling values used to determine the E- 

stereochemistry of the double bond. This was later confirmed by the single crystal X-ray 

diffraction analysis.  

 

 
Scheme 4.10: Synthesis of 4.46 and 4.47. 

(i)     nBuLi —78°C
               THF

(ii) glacial acetic acid
        NaH2PO2, KI
             100°C

O

O

4.46

Br

N

N

N

N

4.474.16
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Figure 4.54: 1H-NMR spectrum (CDCl3, 298 K) of 4.46 and inset of the aromatic region.  
 

The first step in the synthesis of 4.46 and 4.47 involves the formation of the nucleophile 

for the addition reaction with anthraquinone, followed by the reductive aromatisation. The 

second step of this reaction was carried out using glacial acetic acid, sodium hypophosphite and 

potassium iodide and heating the mixture to 100°C (in contrast to the acid/SnCl2.2H2O method 

utilised for the pyridylacetylene derivatives discussed). The mechanisms for the formation of 

4.46 and 4.47 are shown in Figure 4.55a, and 55b, respectively. The first step for the synthesis 

of 4.46 is the addition of two pyridine units to the carbonyl carbons of anthraquinone, followed 

by neutralisation of the reaction mixture forming the diol-intermediate (C). The diol 

intermediate contains both the cis- and trans- isomers which do not require separation as both 

isomers yield the same aromatic product in the reductive aromatisation step. This crude residue 

is directly taken up in glacial acetic acid which protonates the hydroxy groups, allowing one to 

be exchanged with the iodide ions in solution to form intermediate E. Subsequently, the iodine 

atom is removed by an additional iodide ion and is lost as I2, as well as the loss of a water 

molecule, which forms the anthracene unit of 4.46. 

 

The starting solution contains bromopyridine and butyllithium, which form the 

organolithium reagent in situ for the nucleophilic addition to the carbonyl carbon of the 

quinone.  
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Figure 4.55: Proposed reaction mechanisms for the formation of (a) 4.46 and (b) 4.47.  

 

However, butyllithium is also a good nucleophile, so the proposed mechanism for the 

formation of 4.47 begins with the attack of the carbonyl carbon with butyllithium (G), then the 

pyridyl reagent forming the diol (H) with the two different substituents. The second step 
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involves the loss of water. However, due to the butyl group attached, the iodine instead removes 

a proton from this alkyl chain (J), stabilising the positive charge (in comparison to the iodine 

being substituted in place of the water molecule). Furthermore, the loss of the second water 

molecule is completed by the deprotonation of an alkyl hydrogen (K), forming the anthracene 

core with the butene group, 4.47. The attack of the butyl chain occurring first to form G, is 

confirmed by the collection of this material from purification by column chromatography. 

 

 

4.7.2 Single crystal X-ray diffraction analysis of 4.46 and 4.47 

 

Crystals of 4.46 and 4.47 suitable for single crystal X-ray diffraction analysis were 

obtained from slow evaporation of dichloromethane and chloroform solutions, respectively. 

Each molecule crystallises in the monoclinic space group P21/c. The asymmetric unit of 4.46 

contains half a molecule with the two halves of the molecule related through a crystallographic 

centre of inversion at the mid-point of the anthracene unit. There is one molecule in the 

asymmetric unit of 4.47. The structures of each compound are shown in Figures 4.46 and 4.47, 

respectively.  

 

 
Figure 4.56: Perspective view of 4.46 with atomic labelling shown. Selected bond lengths (Å): 
N8–C9 1.33528(7), C9–C10 1.38473(4), C4–C5 1.43036(5), C5–C6 1.40794(4), C6–C9 
1.49613(5); and angles (°) C5–C6–C9 119.334(2), N8–C9–C6 115.523(3).  
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Figure 4.57: Perspective view of 4.47 with atomic labelling shown. Selected bond lengths (Å): 
N15–N16 1.34151(3), C16–C17 1.39291(4), C12–C13 1.40728(6), C11–C12 1.42914(4), 
C10–C11 1.35800(6), C6–C21 1.48530(6), C21–C22 1.32179(4), C22–C23 1.50231(6), C23–
C24 1.52117(5); angles (°): C15–C16–C13 118.755(2), C12–C13–C16 120.570(3), C7–C6–
C21 122.017(3), C6–C21–C22 126.227(2), C21–C22–C23 125.711(2), C22–C23–C24 
115.666(3); and torsion angle (°): C21–C22–C23–C24 13.1975(3).  
 

Surprisingly, there are no significant π-π interactions between the aromatic rings of the 

molecules. In 4.25, this is due to the pyridyl rings that are twisted nearly perpendicular out of 

the plane of the polyacene [86.053(3)°]. However, there are very weak intermolecular 

interactions between the pyridyl-N and C-H on the neighbouring pyridyl rings [C12···N8 

3.37075(9) Å, H12···N8 2.48, C12-H12···N8 160.4221(3)°]. Molecules of 4.25 stack along the 

b-axis of the unit cell but no π-π interactions are observed due to the co-planar stacking and the 

alkyl chain that is located between the anthracene rings.  

 

 

4.7.3 Optical properties of 4.46 and 4.47 

 

Emission and excitation spectra were measured for the bis-2-pyridyl anthracene 

compounds, 4.46 and 4.47 in dichloromethane solutions at room temperature. Although 4.46 

has previously been synthesised, the spectroscopic analysis was not reported. The key structural 

features are summarised in Table 4.9, and the spectra are shown in Figure 4.58. The shape of 

the spectra of the two compounds is very similar with maxima at ~260, ~357, ~375 and  
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~395 nm. This is not surprising due to the similarities in the structure of the compounds. 

Comparable emission spectra of 4.46 and 4.47 were also observed with a Stokes shift of 38 nm 

and 40 nm with excitation at 372 nm and 379 nm, respectively. The conjugated π-system in 

these molecules is responsible for the Stokes shift. These results of the absorption and emission 

are almost identical to the 9,10-diphenylanthracene (DPA) derivative.89 

 

Table 4.9: Summary of the absorption and emission maxima of 4.46 and 4.47, recorded in 
CH2Cl2 at room temperature.  

 
Absorption Emission 

λmax / nm ε / M–1cm–1 λmax / nm 

4.46 259, 354, 372, 392 63501, 6489, 9823, 9357 430 

4.47 262, 360, 379, 397 59864, 3206, 5247, 4891 437 

DPA 356, 375, 395 - 411, 430 

DPA = 9,10-diphenylanthracene 

 

 

 
Figure 4.58: (a) UV-visible spectra of 4.46 and 4.47 b) UV-visible with overlaid photo-
luminescence spectra of 4.46 and 4.47 in dichloromethane at room temperature, concentration 
~10–5mol L–1. 
 

 

4.8 Coordination chemistry of 4.46 

 

The coordination chemistry of 4.25 was investigated with the synthesis of complexes 

using AgBF4 (4.48), AgPF6 (4.49), AgOTf (4.50), AgNO3 (4.51, 4.52), Cu(MeCN)4BF4 (4.53), 

CuI (4.54), Cu(ClO4)2 (4.46H+), Cu(NO3)2 (4.55), Zn(NO3)2 (4.56), Zn(ClO4)2 (4.46H+), 

(a)                (b) 
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Cd(NO3)2 (4.57), Co(NO3)2 (4.58), Ni(NO3)2 (4.59) PtCl2(DMSO)2 (4.60). These complexes 

were isolated as crystalline material with a range of different colours in small to reasonable 

yield (2% - 28%). Analysis of the crystals for 1H-NMR studies (in CD3CN, CDCl3 or DMSO-

d6) showed the free ligand in all cases, however ESI-MS analysis showed a range of 

complexation in solution, indicating mononuclear or polymeric structures and single crystal X-

ray diffraction analyses of all crystals were undertaken in order to determine the topologies.  

 

The crystals containing silver metals, 4.48, 4.49, 4.50, 4.51 and 4.52 were all isolated 

as colourless crystals. The copper(I) complexes with tetrafluoroborate (4.53) and iodide (4.54) 

counter ions were isolated as pale-yellow crystals and dark brown crystals, respectively. The 

copper(II) nitrate complex (4.55) was isolated as royal blue crystals. The zinc(II) complex 

(4.56) was isolated as an off-white/pale yellow crystalline material, compared to the cadmium 

(II) complex (4.57) which was isolated as brown crystals. The cobalt(II) nitrate complex (4.58) 

formed bright pink crystals, while the nickel(II) complex (4.59) formed mostly green powdery 

material with very small green crystals being observed around the sides of the crystallising vial. 

The platinum complex (4.60) formed colourless crystals in a range of crystallisation conditions. 

The reaction mixture of 4.46 and copper(II) perchlorate or zinc(II) perchlorate, resulted in 

protonation of the nitrogen atoms of 4.46, with interesting stacking observed in the crystal 

packing.  

 

 

4.8.1 Coordination chemistry with silver salts 

 

4.8.1.1 Reaction with AgBF4 and AgPF6, complex 4.48 and 4.49.  

 

Both the silver tetrafluoroborate and hexafluorophosphate complexes (4.48 and 4.49), 

have two-dimensional polymeric structures, which crystallised in the hexagonal space groups, 

R-3 and R-3c, respectively. Complex 4.48 crystallises with one silver tetrafluoroborate, half of 

molecule 4.46 and one coordinated acetonitrile solvent. Complex 4.48 has a two-dimensional 

polymer structure, as shown in Figure 4.59. The centroid of the anthracene cores lies on a 

crystallographic centre of inversion. The pyridyl rings are almost perpendicular with the angle 

of 79.228(3)° to the central anthracene ring. The silver atom is coordinated to three pyridyl 

rings and one acetonitrile solvent, forming a slightly distorted tetrahedral coordination 

geometry, with Ag-N bond lengths of 2.202(3) Å and 2.367(2) Å and angles of 97.613(2)° and 

119.668(2)°.  
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Figure 4.59: Perspective view of the structure of 4.48, with the asymmetric unit labelled. The 
hydrogen atoms and counter ions have been omitted for clarity. Selected bond lengths (Å): 
Ag1–N2 2.36724(9), N2–C3 1.34632(6), C3–C4 1.38653(5), C8–C9 1.40323(7), C9–C10 
1.43339(5), C10–C11 1.35554(7), Ag1–N15 2.20225(9), N15–C16 1.12410(5), C16–C17 
1.46023(6). and angles (°): N2–Ag1–N2 97.615(3), N2–Ag1–N15 119.668(3).  

 

The two-dimensional polymeric chains of 4.48 propagate along the x- and y- axes, as 

shown in Figure 4.60, with the silver atoms separated by 8.1565(2) Å. The two-dimensional 

polymeric sheets arrange with very small distances between the adjacent chains. In the structure 

the tetrafluoroborate anions occupy the cavities and are located in close proximity to the 

acetonitrile with the boron, one fluorine and acetonitrile atoms being situated on the same 

crystallographic three-fold rotation axis. There are weak interactions between the fluorine 

atoms (F19) and the coordinated acetonitrile (C17···F19 3.1846(2) Å, H17···F19 2.8513(2) Å, 

C17–H17···F19 101.482(2)°), as well as between the C-H groups on the pyridyl rings 

[C5···F19 3.2613(2) Å, H5···F19 2.46900(9) Å, C5–H5···F19 143.1562(4)°]. Each acetonitrile 

C≡N bond is located directly above and below the central ring of the anthracene core, with 

weak π-to-centroid interactions [π bond···centroid = 3.7732(2) Å, π bond···plane = 3.6515(2) 

Å].  
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Figure 4.60: View of one two-dimensional sheet of 4.48, looking down the x- axis, showing the 
tetrafluoroborate ions located in the spaces between the strands and over the acetonitrile 
coordinated solvent molecules. The hydrogen atoms have been omitted for clarity.  

 

Due to the near perpendicular rotation of the pyridyl rings out of the plane of the 

anthracene rings and the acetonitrile solvates located over these components, no π-π 

interactions are observed within and between the polymer structures. The coordination of the 

ligands in the complex all face in the same direction, essentially ‘wrapping’ around the 

coordinated acetonitrile molecule, displayed in Figure 4.61. The same coordination geometry 

has been reported once in the literature by Hsu and co-workers where the ligands are N-N’di(2-

pyridyl)oxamide, which is slightly longer in length than ligand 4.46, forms a ladder type 

coordination polymer structure.90 This type of geometry of the ligands has also recently been 

reported in a silver-centred tetracapped tetrahedron by Artem’ev et al., however the acetonitrile 

coordination is not enclosed within the three ligands, but located on the ‘outside’ of the 

tetrahedron with a weaker bond being observed (2.542 Å – 2.681 Å).91 These novel family of 

clusters exhibit luminescence with emission ranging from 480 – 510 nm.91  
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Figure 4.61: Perspective view of the coordination of the silver atom in 4.48, with three ligands 
coordinated facing the same direction, wrapping around the coordinated acetonitrile solvent. 
Hydrogen atoms and counter ions have been omitted for clarity.  
 

Complex 4.49 displays the same 2D polymeric structure as complex 4.48, however the 

difference is with the occurrence of the hexafluorophosphate counter ion, an additional 

acetonitrile (non-coordinating) and a water molecule present the asymmetric unit. The non-

coordinating acetonitrile solvate is situated on a crystallographic three-fold proper rotation axis, 

while the hexafluorophosphate counter ions are positioned on a two-fold proper rotation axis. 

The bond lengths and angles are consistent with that described for complex 4.48 above.  

 

 

4.8.1.2 Reaction with AgOTf, complex 4.50 

 

Silver triflate was reacted with 4.46 in a 1:1 ratio, and after vapour diffusion of 

diisopropyl ether into the reaction mixture (dichloromethane:acetonitrile 1:1), colourless 

crystals suitable for single crystal X-ray diffraction analysis were obtained. The silver(I) triflate 

complex, 4.50, crystallised in the monoclinic space group, P21/n, with half of molecule 4.46, 

one silver triflate and two coordinating acetonitrile solvates in the asymmetric unit. The 

complex is a discrete, M2L structure, which is displayed in Figure 4.62. The silver atoms are in 

a slightly distorted tetrahedral geometry [angles ranging from 87.258(2)° - 135.084(2)°] 
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coordinated to three nitrogen atoms and the triflate oxygen atom, with bond lengths ranging 

from 2.23357(4) Å – 2.50843(5);  the longest length being associated with the oxygen atom. 

The pyridyl rings are twisted in opposite directions by 69.442(2)°, related by a crystallographic 

centre of inversion situated on the centroid of the anthracene core.  

 

 
Figure 4.62: Perspective view of complex 4.50, with the asymmetric unit labelled. The 
hydrogen atoms have been removed for clarity. Selected bond lengths (Å): Ag1–N2 2.25865(4), 
Ag1–N15 2.23580(4), Ag1–N18 2.33357(4), Ag1–O21 2.50843(5) and angles (°): N2–Ag1–
N15 135.084(2), N2–Ag1–N18 109.3075(3), N2–Ag1–O21 107.214(2), N15–Ag1–N18 
107.323(2), N15–Ag1–O21 99.566(2), N18–Ag1–O21 87.258(2).  

 

The choice of the triflate anion in this reaction mixture leads to coordination (compared 

to non-coordinating anions in complexes 4.58 and 4.59) and essentially ‘capping’ of the silver 

atoms, in addition to the coordinating acetonitrile solvates, preventing the polymeric species 

from being formed. The coordinating acetonitrile molecules are angled parallel to the 

anthracene unit, with one C≡N bond located in the centre of an outer anthracene ring, having a 

weak π-to-centroid interaction [π bond···centroid = 3.45426(8) Å, π bond···plane = 3.48237(8) 

Å], as shown in Figure 4.63. There are also weak interactions between non-coordinated oxygen 

atoms and neighbouring acetonitrile C-H groups [C20···O22 3.36081(7) Å, H20···O22 

2.40600(5) Å, C20-H20···O22 172.9476(2)°].  
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Figure 4.63: Perspective view of the complex 4.50, showing the acetonitrile molecules located 
over the anthracene component of the ligand.  

 

It has been reported that the luminescence of silver(I) complexes depends greatly on the 

counter ion used in the formation of the coordination complexes. When triflate is utilised as the 

counter ion in silver assemblies, coordination does not always occur. Di Nicola, White and co-

workers synthesised a range of uni- and bi-dentate nitrogen-based complexes with silver 

triflate.92 The complex structures range from discrete systems with non-coordinating and 

coordinating anions, where, in some examples, the anions can bridge two silver metals, to 

polymeric topologies with coordinating triflate and acetonitrile solvates. When a more sterically 

crowded ligand is employed (i.e. monodentate, 2,4,6-trimethylpyridine or chelating, 2,9-

dimethyl-1,10-phenantholine) the triflate ion is not coordinated. However previous work in the 

Fitchett group has shown that even with chelating components, triflate anions can still 

coordinate and form both discrete and polymeric architectures.78, 79  

 

 

4.8.1.3 Reaction with silver(I) nitrate, complex 4.51 and 4.52.  

 

The reaction between 4.46 in dichloromethane and silver nitrate in acetonitrile was 

carried out and after vapour diffusion of pentane into this reaction mixture, very few colourless 

crystals were obtained that were suitable for single crystal X-ray diffraction studies. The 

crystals were sparingly soluble, and the ESI-MS showed the presence of ligand, indicating the 

decomposition of the complex in solution. Unfortunately, the crystals were unable to be 
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regrown for further analysis. The silver nitrate complexes 4.51 and 4.52, were both obtained 

from the same crystallisation mixture as colourless/pale brown coloured crystals and 

surprisingly solved as different structures.  

 

Complex 4.51 crystallised in the triclinic space group, P-1 with two independent half 

molecules of the ligand, 4.46, and one silver nitrate. The ligands both lie with centres of 

inversion at the mid-point of the anthracene rings. The two anthracene cores are independent 

and have a twist angle of 49.78(2)° to one another. The pyridyl rings are twisted by 70.768(8)° 

and 90.080(8)°. The silver atoms are four-coordinate, in a distorted tetrahedral coordination 

geometry and bound to two pyridyl rings and a chelated nitrate ion, as displayed in Figure 4.64. 

The bond lengths for the nitrogens to silver are 2.2079(2) Å and 2.2242(2) Å, and for the oxygen 

atoms are 2.4990(3) Å and 2.6306(3) Å. The latter oxygen bond length is a relatively weak 

bond,93 however is in the range of acceptable Ag-O(NO2) bond lengths, of up to 2.790(3) Å.94 

 

 
Figure 4.64: Perspective view and selected atomic labelling of 4.51. The hydrogen atoms have 
been removed for clarity. Selected bond lengths (Å): Ag1–N2 2.2079(2), Ag1–N15 2.2242(2), 
Ag1–O28 2.4990(3), Ag1–O31 2.6303(3); and angles (°): N2–Ag1–N15 140.884(5), N2–Ag1–
O28 120.658(6), N15–Ag1–O28 98.327(8).  

 

The one-dimensional polymer chains stack in close proximity with weak non-classical 

hydrogen bonding interactions between the ligand C-H atoms and the oxygen atoms of the 

nitrate ions. There is a weak intramolecular interaction [C7···O31 3.1998(3) Å, H7···O31 

2.5335(2) Å, C7-H7···O31 128.843(6)°] and multiple interactions between the polymer units 
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[C5···O31 3.2606 (3) Å, H5···O31 2.3678(2) Å, C5-H5···O31 160.842(2)°; C6···O31 

3.2947(3) Å, H6···O31 2.4876(2) Å, C6-H6···O31 145.242(4)°; C19···O31 3.4087(3) Å, 

H19···O31 2.5072(2) Å, C19-H19···O31 163.373(2)°, shown in Figure 4.65].  

 

Similar coordination geometry has been reported by Richardson and Steel with the use 

of a similarly bridged ligand; 1,4-(2-pyridyl)buta-1,3-diyne which forms a ribbon-like 

metallopolymer with silver nitrate with weak chelation of the nitrate ion to the silver metal.93 

More recent work has shown the formation of silver complexes with a positively charged 

flexible ligand, containing pyridyl rings, bridged between an imidazole unit. This explored the 

polymeric topologies formed and analysis of the packing diagrams for anion exchange studies.95  

 

 
Figure 4.65: View of the polymer chains of 4.51 along the x axis. Intermolecular interactions 
shown as a dashed line (H19···O31).  
 

As previously eluded to, another crystal (4.52) from the same crystallisation mixture as 

was subjected to single crystal X-ray diffraction analysis and a surprisingly different result was 

obtained. Complex 4.51 forms a one-dimensional polymer, as described. Complex 4.52 

exhibiting a different ligand structure as shown in Scheme 4.11. The central ring of the 

anthracene ligand has lost aromaticity, and the pyridyl rings are located cis- appended to the 

central ring of the anthracene core, forming a dihydro/diol species (cis-9,10-dihydro-9,10-(2-

pyridyl)-anthracene/cis-9,10-(2-pyridyl)-9,10-anthracenediol).  
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Scheme 4.11: Reaction between 4.46 and silver nitrate to form complexes 4.51 and 4.52.  
 

Complex 4.52, solved in the monoclinic space group P21/n, with one molecule 

(dihydro/diol) and one silver nitrate in the asymmetric unit. The diol is an intermediate (B in 

Figure 4.55) which is converted in the second step to produce 4.46 in this reaction. The dihydro 

species can be produced in the second step of the reaction where the two hydroxyl groups are 

substituted by hydrogen atoms (Section 4.9). This type of molecule has been previously 

reported in the literature where phenyl rings are attached to the central ring of the acene.96-98  

 

The most likely explanation for the production of this dihydro/diol compound is a very 

small impurity which does not show up in the 1H-NMR spectrum and is not detected in the ESI-

MS analysis. Silver nitrate is an oxidant that can potentially reduce the ligand but more detailed 

studies are required to determine the reason for the results obtained here. Interestingly, single 

crystal X-ray diffraction analysis show the formation of both the dihydro and the diol, 

disordered over two sites, with the dihydro as the major component (85%), as shown in Figure 

4.66. 

 

The silver metal is in a distorted trigonal planar geometry, coordinated to both pyridyl 

rings with Ag-N bond lengths of 2.16598(6) Å and 2.16726(5) Å and coordinated to one oxygen 

of the nitrate counter ion, with the Ag-O bond length of 2.5219(2) Å. The distortion comes 

about by the presence of another oxygen atom is close by, forming an interaction with the silver 

atom measuring 2.7356(2) Å. The cis- stereochemistry of the pyridyl groups form a nine-

membered chelate ring with a bite angle of 154.348(2)°.  
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A             B 

Figure 4.66: Perspective view of the major occupied (A) - dihydro (85%) and minor occupied 
(B) – diol (15%) components of complex 4.52 with selected atomic labelling shown. Selected 
bond lengths (Å): Ag1–N2 2.16598(6), Ag1–N22 2.16726(5), Ag1–O28 2.5219(2), N2 to 
C3.34719(5), C3–C8A 1.52611(6), C8/C8A–C21 1.52318(6), C21–C16 1.39470(4), C15–C16 
1.51529(8), C15–C23 1.53335(4), C23–N2 1.34313(6), C15–C14 1.51835(6), C14–C9 
1.39345(4), C8/C8A–C9 1.51120(8), C8A–O32 1.42166(4), C15–O33 1.41272(6); interaction 
(Å) Ag1···O30 2.7356(2) and angles (°): N2–Ag1–N22 154.348(2), N2–Ag1–O28 
101.3274(7), N22–Ag1–O28 100.747(2).  
 

The molecules stack with off-set face-to-face π-π interactions between the anthracene 

rings related by a crystallographic inversion centre [centroid···centroid = 3.8462(2) Å, plane-

to-plane shift 0.8508(2) Å plane···centroid = 3.7070(2) Å]. The hydroxyl groups occupy the 

spaces between the π-π interactions and hydrogen atoms attached to these oxygens are 

responsible for the relatively strong classical hydrogen bonding observed between the 

structures [O33···O31 2.49(2) Å, H33···O31 1.92 Å,  O33-H33···O31 125.3°; O33···O33 

2.31(2) Å, H32···O33 1.54 Å, O33-H32···O33 156.6°]. The packing of complex 4.51, can be 

viewed in Figure 4.67. This type of topology, where the metal is bridged across two 2-pyridyl 

rings bound to the same core unit is believed to be the first time this has been observed.  
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Figure 4.67: Packing of the minor components of complex 4.52, displaying the hydrogen 
bonding between the structures. The hydrogen atoms not involved in the hydrogen-bonding 
interaction have been omitted for clarity.  
 

 

4.8.2 Coordination chemistry with copper salts 

 

4.2.5.2.1 Reaction with copper(I) tetrakisacetonitrile tetrafluoroborate, 

complex 4.53 

 

The reaction of Cu(MeCN)4BF4 in acetonitrile and 4.46 in dichloromethane gave a 

colourless solution. Crystals suitable for single crystal X-ray diffraction studies were obtained, 

after a few days, after vapour diffusion of pentane into the complex mixture. The compound 

crystallised in the hexagonal space group, R-3. The asymmetric unit contains one copper(I) 

atom, half of molecule 4.46, one coordinated acetonitrile and the tetrafluoroborate counter ion. 

The metal resides on an inversion centre and a three-fold axis, with the ligands being related 

through a crystallographic inversion centre residing in the centre of the anthracene unit, as seen 

in the silver(I) tetrafluoroborate complex with this ligand. The complex is a two-dimensional 

polymer, shown in Figure 4.68. The copper atoms are four-coordinate, in a slightly distorted 

tetrahedral arrangement, bound to three independent ligands through the pyridyl nitrogen atoms 

[2.109(2) Å) and an acetonitrile solvent (1.937(2) Å]. The pyridyl rings are twisted in opposite 

directions, nearly perpendicular to the anthracene core, at an angle of 81.0413(8)° with the 

coordinated acetonitriles angled across the core. 
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Figure 4.68: Perspective view of 4.53, with the asymmetric unit labelled. Hydrogen atoms and 
counter ions have been omitted for clarity. Selected bond lengths (Å) Cu1–N2 2.109(2), Cu1–
N15 1.937(2) and angles (°): N2–Cu1–N2 102.317(4), N2–Cu1–N15 115.924(2).  

 

The three ligands and the acetonitrile molecules all point in the same direction when 

coordinated to the copper metal, as shown in Figure 4.69.  

 

    
Figure 4.69: (a) Packing of complex 4.53 and (b) zoomed region showing the coordination of 
the ligands and acetonitrile to the copper metal pointing in the same direction. The hydrogen 
atoms have been omitted for clarity.  

(a)         (b) 
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The acetonitrile solvent molecules, the boron atoms and one of the fluorine atoms are 

situated on a three-fold rotation axis. The acetonitrile C≡N bond is nearly parallel to the central 

anthracene ring with a weak intermolecular π-π interaction observed [π bond···centroid = 

3.6248(2) Å, π bond···plane = 3.4670(2) Å]. The tetrafluoroborate counter ions are found 

between the polymeric sheets with weak non-classical hydrogen bond [C5···F19 3.3198(2) Å, 

H5···F19 2.4889(2) Å, C5-H5···F19 148.8437(5)°]. This polymer topology is isostructural to 

complex 4.48, with the pyridyl rings rotated nearly parallel [7.27(1(2)°] to the anthracene core, 

the ligands coordinated facing in the same direction ‘wrapped’ around the coordinated 

acetonitrile (Figure 70a) with no π-π interactions being observed within or between polymer 

sheets.  

 

 Copper(I) complexes have been extensively studied with pyridyl coordination 

functionality. Jonas and Stack reported a series of facial-capping tris-pyridyl ligands based on 

a 2-pyridylmethoxymethane backbone and their corresponding copper(I) and copper(II) 

complexes were investigated.99 The coordination geometry around the copper is very similar to 

that just described, with Ag-N bond lengths ranging from 1.864(8) Å – 2.087(6) Å, and the 

shortest length associated with the acetonitrile. The structure of this complex is shown in Figure 

4.70b.  

 

  
Figure 4.70: (a) Perspective view of the coordination of the copper atom in 4.53, with three 
ligands coordinated facing the same direction, wrapping around the coordinated acetonitrile 
solvent; (b) Perspective view of the coordination complex reported by Jonas and Stack, showing 
similar coordination geometries.99 Hydrogen atoms and counter ions have been omitted for 
clarity. 
 

(a)        (b) 
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Similar coordination geometry around the copper(I) metal has been explored with 3-pyridyl 

derivatives, forming simple coordination complexes, discrete macrocycles, cages, one-, two- 

and three-dimensional architectures.100-105 Complex 4.53 is, however, the first example to show 

a polymeric topology with a bis-2-pyridyl substituted ligand, without a bridged component 

directing the pyridyl rings in place for coordination. 

 

 

4.8.2.2 Reaction with copper(I) iodide, complex 4.54 

 

Complex 4.54 with copper(I) iodide was isolated after vapour diffusion of diisopropyl 

ether into the reaction mixture in dichloromethane and acetonitrile. The complex crystallised in 

the monoclinic space group, P21/n, with the asymmetric unit consisting of one copper(I) iodide 

and half a molecule of 4.46.  

 

The copper-iodide framework is constructed from Cu2I2 units. Each iodine atom is 

disordered over two sites with the largest occupancy being 98.5%. During the refinement 

process, the model parameters for the iodine atoms were left as free variables, resulting in one 

of the iodine atoms having a high occupancy value. Nonetheless, this model of the disorder is 

required to accommodate high electron density around that atom.  

 

Each copper atom is coordinated to one pyridyl nitrogen atom (bond lengths of 

2.20041(2) Å) and two iodine atoms, with longer bond lengths of 2.5232(2) Å and 2.6738(2) Å 

forming a distorted trigonal planar coordination geometry [angles ranging from 102.512(3)° - 

139.164(2)°]. The copper atoms are in close proximity to each other at a distance of 2.6097(2) 

Å, as shown in Figure 4.71.  

 

Similar to the previous copper complex, the pyridyl rings are twisted in opposite 

directions at an angle of 78.162(3)° and the central anthracene ring is located on an inversion 

centre. The polymer extends parallel to the a face as shown in Figure 4.72. Each polymer is in 

close proximity with the neighbouring ones, with no significant interactions, due to the twisting 

of the pyridine rings.  
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Figure 4.71: Perspective view of 4.54, with the asymmetric unit labelled. Selected bond lengths 
(Å) Cu1–N2 2.0041(2), Cu1–I15 2.5232(2), Cu1–I16 2.6738(2); interactions (Å) Cu1–Cu1’ 
2.6097(2); and angles (°): N2–Cu1–I15 132.748(3), N2–Cu1–I16 139.164(2), N2–Cu1–I15’ 
108.255(4), N2–Cu1–I16’ 102.512(3), I15–Cu1–I15’ 118.940(4), I15–Cu1–I16’ 132.762(4), 
I16–Cu1–I15’ 107.896(4), I16–Cu1–I16’ 117.737(4).  
 

As previously mentioned, CuI can give a range of different structures, but complex 4.54 

forms only a polymer of dinuclear units, Cu2I2. Most reported crystal structures of this type of 

linking mode contains chelating ligands. However, a few examples utilise monodentate ligands, 

such as 2-pyridyl substituted pyridine rings and quinoline substituted ligands.103, 106-109  

 

 
Figure 4.72: Perspective view of two polymer chains of 4.54, showing the zig-zag topology. 

The hydrogen atoms and minor occupied iodide atoms have been omitted for clarity.  
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4.8.2.3 Reaction with copper(II) nitrate, complex 4.55 

 

Many attempts were made to grow crystals of copper(II) complexes with 4.46. Only 

after vapour diffusion of methanol into the complex mixture (4.46 and copper(II) nitrate), royal 

blue coloured crystals were obtained. Complex 4.55 crystallised in the triclinic space group, P-

1, with one copper atom, half of molecule 4.46, one chelated nitrate ion and one methoxide ion 

in the asymmetric unit.  

 

The copper atoms have a five-coordinate Jahn-Teller distorted geometry, with the fifth 

site occupied by a longer Cu–O bond length (2.5568(2) Å) from the nitrate ion. The copper 

metals are coordinated to one nitrogen atom and three oxygen atoms, one being from a nitrate 

and two methoxide ions which bridge between the two metal atoms, with bond lengths ranging 

from 1.9235(2) Å – 1.9904(2) Å (Figure 4.73).  

 

 
Figure 4.73: Perspective view of complex 4.55, with selected atomic labelling. The hydrogen 
atoms have been omitted for clarity. Selected bond lengths (Å): Cu1–N2 1.9836(2), Cu1–O15 
1.9904(2), Cu1–O19 1.9036(2), Cu1–O19’ 1.9235(2), Cu1–O17 2.5568(2); and angles (°): N2–
Cu1–O15 93.299(5), N2–Cu1–O19 165.000(2), N2–Cu1–O19’ 95.690(5), O15–Cu1–O19 
94.908(5), O15–Cu1–O19’ 169.022(2), O19–Cu1–O19’ 77.767(5), Cu1–O19–Cu1’ 
102.233(5).  
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A similar coordination geometry of copper(II) has been observed in discrete tetranuclear 

copper complexes reported by Kitos et al. The authors reported the reaction of copper(II) with 

2-acetylpyridine and benzoylpyridine molecules under strongly basic conditions to form a 

variety of structures.110 One of the reported complexes is described as two dinuclear subunits 

bridged by two nitrato groups. The core of the unit made up of bridging nitrate and methoxide 

ions. The latter seen in complex 4.55.  

 

The pyridyl rings on the ligand, 4.46 are related by a crystallographic centre of inversion 

situated on the centre of the anthracene ring. These pyridine groups are twisted in opposite 

directions at an angle of 69.480(6)°. The structure is a one-dimensional polymer which 

propagates, with no significant interactions observed, along the x axis of the unit cell, in a zig-

zag pattern (Figure 4.74).  

 

 
Figure 4.74: Perspective view of the packing of two polymeric chains of 4.55. The hydrogen 
atoms have been omitted for clarity.  
 

 

4.8.3 Reaction with zinc(II) nitrate, complex 4.56 

 

Crystals suitable for single crystal X-ray diffraction analysis were grown after vapour 

diffusion of toluene into the reaction mixture of 4.46 in dichloromethane and zinc(II) nitrate in 

acetonitrile. The zinc nitrate complex 4.56 solved in the triclinic space group, P-1, with one 

zinc(II) nitrate, two independent half ligands and a dichloromethane and acetonitrile solvate 

molecules in the asymmetric unit. The zinc metal is six-coordinate in a distorted octahedral 

geometry (shown in Figure 4.75), bound to two nitrogen atoms and four oxygen atoms from 

two chelating nitrate ions, with Zn-N bond lengths of 2.0598(2) Å and 2.0693(2) Å and Zn-O 
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bond lengths ranging from 2.0098(2) Å – 2.5583(2) Å. Each of the nitrate ions exhibit normal 

bond lengths from the metal centre (O28 and O32), but longer bond lengths are observed for 

O30 and O34, (~2.55 Å). This semi-coordination is most likely due to the small bite angle of 

the bidentate nitrato ligand which also induces the distortion of the octahedral geometry. This 

type of distorted octahedral geometry has been reported with flexible 2-pyridyl chelating 

systems with triazine and anthracene components attached.111, 112 

 

 
Figure 4.75: Perspective view of complex 4.56, with selected atomic labelling. The hydrogen 
atoms and solvent molecules have been removed for clarity. Thermal ellipsoids shown at 40% 
probability. Selected bond lengths (Å): Zn1–N2 2.0693(2), Zn1–N15 2.0598(2), Zn1–O28 
2.0098(2), Zn1–O32 2.0127(2), Zn1–O30 2.5144(2), Zn1–O34 2.5583(2); and angles (°) N2–
Zn1–N15 109.035(5), N2–Zn1–O28 98.571(5), N2–Zn1–O32 113.329(5), N15–Zn1–O32 
100.652(5), N15–Zn1–O28 113.449(4), O28–Zn1–O32 121.854(4).  
 

Complex 4.56 contains two independent ligands, which are related through 

crystallographic inversion centres, attached to the zinc atoms. This is the first reported structure 

of the two 2-pyridyl components, from different ligands, connected to the zinc nitrate 

coordination sphere. The pyridyl rings are rotated out of the plane of the central anthracene ring 

by 97.035(6)° and 98.592(6)°. One of the coordinated oxygen atoms (O28) is in close proximity 

to the C-H atoms on the pyridyl ring, with a weak interaction observed [C7···O28 3.0190(3) Å, 

H7···O28 2.36 Å, C7-H7···O28 127.2576(5)°].  
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The polymer grows along the y-axis of the unit cell. There are face-to-face π-π 

interactions between the pyridyl rings and neighbouring anthracene rings, as shown in Figure 

4.76 [centroid-to-centroid = 3.8497(3) Å, plane-to-plane shift 0.6547(3) Å, plane-to-centroid = 

3.7936(3) Å]. The dichloromethane and acetonitrile solvent molecules are located between the 

polymer strands, with the chlorine atom and nitrogen atom having partial occupancy on the 

same site and both have been modelled with 50% occupancy.  

 

 
Figure 4.76: Perspective view of the polymer chains of 4.56. Hydrogen atoms have been 

omitted for clarity.  

 

There are weak non-classical hydrogen bonding interactions between the C-H atoms on 

both solvates and the nitrate oxygen atoms [C36···O30 3.1251(2) Å, H36B···O30 2.3613(2) Å, 

C36-H36B···O30 135.182(4)°; C36···O31 3.0087(2) Å, H36A···O31 2.1334(2) Å, C36-

H36A···O31 149.340(3)°; C37···O31 3.3090(2) Å, H37A···O31 2.4308(2) Å, C37-

H37A···O31 151.968(3)°]. Many topologies have been reported of zinc nitrate with 3- and 4-

pyridyl derivatives, forming 1D-, 2D- and 3D- metal organic frameworks, cubic and hexagonal 

diamond structures, square grids, ladder and helical type structures. These exhibit interesting 

intermolecular interactions and open frameworks for the successful absorption of small 

molecules,113-115 thus, directing the possibilities for more exploration of 2-pyridyl derivatives.  

 

 

4.8.4 Reaction with cadmium nitrate, complex 4.57 

 

Crystals of the reaction between cadmium nitrate and compound 4.46 were grown after 

vapour diffusion of diisopropyl ether into the reaction mixture. The cadmium nitrate complex 

crystallised in the monoclinic space group, P21/c, with one cadmium nitrate, one ligand and one 

non-coordinated acetonitrile solvent molecule in the asymmetric unit. The complex has a one-
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dimensional polymeric network structure. The ligands each bridge two cadmium metals, as 

displayed in Figure 4.77. The cadmium metal is six-coordinate, chelated to two nitrate anions, 

with Cd-O bond lengths in the range of 2.3364(2) Å – 2.39821(8) Å and bite angles of 

53.958(3)° and 54.823(4)°. The cadmium is also coordinated by the pyridine nitrogen atoms of 

two independent molecules of 4.46. The two pyridyl groups connect to the cadmium on the 

same side at an angle of 107.873(3)°, with Cd-N bond lengths of 2.26287(6) Å and 2.26942(7) 

Å. The pyridyl rings have twists of 72.223(3)° and 87.551(3)° out of the plane of the anthracene 

core, with the former ring involved in a weak intramolecular face-to-face π-π interaction with 

the anthracene rings of the opposite ligand [centroid-to-centroid = 3.9051(2) Å, plane-to-plane 

shift = 0.4910(2) Å, plane-to-centroid = 3.8741(2) Å].  

 

 
Figure 4.77: Perspective view of complex 4.57, with selected atomic labelling. The hydrogen 
atoms and solvent molecules have been omitted for clarity. Thermal ellipsoids displayed at 30% 
probability. Selected bond lengths (Å): Cd1–N2 2.26287(6), Cd1–N15 2.26942(7), Cd1–O28 
2.39821(8), Cd1–O30 2.37218(9), Cd1–O32 2.3613(2), Cd1–O34 2.3364(2); and angles (°): 
N2–Cd1–N15 107.876(3), O28–Cd1–O30 53.958(3), O32–Cd1–O34 54.823(4), N2–Cd1–O28 
89.796(3), N15–Cd1–O32 86.782(4).  
 

The nitrogen-containing ligands link the adjacent Cd(II) ions in a trans-trans 

conformation, forming zig-zag chains (Figure 4.78) in which the Cd1-Cd1’ are separated by a 

distance of 7.9704(5) Å. The polymer propagates along the x axis, with the acetonitrile located 

in the spaces between the chains. The chains pack quite closely together, as displayed in Figure 

4.79, with weak non-classical hydrogen bonding interactions observed between the nitrate ions 
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and neighbouring C-H atoms from both pyridyl and anthracene rings, displayed in Figure 4.79 

and shown in Table 4.10.  

 

 
Figure 4.78: (a) Perspective view of the packing of three polymeric chains of 4.57, the hydrogen 
atoms and solvent molecules have been removed for clarity. Thermal ellipsoids shown at 30% 
probability.  
 

 
Figure 4.79: View of the intramolecular and intermolecular hydrogen bonding interactions 
observed in the crystal packing of 4.57. The hydrogen atoms not involved in these interactions 
have been omitted for clarity, along with the acetonitrile solvent molecules. Selected atomic 
labelling shown. Distances and angles for selected intramolecular interactions: C7···O28 
3.12471(9) Å, H7···O28 2.40 Å, C7-H7···O28 134.023(2)°, C20···O32 122.417(4), H20···O32 
3.17 Å, C20-H20···O32 122.417(4)°.  
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Table 4.10: Intermolecular interactions observed in the crystal packing of complex 4.57. 

D-H···A D···A / Å D-H···A / ° 

C4-H4···O34 3.1436(2) 137.540(2) 

C18-H18···O31 3.30680(9) 154.338(2) 

C20-H20···O32 3.1680(2) 122.417(4) 

C25-H25···O31 3.21319(9) 121.307(2) 

 

 The coordination features of the cadmium ions are similar to the zinc example 4.35 and 

has been reported several times. Gao et al. reported the formation of dinuclear cadmium sulfate 

structures and nitrate-induced 1D and 2D- polymeric structures with similarities observed in 

the coordination geometry bond lengths and contacts in these structures.116  

 

 

4.8.5 Reaction with cobalt(II) nitrate, complex 4.58  

 

The cobalt(II) nitrate complex formed small pink crystals (4.58) after vapour diffusion 

of methanol into the complex mixture dissolved in dichloromethane and methanol. Complex 

4.58 solved in the triclinic space group, P-1, with the asymmetric unit consisting of one 

cobalt(II) nitrate, two independent half molecules of 4.46, one dichloromethane and one 

acetonitrile solvate molecules. The centre of the anthracene rings are situated on a 

crystallographic inversion centre. The cobalt is six-coordinate, chelated by two nitrate ions, 

with bond lengths ranging from 2.05578(6) Å – 2.32920(9) Å and bite angles of 58.579(3)° and 

59.062(3)°, as well as to two ligands coordinated through the pyridyl nitrogen atoms, with Co-

N bond lengths of 2.1011(2) Å and 2.08517(7) Å (Figure 4.80). The pyridyl rings are twisted 

at angles of 81.087(4)° and 82.665(4)°.  

 

The polymeric structure has similarities to both the zinc and cadmium complexes, 4.35 

and 4.36, respectively. The contents of the asymmetric unit are the same as the zinc complex, 

however, the coordination of the metal centre, intramolecular interaction and the propagation 

of the polymer along the c-face of the unit cell show similarities to the cadmium complex, 4.36. 

The coordination around the cobalt is not uncommon and has been shown to form with a variety 

of different nitrogen-containing ligands. Different topologies are also observed ranging from 

discrete [CoL2(NO3)2]2+species to polymeric types with bridging ligands.109, 117-121  
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Figure 4.80: Perspective view of complex 4.58, with selected atomic labelling shown. The 

hydrogen atoms have been removed for clarity. Selected bond lengths (Å): Co1–N2 2.1011(2), 

Co1–N15 2.08517(7), Co1–O28 2.0598(2), Co1–O30 2.32920(2), Co1–O32 2.2975(2), Co1–

N34 2.05578(6), and angles (°): O28–Co1–O30 58.579(3), O32–Co1–O34 59.062(3).  

 

 

4.8.6 Reaction with nickel(II) nitrate, complex 4.59 

 

The nickel(II) nitrate complex formed very small green crystalline material on the sides 

of the crystallisation vial after vapour diffusion of diisopropyl ether into the reaction mixture. 

Multiple attempts were made to find well diffracting crystals and despite the poor data 

collected, there was enough information to determine the structure to be a 1D- polymeric 

structure with similar topology to complexes 4.56, 4.57 and 4.58.  

 

 

4.8.7 Reaction with cis-dichlorobis(dimethylsulfoxide)platinum(II), complex 4.60 

 

Crystals of complex 4.60, suitable for single crystal X-ray diffraction analysis were 

grown after vapour diffusion of water into a mixture of 4.46 and cis-

dichlorobis(dimethylsulfoxide)platinum(II) in DMF. The platinum complex solved in the 

monoclinic space group, P21/c, with the asymmetric unit consisting of one platinum chloride, 

one molecule of 4.46, one coordinated dimethylsulfoxide and two non-coordinating water 

molecules. The structure is a discrete [Pt(4.46)Cl2DMSO] complex which forms a Z shape, as 
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displayed in Figure 4.81. The platinum metal is four-coordinate in the preferred square planar 

geometry of the metal, with angles ranging from 88.246(2)° - 175.9645(3)°. The chloride ions 

are bound in a cis- geometry with Pt-Cl bond lengths of 2.29007(2) Å and 2.30866(8) Å. The 

ligand is coordinated to the metal through the nitrogen atoms, with Pt-N bond lengths of 

2.0554(2) Å and the DMSO solvent is coordinated through the sulfur atom with Pt-S bond 

lengths of 2.21243(6) Å. The pyridyl rings have twists of 68.315(2)°. The methyl groups 

attached to the DMSO are disordered over two sites, with the largest occupancy being 59%. 

The water molecules are located between the complexes, with no significant interactions in the 

packing of the structures.  

 

Platinum(II) dichloride compounds have been extensively studied and many examples 

show the same coordination around the metal as displayed in complex 4.60. The simplest 

example reported is PtCl2DMSO with pyridine attached trans to the DMSO,122, 123 however 

some reports have shown the chloride ions in the cis- geometry.122, 124 Platinum compounds 

containing anthracene derivatives as carrier ligands have also been reported, however the 

chloride ions show the cis- geometry.125  

 

 
Figure 4.81: Perspective view of complex 4.39, with selected atomic labelling shown. The 
hydrogen atoms and solvent molecules have been omitted for clarity. Selected atomic labelling 
(Å): Pt1–N2 2.05542(5), Pt1–Cl15 2.29007(2), Pt1–Cl16 2.30866(8), Pt1–S17 2.21243(6), and 
angles (°): N2–Pt1–Cl15 89.496(2), N2–Pt1–Cl16 88.246(2), N2–Pt1–S17 175.9645(3), Cl15–
Pt1–Cl16 172.0008(5), Cl15–Pt1–S17 89.300(2), Cl16–Pt1–S17 93.457(2).  
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4.8.8 Formation of [4.46 + H]+ when attempting to react 4.46 with Cu(ClO4)2 and 

Zn(ClO4)2.  

 

Attempts to react molecule 4.46 with Cu(ClO4)2 and Zn(ClO4)2 produced only 

protonation of the nitrogen atoms on the pyridine rings. This has previously been observed in 

the reaction of molecule 4.9 and 4.15 with metal salts that contain perchlorate counter ions. The 

protonated compound crystallised in the monoclinic space group, P21/c, with half the 

protonated molecule and the perchlorate anion in the asymmetric unit. The structure of 

4.46.(HClO4)2 is displayed in Figure 4.82. The pyridyl rings are twisted out of the core of the 

anthracene rings by 64.424(2)°, with the two halves of the molecule related by a 

crystallographic centre of inversion situated in the middle of the anthracene rings. The hydrogen 

attached to the nitrogen was located in the difference map, with a relatively strong hydrogen 

bonding interaction with the perchlorate anions [N1···O15 2.790(2) Å, H1···O15 1.89(2) Å, 

N1-H1···O15 168(2)°].  

 

 
Figure 4.82: Perspective view of 4.46.(HClO4)2, with the selected atomic labelling. The minor 

occupied oxygen atoms of the perchlorate anion have been omitted for clarity. Hydrogen 

bonding has been shown as a dashed line.  

 

The molecules stack with face-to-face π-π interactions observed [centroid-to-centroid = 

3.92799(7) Å, plane-to-plane shift = 1.7951(2) Å, plane-to-centroid 3.50505(9) Å]. The 
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stacking of the protonated molecules is quite different compared to the deprotonated ligand, the 

comparison of stacking is displayed in Figure 4.83. This is a result of the different twists 

experienced by the pyridyl rings, 93.947(3)° to 64.424(2)°, for 4.46 and 4.46.(HClO4)2, 

respectively, allowing the anthracene units to stack with face-to-face π-π interactions.  

 

   
Figure 4.83: Crystal packing of (a) 4.46 and (b) 4.46.(HClO4)2.  

 

 

4.9 Synthesis of 2-pyridyl-tetracene derivatives, 4.61 and 4.62 

 

Preliminary results for the formation of bis-pyridyltetracene derivatives are described. 

Further investigation into the conditions is required (due to the difficulties in purification and 

to obtain the desired products in higher yield) and were not performed due to time constraints.  

 

Bis-(2-pyridyl)-tetracene, 4.61, was synthesised by reacting under the same conditions 

reported for the anthracene derivatives. The reaction was carried out under inert conditions 

between 2-pyridyllithium formed in situ, and tetracenequinone (4.28). The intermediate diol is 

then isolated after neutralisation of the reaction mixture and this crude material is subsequently 

used for the reductive aromatisation second step. The reductive aromatisation employs heating 

the reaction of the intermediate diol in glacial acetic acid, sodium hypophosphite and potassium 

iodide at 100°C. After neutralisation, the solids were filtered, dissolved in chloroform and after 

evaporation of the solvent under reduced pressure, a crude fluffy dark green crystalline material 

was obtained. This material contained a range of different products which were purified by 

flash column chromatography, eluting with petroleum ether and ethyl acetate (9:1), collecting 

fractions of unreacted tetracenequinone, 4.61, 4.62 and 4.63 (Scheme 4.12) that were all 

identified by TLC and 1H-NMR spectroscopy. Compounds 4.61 and 4.63 were obtained as a 

mixed fraction and compound 4.62 was isolated in 14% yield.  

(a)        (b) 
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Scheme 4.12: Synthesis of 4.61, 4.62 and 4.63.  

 

The 1H-NMR spectra for 4.61 and 4.62 are shown in Figure 4.84 and 4.85. Assignment 

of each proton was completed using standard COSY and HMBC experiments.  

 

The 1H-NMR spectrum of 4.61 and 4.62 shows nine and ten proton environments, 

respectively, with some overlap. There are distinct differences, also evident in the proton 

environments from the 1H-NMR spectra, between the two structures. The pyridyl signals in 

4.62 clearly show an upfield shift, compared to the protons in 4.61. This is probably due to the 

shielding environment of the cis- appended pyridine rings. The proton signal at 5.78 ppm 

corresponds to the H13 proton on the dihydro compound 4.62. This is slightly upfield compared 

to the reported literature values of the phenyl derivative with an anthracene core.98, 126 There is 

clearly an impurity in the spectra of 4.61 which, even after multiple attempts, was unable to be 

removed due to similar solubility of the impurity and time limitations to pursue this further.  

 

The mass spectrometric analysis shows the presence of two major peaks for 4.61, at 

385.1704 m/z and 193.0882 m/z, corresponding to [4.61 + H]+ and [4.61 + 2H]2+, respectively. 

The difference between molecules 4.61 and 4.62 is two protons also giving evidence to the 

formation of the dihydro species. The results obtained for 4.62 show peaks at 383.1538 m/z 

corresponding to [4.62 + H]+ and 192.0803 m/z for [4.62 + 2H]2+.  
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The formation of the dihydro product, 4.62 is believed to occur through hydride addition 

from the H2PO2– species in the reductive aromatisation step. This species is not formed when 

the HCl/SnCl2 method is employed.   

 

 

 

 
Figure 4.84: 1H NMR spectrum (CDCl3, 298 K) of 4.61. Impurities highlighted with an asterisk. 
 

 

 
Figure 4.85: 1H NMR spectrum (CDCl3, 298 K) of 4.62. 
 

 

4.10 Coordination chemistry of 4.61 and 4.62 

 

It was decided to explore the self-assembled architectures formed between the tetracene 

derivative, 4.61 and metal salts with a view to examining the distances between the 
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chromophores for the potential to use as singlet fissionable materials. Even with the impurity 

in 4.61, as seen above, it was decided to progress with this.  

 

 

4.10.1 Reaction of 4.61 with silver(I) tetrafluoroborate, complex 4.64  

 

The preparation of the silver tetrafluoroborate complex, 4.64 involved the reaction of 

4.61 (with small impurities) in dichloromethane and AgBF4 in acetonitrile  resulting in a highly 

fluorescent dark green solution. After vapour diffusion of diisopropyl ether into the reaction, 

pale yellow crystals were obtained. The structure solved in the monoclinic space group, P21/c, 

with two silver atoms, two ligands of 4.61, six acetonitrile solvent molecules, four coordinating 

and two non-coordinating, and two tetrafluoroborate counter ions in the asymmetric unit. The 

complex is a one-dimensional polymer, and is displayed in Figure 4.86.  

 

 
Figure 4.86: Perspective view of complex 4.64, with selected atomic labelling shown. The 
hydrogen atoms, counter ions and non-coordinating solvent molecules have been removed for 
clarity. Thermal ellipsoids shown at 30% probability. Selected bond lengths (Å): Ag1–N3 
2.2752(2), Ag1–N33 2.2496(2), Ag1–N63 2.37206(6), Ag1–N66 2.31600(7), Ag2–N27 
2.27460(9), Ag2–N57 2.2577(2), Ag2–N69 2.34343(7), Ag2–N72 2.33217(6), and angles (°): 
N3–Ag1–N33 121.261(4), N3–Ag1–N63 113.378(2), N3–Ag1–N66 98.077(4), N33–Ag1–
N66 118.907(3), N33–Ag1–N63 105.164(3), N63–Ag1–N66 97.955(3), N27–Ag2–N57 
122.013(4), N27–Ag2–N69 97.154(4), N27–Ag2–N72 116.128(2), N57–Ag2–N72 
101.463(3), N57–Ag2–N69 118.841(3), N69–Ag2–N72 99.884(3).  
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The silver metals are four-coordinate in a distorted tetrahedral geometry with angles 

ranging from 97.154(4)° - 122.013(4)°. Each ligand bridges the different silver atoms through 

the pyridyl nitrogen atoms with Ag-N bond lengths ranging from 2.2496(2) Å – 2.2752(2) Å, 

with two additional acetonitrile solvates with slightly longer Ag-N bond lengths between 

2.31600(7) Å – 2.37206(7) Å. The pyridine rings have twists of 82.892(4)°, 84.126(3)°, 

85.430(3)° and 90.167(4)° out of the plane of the tetracene core.  

 

Hsu and Chen reported similar coordination of silver with N,N’-di(2-pyridyl)oxamide 

ligands having longer coordination bonds Ag-N to the acetonitrile solvates compared to the 

pyridyl rings.90 The authors also reported two different coordination geometries for the silver; 

3- and 4- coordinate, with only the latter being observed in complex 4.39.  

 

The coordinating acetonitrile solvates are positioned almost parallel [5.3312(1)° and 

3.9137(1)°] to the tetracene components, preventing any π-π interactions between the 

chromophores. However, the first and fourth rings of the tetracene components are located in 

close proximity to neighbouring pyridyl rings within the polymer chains but with a plane-to-

plane twist of 5.927(6)° and 56.29(6)°. Both of these interactions can be associated with weak 

π-π interactions, shown in Figure 4.87. The former interaction measures centroid-to-centroid 

distance of 4.0387(1) Å, plane-to-plane shift 2.2867(2) Å and centroid-to-plane of 3.3291(1) 

Å, with the latter measuring centroid-to-centroid distance of 4.1737(1) Å, plane-to-plane shift 

1.7934(3) Å and centroid-to-plane of 3.7688(2) Å. The distance for this type of interaction is 

usually between 3.1 – 3.8 Å (centroid-to-centroid) therefore confirming these are extremely 

weak.  

 

The polymer chain of 4.64 propagates along the y axis. There is a relatively strong 

hydrogen bond between a coordinating acetonitrile and the tetrafluoroborate anion [C65···F84 

2.84(3) Å, H65B···F84 2.09 Å, C65-H65B···F84 133.2°]. There is also other weak non-

classical hydrogen bonding between the counter ions and the polymer, with the closest 

interactions measuring C68···F78 3.171(2) Å, H68B···F78 2.25 Å, C68-H68B···F78 160.9°. 

One of the tetrafluoroborate anions is modelled over two sites, with the largest occupancy as 

68%. The counter ions and non-coordinated acetonitrile solvates are located between the 

polymer chains.  
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Figure 4.87: Perspective view of 4.64, showing the very weak π-π interactions between pyridyl 
and tetracene cores (black dashed line) and acetonitrile molecules angled at 5.3312(1)° and 
3.9137(1)° to the tetracene core (magenta-coloured dashed line). The hydrogen atoms, counter 
ions and non-coordinated solvates have been omitted for clarity. Thermal ellipsoids displayed 
at 30% probability level.  

 

 
Figure 4.88: Perspective view of the one polymer chain of 4.64 showing some of the weak 

H···F interactions between the polymer chains and the tetrafluoroborate ions. The hydrogen 

bonds not involved in the selected interactions, non-coordinated solvates and minor disordered 

components of the tetrafluoroborate have been omitted for clarity.  

 

 



 256 

4.10.2 Reaction of 4.62 with copper(I) iodide, complex 4.65  

 

The dihydro side product, 4.62, was complexed with copper(I) iodide forming yellow 

crystals after vapour diffusion of methanol into the complex mixture dissolved in 

dichloromethane and acetonitrile. Complex 4.65 solved in the triclinic space group, P-1, with 

one copper iodide and one molecule of 4.62 in the asymmetric unit. The copper is three-

coordinate bound to the two pyridyl rings of the same ligand, with Cu-N bond lengths of 

1.9748(8) Å and 1.9219(7) Å, while the third site occupied by the iodide counter ion with a 

longer bond length of 2.59984(9) Å. Complex 4.65 is discrete with the pyridyl rings forming a 

nine-membered chelate ring, as shown in Figure 4.89. 

 

 
Figure 4.89: Perspective view of complex 4.65, with selected atomic labelling. Hydrogen atoms 
have been omitted for clarity. Selected bond lengths (Å) Cu1–N2 1.9748(8), Cu–N26 
1.9219(7), Cu1–I32 2.59984(9), and angles (°): N2–Cu1–N26 143.180(2), N2–Cu1–I32 
107.472(3), N26-Cu1-I32 107.403(3).  

 

The three-coordinate geometry of copper(I) is unusual but not uncommon when there 

is a chelating ligand involved, i.e. 2,9-dimethyl-1,10-phenanthroline.127 A similar geometry of 

the copper iodide bound with two 2,6-dimethylpyridine ligands has been reported by Healy and 

coworkers, with the N-Cu-N angle measuring 143.5(1)°/149.6(2)°, compared to 143.180(2)° in 

complex 4.65.107 These angles are amongst the highest L-Cu-L angles observed and are 

comparable to the values observed for tricyclohexlphosphine copper(I) perchlorate and 

copper(I) nitrate complexes (144° and 140°, respectively).  
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The 5,10-dihydrotetracene core is slightly twisted, measuring 7.6645(5)° from the plane 

of each aromatic ring from one side of the core to the other (Figure 4.89). The complexes pack 

with the aromatic rings slightly offset, with face-to-face π-π interactions between the 

naphthalene section of the dihydrotetracene core, as shown in Figure 4.90 [centroid-to-centroid 

= 3.7839(2) Å, plane-to-plane shift = 0.8110(2) Å, centroid-to-plane = 3.6960(2) Å].  

 

 
Figure 4.90: Perspective view of the packing of 4.65. The hydrogen atoms have been omitted 
for clarity. Dashed lines indicate π-π interactions.  
 

 

4.11 Optical Properties - solid state emission of coordination complexes  

 

 The luminescence properties of the complexes with bis-2-pyridylanthracene as the 

ligand have been preliminarily investigated in the solid state. All these exhibit emission in the 

greenish-blue region of the spectrum at room temperature. The excitation and emission spectra 

of 4.48 – 4.50, and 4.53 – 4.59 are depicted in Figure 4.91. All complexes show a broad 

emission, which is attributed to the highly conjugated systems that the compounds display, 

between 429 nm and 490 nm. The copper and cobalt complexes 4.53 – 4.55 and 4.58 all show 

emission around the same wavelength. The silver complexes display emission maxima at ~445 

nm, while the zinc, cadmium and nickel complexes 4.56, 4.57 and 4.59 show emissions further 
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red-shifted to 487 nm, 490 nm and 470 nm, respectively. The emission maximum associated 

with the free ligand is at 430 nm. Therefore, it can be concluded that the metal does influence 

the emission spectra in some complexes, however further investigation is required.  

 

The solid-state excitation of the complexes was also measured. Unfortunately, due to 

instrumentation limitation, this could not be resolved for all the complexes. The silver 

complexes 4.48 - 4.50 were unable to be determined while the copper(I) and zinc(II) complexes 

showed broadening. The excitation results for complexes 4.49, 4.55, 4.58 and 4.59 show a 

similar shape to the free ligand.  

 

 
Figure 4.91: Solid state emission of bis-2-pyridylanthracene derivatives at room temperature. 
Emission  (lmax): 4.48 = 447 nm; 4.49 = 448 nm; 4.50 = 444 nm; 4.53 = 429 nm; 4.54 = 430 
nm; 4.55 = 431 nm; 4.56 = 487 nm; 4.57 = 490 nm; 4.58 = 429 nm; 4.59 = 470 nm.  
 

 

4.12 Future direction for the synthesis of ethynylpyridyl functionality appended to the 

polyacene cores. 

 

Many researchers have explored hydrocarbon derivatives using the HCl/SnCl2 method 

to produce protected acetylene functionality attached in varying positions of the polyacenes. 

This method is high yielding and the product can be extracted directly from the acidic mixture. 

As described above, the desired pyridyl derivatives, 4.9, 4.15, 4.29, 4.31 and 4.25 were isolated 

in low yields. To overcome this, the synthesis of the bis-ethynyl-acene (4.66), followed by a 
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Sonogashira coupling reaction with the bromo-substituted reagents (i.e. 2- and 3-

bromopyridine, 5-bromo-2,2’-bipyridine and 8-bromo-1,10-phenanthroline) should be 

explored. 

 

The following method has been performed with promising results but due to time 

constraints has not been pursued further. Scheme 4.13 displays the method for the anthracene 

derivative to form the bis-2,2’-bipyridine derivative. Overall the reaction first involved the 

addition of trimethylsilylethynyl lithium formed in situ to the quinone, producing an isomeric 

mixture which was used for the reductive aromatisation forming 4.68 in 72% yield. The 

deprotection of the trimethylsilyl groups was successful (87%). Molecules 4.66 – 4.69 have 

previously been reported in the literature.33, 128-130 The 1H-NMR and ESI-MS of the pure 

compounds synthesised match the reported literature. The Sonogashira coupling step, which 

involves the reaction between 4.66 and 4.69, to form 4.70 was carried out on a small scale. The 

results show promise, but require optimisation for future exploration.  

 

 
Scheme 4.13: Nucleophilic addition, followed by reductive aromatisation to form 4.66.  

 

 
Scheme 4.14: Sonogashira coupling reaction to form 4.70.  
 

The trimethylsilyl protected tetracene and pentacene reactions have also been carried 

out as shown in Scheme 4.15. The first and second step have been completed and resulted in 
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the formation of the mono-addition product (4.71 or 4.72) and the diol intermediate (4.72 or 

4.73). This reaction would best be carried out in a one-pot synthesis, which should result in the 

formation of 4.75 (tetracene) or 4.76 (pentacene), as described for the work presented in this 

chapter. Subsequent deprotection of the trimethylsilyl groups forms the desired precursor (4.77 

or 4.78) for the Sonogashira coupling reactions to form the heterocyclic derivatives for 

implementation in coordination chemistry. The isolation of the monoaddition product can also 

be utilised in the formation of unsymmetrical derivatives, which would be interesting to 

explore.  

 

 
Scheme 4.15: Synthesis of bis-ethynyl tetracene and pentacene derivatives (4.77 and 4.78).  

 

 

 

 

 

 

  

 

O

O

OH

OH

TMS

TMS

TMS

TMS

TMS

TMS

O

OH

SnCl2.2H2O
Et2O RT

nBuLi 
—78°C to 65°C

Toluene
n

n = 0  4.28 
n = 1  4.33

n = 0  4.71 
n = 1  4.72

n = 0  4.73 
n = 1  4.74

n = 0  4.75 
n = 1  4.76

nn

unsymmetrical 
substituted acenes

n

n = 0  4.77 
n = 1  4.78

n

K2CO3

MeOH, rt



 261 

4.13 Conclusion  

 

4.13.1 Summarising remarks  

 

Synthesis of the polyacenes, anthracene, tetracene and pentacene with appended 

heterocyclic substituents in the 9,10-, 5-12, 6,13- positions, respectively, display potential for 

controlling the distance between the chromophores using metallosupramolecular chemistry.  

 

The derivatives explored were synthesised in low yield, caused by the production of 

side products during the reactions. Different reductive aromatisation conditions have been 

explored. The reactions that contain the smaller acene core, anthracene, were explored using 

HCl/SnCl2.2H2O or acetic acid/SnCl2.2H2O, with the former resulting in vinyldichloro 

products, which is not uncommon when the concentration of hydrochloric acid greater than 2 

molar is utilised. However, when a dilute solution was used, the vinyldichloro products were 

produced in 2% yield. This is believed to be due to the influence of the pyridyl ring having an 

effect on the reactivity of the acetylene. An unusual and baffling product 4.26 was isolated from 

an attempted one step synthesis to obtain the desired diol intermediate. Nevertheless, this 

product was not observed in the one-pot two-step synthesis, which was revealed to be the 

desired route.  

 

The use of acetic acid showed more promising results with anthracene, and therefore 

was employed in the synthesis of the tetracene and pentacene derivatives. The reactions proceed 

to form the monoaddition side products and the acene products. However, the reaction with the 

larger acenes encounter additional side products, in particular the proposed dimer of the 

monoaddition product for which its mechanism of formation and structure is still unknown. The 

optical properties of the derivatives synthesised show many similarities to previously reported 

compounds. 

 

A range of coordination complexes have been synthesised and characterised by single 

crystal X-ray diffraction analysis. Interestingly the reaction of 4.15 and silver salts formed a 

range of different architectures, differing by the twist of the pyridyl rings and whether or not 

nitrogen pyramidalization by coordination to the silver atoms occurs. In complexes 4.38, 4.39 

and 4.40, three different coordination modes around the silver metal formed, however with little 

difference observed in the rest of the overall structure, as shown in Figure 5.92. The difference 

comes about by the twisting of the pyridyl rings vs the π-π stacking ability of these rings with 
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neighbouring aromatic rings/heterocyclic rings. All three of the complexes exhibit π-π 

interactions between the anthracene cores.  

 

 

 
Figure 4.92: Cartoon representation of complexes (a) 4.38, (b) 4.39, (c) 4.40, showing the 

differences in the coordination to the metal centre (grey) and the similarities in the interactions 

of the ligands, 4.15 (teal).  

 

The cadmium and zinc nitrate complexes with 4.15 formed a one-dimensional polymer 

and a six-membered metallomacrocycle respectively, which displayed interesting π-π stacking 

and hydrogen bonding interactions within and between the polymer chains.  

 

The product from the successful synthesis of the 2-pyridyl rings attached directly to the 

anthracene core (4.46) was utilised in a range of reactions with different metals and counter 

ions forming a variety of metallosupramolecular topologies. The topologies range from 1D- 

and 2D- polymers to discrete structures with interesting intramolecular and intermolecular 

interactions. No significant π–π interactions were observed compared to the complexes 

containing the acetylene derivative 4.15. This is likely due to the coordinating acetonitrile 

solvates and the twisting of the pyridyl rings. Similarly, the crystal packing of the free ligand 

4.46 shows no π-π interactions but fascinatingly, the structure of the protonated compound does.  
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4.13.2. Scope and future work  

  

The reactions of pyridyl-substituted acenes shows tremendous promise going forward, 

in the formation of metallosupramolecular architectures to control the distance between the 

chromophores for potential use in singlet fission applications. There are synthetic challenges to 

overcome with the reactions between the quinones; anthra-, tetracene- and pentacene-, with 

ethynylpyridine reagents. Nevertheless, an alternative pathway has been preliminarily 

investigated and shows promise in the formation of the desired products (Scheme 4.15).  

 

With regard to the compounds and complexes synthesised, investigation into the time-

resolved lifetime and testing their potential SF ability would be useful to determine whether or 

not controlling the distances between the structures have a positive influence on the process.  
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5.1 Introduction 

 

5.1.1 Redox-active ligands  

 

Redox-active ligands constitute a vibrant area of research in coordination chemistry and 

organometallic chemistry because of their unusual and curious structures of their corresponding 

metal complexes.1-3 The inspiration for using redox-active ligands stems from biology where 

enzymes perform catalytic reactions by utilising electron shuffles and redox-active binding 

sites.4 

 

Polyazaaromatic transition metal complexes have appealing properties as DNA 

photoprobes and photoreagents. The first ligand designed to form metallo-intercalators was 

dipyridyl[3,2-a:2’,3’-c]phenazine (5.1, Figure 5.1), which was initially synthesised in 1970.5 

The [Ru(bpy)25.1]2+ and [Ru(phen)25.1]2+ complexes with this ligand have drawn considerable 

attention in order to understand this process. Extended ligands, based on the scaffold of 5.2, 

with two or three chelating sites have been constructed for applications in light harvesting, 

energy transfer, artificial photosynthesis, potential photoconversion devices, non-linear optics, 

opto-electronics, and photocatalysis as they exhibit rich electrochemistry and photophysical 

properties.6, 7 

 

 
Figure 5.1: Polyazaaromatic compounds (5,1, 5.2, 5.3) and anthra[2,3-f][1,10]phenanthroline-
10,15-quinone (5.4), previously reported.5, 8  

 

In 1977, Lehn and Sauvage introduced a four-component system based on a ruthenium 

polypyridine sensitizer linked to a rhodium bipyridine complex that acts as an electron relay, 

and an electron donor such as triethanolamine and colloidal platinum that acts as a hydrogen 

generating catalyst.9, 10 Since then, numerous researchers have designed ruthenium(II), 

iridium(II) and rhodium(III) complexes that can act as molecular devices capable of storing 

light-generated electrons on their bridged ligands and generating hydrogen from hydrohalic 

solutions.11, 12 More recently, polypyridyl photocatalysts based on two ruthenium(II) 
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chromophores and one rhodium(III) catalytic centre that produces hydrogen in aqueous solution 

have been reported.13 MacDonnell et al. synthesised a binuclear ruthenium complex with 5.3. 

This has a phenazine and quinone core appended to the 5,6-positions of 1,10-phenathroline. 

The system, which was the first example of a synthetic species capable of storing more than 

two electrons in its structure, is capable of photo-accumulation of up to four electrons and four 

protons on the phenazine core.14, 15  

 

p-Quinones are important molecules in biological electron transport and can be utilised 

as regulators of electronic communication in electron transfer-based systems.16, 17 Their ease of 

functionalisation and well-defined reversible redox behaviour make them appealing candidates 

in the construction of electro-photochemical devices.10, 16 It has been reported that the redox 

couple of 1,4-benzoquinone and hydroquinone forms a two-electron luminescence switch.8  

Efficient quenching for electrogenerated chemiluminescence of [Ru(bpy)3]2+ has been 

observed in the presence of 1,4-benzoquinones, hydroquinones, phenols and catechols.18 Hartl 

and co-workers developed a new donor-acceptor dyad based on a light-absorbing [Ru(bpy)2]2+ 

unit complexed to a 1,10-phenanthroline-type phen ligand with a fused 9,10-anthraquinone 

moiety in the 5,6-position (5.4, Figure 5.2). The authors proposed the advantage of this rigid π-

system was to fix the metal-to-quinone distance which will facilitate a more rigorous 

description of the photophysical properties of the dyad.8 

 

Twisted acenes have been of interest due to their remarkable helical shapes (determined 

by single crystal X-ray diffraction studies) as well as exhibiting theoretically interesting and 

potentially useful physical properties.19, 20 Some of these structures are displayed in Figure 5.2. 

The synthesis of larger acenes, which contain pentacene cores (5.5), have been realised using 

Diels-Alder cycloadditions, followed by nucleophilic addition to the quinone functionality (5.6, 

5.7), then subsequent reductive aromatisation, as described in Chapter Four. The quinone 

approach to synthesise the larger acenes has been successful for Clevenger and coworkers, 

showing the larger the acene core from anthracene to hexacene develops an increase in twist 

from 66° to 184°.19, 20  
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Figure 5.2: Strained polycyclic quinones and longitudinally twisted acenes.  

 

The overarching theme of this chapter is the investigation of quinone based ligands and 

the corresponding ruthenium(II) complexes and examination of their redox behaviour. It was 

decided to investigate the synthesis of target compounds 5.8 and 5.9 (Figure 5.3), which show 

similarities to the compounds in Figures 5.1 and Figure 5.2, and studying their structure and 

properties in the solid and solutions states. Subsequently, it was decided to explore the redox 

behaviour of the quinone centres in the ruthenium(II) complexes.  

 

 
Figure 5.3: Target molecules 5.8 and 5.9. 
 

 

5.2 Synthesis of non-innocent ligands  

 

5.2.1 Synthesis and characterisation of molecules 5.8, 5.9 and 5.10  

 

The target compounds 5.8 and 5.9 were prepared by Diels-Alder cycloaddition between 

5-hydroxy-cyclopent-8-ene-[1,10-phenanthroline]-7-one-6,8-diphenyl (5.10) and 1,4-

naphthoquinone or 1,4-benzoquinone (see below). The precursor 9,10-phenanthroline-5,6-

dione (5.11) was synthesised by a literature procedure in 51% yield.21 The reaction between 
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5.11 and 1,3-diphenylacetone in methanol with a catalytic amount of base (potassium 

hydroxide) gave the hydroxy-ketone product, 5.10, as shown in Scheme 5.1.  

 

 
Scheme 5.1: Synthesis of compounds 5.10 from 5.11. 

 

Interestingly, although the synthesis of tetracyclone as utilised in Chapter Three, forms 

a stable dark purple coloured compound, the synthesis of the 1,10-phenanthroline derivative 

causes the reaction to go via a range of different colours (red-to-brown) and finally a 

discolouration of the product to off-white, as the hydroxyketone 5.10 forms. The reaction must 

be carried out under inert atmosphere conditions, as exposure to oxygen forms the diketone 

5.12 (see below). It is important that only a small amount of base is added to the system, as the 

reaction proceeds forming a range of side products. A similar type of reaction has previously 

been reported with attempts to synthesise the phenanthrene-cyclone derivative.22, 23 These 

preparations go via the alcohol prepared by the base-catalysed condensation of the 

phenanthrenequinone with the diketone. The hydroxy-ketone product 5.10 has been 

characterised by NMR, UV-Vis and IR spectroscopies, ESI-MS, and melting point analysis.  

 

The 1H-NMR spectrum for the hydroxy-ketone, 5.10, shows sixteen non-equivalent 

protons, with some overlapping, as shown in Figure 5.4. Standard COSY, HMBC and NOESY 

experiments were carried out to assign the spectrum. The formation of the hydroxy-ketone is 

evident by H13 at 4.41 ppm, which is the non-aromatic proton located adjacent to the ketone. 

The ESI-MS shows one major peak at 403.1454 m/z which corresponds to [C27H18N2O2 + H]+ 

as shown in Figure 5.5, along with additional evidence from the IR which indicates the hydroxyl 

functionality as broad peaks at 3271 cm–1 and 3177 cm–1 and a carbonyl C=O stretch at 1711 

cm–1.  
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Figure 5.4: 1H-NMR spectrum (CDCl3, 298 K) of 5.10. 

  

 
Figure 5.5: The ESI-MS spectrum of 5.10, in CH3CN. 

 

Crystals suitable for single crystal X-ray diffraction studies were grown after vapour 

diffusion of diethyl ether into 5.10 dissolved in dichloromethane. The structure solved in the 

monoclinic space group, P21/c, with one molecule and half a dichloromethane solvent molecule 

in the asymmetric unit. The solid-state structure confirms the formation of 5.10 as assigned by 

the 1H-NMR spectroscopy, as well as the expected structural information of the trans- 

stereochemistry of the hydroxyl group and the allylic proton. The structure is shown in Figure 
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5.6a, and its twisted nature is displayed in Figure 5.6b. The central phenanthroline is distorted 

by the hydroxyl group substitution with a torsion angle of -44.9585(4)° (C5-C14-C13-C12). 

The heterocyclic rings have a plane twist angle of 11.8444(2)°.  

 

    
Figure 5.6: (a) Perspective view of 5.10 with atomic labelling shown and (b) twisted nature of 
the molecule. The hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): 
C5–C14 1.51714(2), C14–O15 1.42427(2), C14–C16 1.55271(2), C16–C17 1.52982(2), C17–
O19 1.210803(8), C17–C18 1.48421(2), C18–C13 1.34779(2), C13–C14 1.52475(2), C13–C12 
1.46714(2), and angles (°): C14–C16–C17 102.8561(5), C16–C17–C18 108.4685(3), C17–
C18–C13 108.4679(6), C18–C13–C14 112.8452(8), C13–C14–C16 103.5578(7), C16–C17–
O19 124.9822(5), C18–C17–O19 126.5179(6), O15–C14–C5 104.4272(9), O15–C14–C16 
112.0603(3), O15–C14–C13 111.2247(7).  
 

The structures stack with off-set π-π interactions between the heterocyclic rings of the 

phenanthroline component [centroid-to-centroid 3.95328(4) Å, plane-to-plane shift 2.45149(5) 

Å, plane-to-centroid 3.10139(4) Å] forming an off-set stacked ladder-like structure with planar 

90° twists. There are also hydrogen bonding interactions between the hydroxyl group and the 

phenanthroline nitrogen atoms in close proximity, as shown in Figure 5.7 [O···N 2.729(2) Å, 

H···N 1.92(3) Å, O-H···N 158(3)°]. The hydrogen involved in this interaction was located 

using a difference map. The dichloromethane solvate was disordered and was refined without 

hydrogen atoms due to its location on a crystallographic centre of inversion.  

 

 

(a)         (b) 
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Figure 5.7: Perspective view of the stacking of 5.10. Hydrogen atoms not involved in the 
interaction have been omitted for clarity. Hydrogen bonding and π-π interactions are displayed 
with a dashed line.  
 

After the synthesis and characterisation of 5.10, compound 5.9 was synthesised as 

outlined in Scheme 5.2. Firstly, the loss of water from 5.10 must take place, forming the 

cyclopentadienone, 5.13, for the Diels-Alder reaction in the subsequent step. The loss of water 

is carried out by carefully heating the reaction mixture under high vacuum. The Diels-Alder 

cycloaddition between 5.13 and 1,4-nathoquinone (4.30) in benzophenone is achieved when 

heated to 300°C under an inert atmosphere. This reaction forms intermediate 5.14, followed by 

the loss of carbon monoxide in a cheletropic reaction. This gives rise to the dihydroquinone 

species, which can be oxidised to 5.9, through the loss of hydrogen. First attempts of this 

reaction produced the product in low yield (~9%), due to oxygen in the benzophenone solvent. 

This is significant, as 5.13 can react with oxygen in a Diels-Alder reaction forming 5,6-

dibenzoyl-1,10-phenanthroline, 5.12. The reaction was repeated with three cycles of freeze-

pump-thaw (heating of the solvent was required with a heat gun, as benzophenone is a solid at 

room temperature) which improved the synthesis yield to 35%. The crude material from the 

reaction was dissolved in chloroform and loaded on a short silica gel plug. The product residue 

was collected after eluting with a chloroform and methanol mixture, then washed with methanol 

to yield the product as a yellow solid. Compound 5.9 was characterised by NMR, UV-Vis and 

IR spectroscopies, ESI-MS and melting point analysis.  
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Scheme 5.2: The Diels-Alder reaction to form 5.9 and the side product 5.12.  

 

The 1H-NMR spectrum of 5.9 is shown in Figure 5.8a, shows ten non-equivalent 

protons, with some overlapping signals. The assignment of the protons was completed using 

standard COSY, TOCSY and HMBC experiments. The carbonyl functionality is confirmed in 

the structure by the peak at 185 ppm in the 13C-NMR spectrum (Figure 5.8b).  
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Figure 5.8: (a) 1H-NMR and (b) 13C-NMR spectra (CDCl3, 298 K) of 5.9.  

 

The H4 proton experiences an upfield shift compared to the 1,10-phenanthroline 

compounds explored in Chapter Two. This is proposed to be due to the proton experiencing 

shielding by the phenyl rings. Hartl and co-workers have synthesised a similar molecule, 

without the phenyl substituents [anthra-[2,3-f][1,10]phenanthroline-10,15-quinone, 5.4, Figure 

5.1].8 This molecule was prepared by a Diels-Alder cycloaddition of 4,6-bis(bromoethyl)-1,10-

phenanthroline and 1,4-naphthaquinone forming the product in 60% yield, (Scheme 5.3).8  
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Scheme 5.3: Synthesis of 5.4 reported by Hartl and coworkers.8 

 

The 1H-NMR spectrum the authors reported shows the H4 proton at 9.23 ppm in 

DMSO-d6, which was used due to the poor solubility of this molecule in common organic 

solvents. To compare the spectra, a 1H-NMR spectrum of 5.9 was collected in DMSO-d6 and 

showed the H4 proton at 7.5 ppm, giving evidence that this proton experiences shielding as 

proposed. Protons H10 and H11 were assigned by an HMBC experiment, as H10 shows 

coupling to the carbonyl carbon.  

 

The ESI-MS shows the major peak at 513.1603 m/z corresponding to [5.9 + H]+ (Figure 

5.9) and the IR spectrum indicates the carbonyl functionality with a C=O bond stretch at 1666 

cm–1 as shown in Figure 5.10.  

 

 
Figure 5.9: The ESI-MS spectrum of [5.9 + H]+. 
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Figure 5.10: The IR spectrum of 5.9. The key peak is the C=O bond stretch at 1666 cm–1 which 
is indicated with an asterisk.  

 

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

recrystallisation with methanol. The structure solved in the monoclinic space group C2/c with 

the asymmetric unit consisting of half of molecule 5.9 and a water molecule. The structure 

shown in Figure 5.11, confirms that the quinone is present in the molecule with the bond length, 

C=O = 1.2237(2) Å. The two halves of 5.9 are related through a two-fold proper rotation axis. 

The phenyl rings are twisted out of the plane of the central ring they are appended from by 

56.521(6)°. There is a significant twist (42.176(8)°) through the molecule from the 1,10-

phenanthroline rings to the naphthoquinone fused ring. The two planes of the heterocyclic rings 

show a significant twist of 20.493(4)°, compared to the precursor molecule, 5.10. Other twists 

measured show the benzene ring and the quinone ring twisted out of the plane of the 1,10-

phenanthroline component by 51.125(9)° and 47.883(9)° respectively. Two different views of 

this twisting is displayed in Figure 5.12.  

 

* 
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Figure 5.11: Perspective view of 5.9, with selected atomic labelling. Hydrogen atoms and water 
molecule have been removed for clarity. Thermal ellipsoids displayed at 40% probability. 
Selected bond lengths (Å): O17–C16 1.2237(2), C15–C16 1.4995(2), C16–C18 1.4783(2) C8–
C15 1.39599(7), C15–C15’ 1.4252(2); angles (°): C7–C8–C15 119.88(2), C15–C16–C18 
118.63(2), and torsion angles (°): N1–C6–C6–N1 –21.961(5), C5–C6–C6–C5 –18.965(4), C5–
C7–C7–C5 –27.145(6).  

 

  
Figure 5.12: Perspective view of the twisting in 5.9. Hydrogen atoms and the water solvate have 
been omitted for clarity. Thermal ellipsoids displayed at 30% probability. (a) View along the 
1,10-phenanthroline component; (b) view along the phenyl rings (C8/C9).  

 

While molecules like 5.4 (Figure 5.1) and its derivatives with a single metal binding site 

have drawn a lot of interest, new derivatives that are bulkier and have the ability to bind multiple 

metal centres have been developed to extend the scope of applications of ruthenium 

complexes.10 The synthesis of the bridged quinone system (5.8, which involved the same 

(a)        (b) 
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conditions as previously described, is outlined in Scheme 5.4. The reaction was completed 

under Schlenk conditions, with three cycles of freeze-pump-thaw of benzophenone, before the 

addition of the 5.10 (which upon loss of water forms 5.13) and 1,4-benzoquinone (4.34) and 

heating the reaction mixture to 300°C. The quinone was freshly sublimed each time the reaction 

was carried out. The crude material was loaded onto a silica plug and washed with chloroform 

to remove the benzophenone, followed by increasing the polarity of the solvent by the addition 

of methanol until the product is obtained. The poor solubility of 5.8 leads to difficulties in 

purification. Several purification methods were attempted, including column chromatography 

followed by recrystallisation. The best result was obtained by washing the crude material with 

methanol, filtering the solid and recrystallisation from methanol. This purification method is 

only possible if a small amount of 5.12 is present in the mixture. Although the product is slightly 

soluble in methanol, 5.8 is also found in the filtrate. If 5.12 is present in the crude mixture, 

purification by a short silica plug is the alternative method. Molecule 5.8 was characterised by 

NMR, UV-Vis and IR spectroscopies, ESI-MS and melting point analysis.  

 

 
Scheme 5.4: Synthesis of 5.8.  
 

 The 1H NMR spectrum of 5.8 shows eight non-equivalent protons (Figure 5.13). The 

phenyl ring protons are located as a multiplet between 7.38 – 7.22 ppm. The 1H-NMR spectrum 

was assigned using standard COSY and TOCSY pulse sequences. The spectrum shows 

similarities to 5.9, with the H4 proton, being shifted upfield due to the shielding of this proton 

by the nearby phenyl rings.  
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Figure 5.13: 1H-NMR spectrum (DMSO-d6, 298 K) of 5.8. Asterisks indicates impurities in the 

DMSO-d6.   

 

ESI-MS spectra shows two major peaks at 817.2625 m/z and 409.1348 m/z which 

correspond to [5.8 + H]+ and [5.8 + 2H]2+, respectively (Figure 5.14). Further evidence for the 

formation of the quinone species instead of the dihydroxy compound is shown in the IR 

spectrum with peaks at 1755 cm-1and 1673 cm-1 (Figure 5.15), although these are weaker than 

what is usually expected for these types of stretching of the carbonyl bond. Nevertheless, the 

carbonyl functionality was confirmed by single crystal X-ray diffraction analysis.  

 

 

 
Figure 5.14: The ESI-MS spectra of 5.8. Observed peaks, (a) [5.8 + H]+ and (b) [5.8 + 2H]2+. 
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Figure 5.15: The IR spectrum of 5.8 with key peaks (C=O) shown with an asterisk at  

1755 cm–1 and 1673 cm–1.  

  

Crystals of 5.8 suitable for single crystal X-ray diffraction studies was grown by slow 

vapour diffusion of diethyl ether into the compound dissolved in dichloromethane. The crystal 

structure solved in the monoclinic space group P21/c, with half of 5.8 present in the asymmetric 

unit. The two halves of the molecule are related through a crystallographic centre of inversion 

situated in the centre of the quinone ring. The phenyl rings are twisted, out of the aromatic ring 

they are appended to, in opposite directions with twists of 48.384(5)° and 59.635(5)°. Protons, 

H4 and H11 (Figure 5.16) are directed into the centre of the phenyl rings, which gives a reason 

for the upfield shift of these protons in the 1H-NMR spectrum. The C=O bond length measures 

1.21379(6) Å confirming the carbonyl functionality. The bridged compound is twisted as seen 

in the previous compound (5.9). The 1,10-phenanthroline plane to quinone plane twist is 

42.043(2)° and the two non-equivalent heterocyclic rings are twisted by 7.5195(8)° (Figure 

5.17). The carbonyl groups are out of the plane of the ring they are bonded to, displaying an 

interaction with one of the heteroaromatic rings (C10···O20 3.1949(2) Å, H10···O20 2.39 Å, 

C10-H10···O20 144.529(2)°. The twist through the fused core stops any significant π-π 

interactions between the structures.  

 

* 

* 

Wavenumber / cm–1 
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Figure 5.16: Perspective view of 5.8, with selected atomic labelling. The hydrogen atoms have 
been omitted for clarity. Selected bond lengths (Å): C19–C20 1.21379(6), C16–C19 
1.49773(8), C5–C6 1.40886(8), C3–C14 1.42279(7), C14–C15 1.42695(8) and angles (°): 
O20–C19–C16 119.340(3), O20–C19–C17 121.115(2), C16–C19–C17 118.921(5).  
 

  
Figure 5.17: Perspective views of the twisting throughout 5.8. Hydrogen atoms have been 
omitted for clarity.  
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5.2.2 Synthesis of ruthenium(II) complexes, 5.16 and 5.17 

 

Ruthenium(II) complexes of 5.8 and 5.9 were synthesised by reacting the corresponding 

ligands with Ru(phen)2Cl2 in a microwave reactor, using ethylene glycol as the solvent, as 

shown in Scheme 5.5 (complex 5.16). 

 

 

Scheme 5.5: Synthesis of complex 5.16.  
 

The reaction was heated in two minute bursts at 300W and was monitored by TLC 

(silica gel, 4:1:1 DMF:H2O:1 M NH4Cl). The reactions required eight minutes of microwave 

irradiation for the mononuclear complex 5.16, and twelve minutes for the binuclear complex, 

5.17. Once the reaction was complete, the reaction mixture was cooled to room temperature, 

followed by addition of water. Complex 5.16 was filtered through celite and isolated as the 

hexafluorophosphate salt with no further purification required. However, when complex 5.17 

was filtered through celite TLC indicated that another product was present. This was proposed 

to be [Ru(phen)2(5.8)]2+. Therefore, the aqueous solution was first loaded onto a column of 

Sephadex – C25 ion-exchange resin which was eluted with 0.00 – 0.50 M NaCl solution. The 

desired product was isolated pure from the column as [Ru2(phen)4(5.8)]4+ and isolated as the 

hexafluorophosphate salt. This purification method is required as the crude material was first 

isolated as the hexafluorophosphate salt, then required purification by silica gel column 

chromatography (2% methanol in chloroform). A range of different fractions were collected 

and the desired product 5.17 was isolated with a 10% impurity. ESI-MS showed both the 

quinone and semi-quinone species, however upon repeating the reaction using the ion-exchange 

purification method, this was surprisingly not observed. Other side products included 

[Ru(phen)2(ethylene-glycol)]2+ and [Ru(phen)2Cl2]PF6. The latter was confirmed by single 

crystal X-ray diffraction studies as dark orange crystals were obtained from that column 

Ru(phen)2Cl2
MW 300W

ethylene glycol

N

N

O

O

Ph

Ph
N

N

N
N

Ru

2+

N

N

O

O

Ph

Ph

5.165.9



 290 

fraction. The mononuclear complex of the bridged ligand [Ru(phen)2(5.8)]2+ was not produced 

as previously proposed. Both complexes were obtained in highly pure forms and their identities 

confirmed by single crystal X-ray diffraction analysis, NMR, UV-Vis and IR spectroscopies, 

ESI-MS and melting point analysis.  

 

 

5.2.2.1 Characterisation of complex 5.16  

 

 The mononuclear ruthenium(II) complex, 5.16, shows eighteen non-equivalent protons, 

with some overlapping, as shown in Figure 5.18. Interestingly, the phenyl protons (H5/H9 and 

H6/H8) experience different environments (shown as three different signals) as a multiplet 7.55 

– 7.49 ppm, overlapping with protons with the phenanthroline rings, as well as a triplet and 

doublet at 7.34 ppm and 7.22 ppm. After many attempts to assign these protons, the NOESY 

and ROESY experiments were inconclusive, but information from the single crystal X-ray 

diffraction structure has helped with the assignment of these protons. The protons have been 

assigned using standard COSY and TOCSY pulse sequences.  

 

 
Figure 5.18: 1H-NMR spectrum (CD3CN, 298 K) of complex 5.16.  
 

The H2 proton experiences a significant shift from 8.82 ppm to 7.76 ppm (in CD3CN), 

the coordinated induced shifts are shown in Table 5.1 and the stacked 1H-NMR spectra in 

Figure 5.19. The H3 proton experiences a small upfield shift of 0.11 ppm and protons H7, H10 

0
10
.0

20
.0

30
.0

9.0 8.0 7.0

2 
7’ 4’ 

5’, 6’ 

2’ 9’ 

10 3’ 6 3 

7, 8, 9, 8’ 

4 
5 

11 

d / ppm  

N
N

N
N

Ru

2
2'

3'

4'5'
6'

7'

8'
9'

2+

N

N

O

O

3
4

5

6

7

8

9

10

11



 291 

and H11 all experience a small downfield shift upon coordination. The most significant change 

to the phenyl protons is the splitting of H5, H6, H8 and H9 over two sites, with an upfield and 

downfield shift observed for H5, H9 and H6, H8, –0.13, +0.18 and –0.11, +0.07, respectively.   

 

 
 

 
Figure 5.19: Stacked 1H-NMR spectra (CD3CN, 298 K) of (a) [Ru(phen)25.9](PF6)2 and (b) 5.9.  
 

Table 5.1: 1H-NMR chemical shiftsa and coordination induced shiftsb of complex 5.16. 

 H2 H3 H4 H5/H9 H6/H8 H7 H10 H11 
Ligand 8.82 7.04 7.62 7.35m 7.45m 7.45m 7.87 7.79 

Complex 7.76 6.93 7.62 7.22 
7.52m 

7.34 
7.52m 

7.52m 7.99 7.82 

CISb -1.06 -0.11 0 -0.13 
+0.18 

-0.11 
+0.07 +0.07 +0.12 +0.03 

aFor deuterated acetonitrile solutions. bCIS= δcomplex-δligand. mProtons located within a multiplet  

 

A mass spectrometric analysis of the crude reaction mixture shows the presence of 

[Ru(phen)25.9]2+ as a 2+ charged species at 487.0994 m/z, in addition to an ethylene glycol 

cationic complex side product [Ru(phen)2(C2H6O2)+H]+ at 525.0090 m/z. This compound was 

not visible in the 1H-NMR spectrum. To avoid this species being formed, the synthesis of this 

compound could be carried out at reflux in an EtOH/water mixture under nitrogen atmosphere. 

Alternatively, ion-exchange column chromatography was used to remove this impurity. This 

was completed and the ESI-MS spectrum is displayed in Figure 5.20. The IR spectrum shows 

the carbonyl functionality at 1672 cm-1, confirming the quinone species.  

 

(a) 
 
 
 
 
(b) 

d / ppm  
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Figure 5.20: Experimental and simulated mass-spectra identifying [Ru(phen)25.9]2+ complex 
5.16.  
 

As mentioned, crystals suitable for single crystal X-ray diffraction analysis of 5.16 were 

grown after vapour diffusion of methanol into a dichloromethane solution of 

[Ru(phen)25.9][PF6]2. The complex solved in the triclinic space group, P-1 with one 

[Ru(phen)25.9]2+, two hexafluorophosphate counter ions and three dichloromethane solvates. 

The perspective view of the cationic structure is displayed in Figure 5.21.  

 

The ruthenium metal is six-coordinate in a distorted octahedral geometry, chelated to 

one molecule of 5.2 and two 1,10-phenanthroline ligands with bite angles of 79.006(2)°, 

79.914(2)°, and 80.940(2)°, respectively and Ru-N bond lengths ranging from 2.05556(5) – 

2.07024(6) Å. The phenyl groups have twists of 56.339(2)° and 59.845(2)° out of the plane of 

the central aromatic ring they are bonded to. There is also a twist through the chelating core of 

the 5.9 ligand, as seen in the free ligand crystal structure, with a 44.695(2)° twist from the 1,10-

phenanthroline component to the aromatic ring fused on the opposite side of the quinone. 

Unlike the free ligand crystal structure, the two heterocyclic rings are now planar, with a small 

plane-to-plane twist of 7.6159(3)°, compared to in the free ligand [20.493(4)°]; this is caused 

by the chelation of the nitrogen atoms to the metal centre.  
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Figure 5.21: Perspective view of 5.16 with selected atomic labelling. Hydrogen atoms, counter 
ions and solvates have been omitted for clarity. Selected bond lengths (Å): Ru1–N2 2.07024(6), 
Ru1–N9 2.06205(5), Ru1–N42 2.06663(6), Ru1–N53 2.07022(7), Ru1–N56 2.05556(5), Ru1–
N67 2.06769(6), O19–C18 1.21680(3), C17–C18 1.50869(4), C17–C28 1.40948(4) and angles 
(°): N2–Ru1–N9 79.006(2), N42–Ru1–N53 79.914(2), N56–Ru1–N67 80.940(2).  

 

There are weak interactions observed between one of the carbonyl groups and a 

neighbouring phenyl group (C35····O27 3.42981(9) Å, H35····O27 2.64 Å, C35-H35····O27 

143.431(2)°) due to the off-set coplanar stacking of the acenaphthoquinone units of 5.9, as 

displayed in Figure 5.22. This proton signal has been assigned ‘H9’ in the proton spectrum, as 

this would cause a downfield shift of this proton. In contrast, the proton H41 (‘H5’) on the 

phenyl ring is facing towards the centroid of the aromatic ring of the acenaphthoquinone with 

a weak π-π interaction observed [centroid-to-centroid = 5.1486(2) Å, C41···centroid = 

3.8137(2) Å, H41···centroid = 2.95 Å], hence being assigned an upfield shift in the 1H-NMR 

spectrum.  

 

Two out of the three dichloromethane solvates have partial occupancy of 50%. One of 

the hexafluorophosphate anions is modelled with disorder over two sites with the largest 

occupancy being 89%. There are other weak interactions observed between the C-H atoms of 

the phenanthroline ligands and chlorine and fluorine atoms, as well as weak interactions 

between the solvent and counter ions. These measurements are displayed in Table 5.2.  
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Figure 5.22: Perspective view of the coplanar stacking of 5.16 with selected atomic labelling 
shown. The hydrogen atoms not involved in the interaction, counter ions and dichloromethane 
solvent molecules have been omitted for clarity. The non-classical hydrogen bonding 
interactions are shown with a dashed line.  
 

Table 5.2: Summary of the intermolecular interactions observed between the perchlorate 
anions and dichloromethane solvates with the protons on the phenanthroline C-H atoms of 

complex 5.16. 

D-H···A D···A components D···A / Å D-H···A / ° 

C84-H84B···O19 DCM···O=C (5.3) 3.10312(9) 135.551(2) 

C52-H52···F72 Phen···PF6 3.25576(9) 152.679(2) 

C50-H50···F76 Phen···PF6 3.2363(2) 142.617(2) 

C84-H84A···F81 Phen···PF6 3.27400(7) 153.757(1) 

C84-H84A···F81A Phen···PF6 3.24596(9) 170.427(1) 

C66-H66···F83A Phen···PF6 3.27664(8) 157.474(1) 

C45-H45···Cl86 Phen···DCM 3.47265(9) 141.692(2) 

C47-H47···Cl88 Phen···DCM 3.20144(9) 124.963(2) 

 

 

5.2.2.2 Characterisation of complex 5.17 

 

The binuclear ruthenium(II) complex 5.17 was synthesised and purified by ion-

exchange chromatography as previously described. The complex was characterised by NMR, 
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UV-Vis, IR spectroscopies, ESI-MS and melting point analysis. The 1H-NMR spectrum shows 

twenty-one non-equivalent protons, as shown in Figure 5.23.  

 

 

 
Figure 5.23: (a) Synthetic scheme and (b) 1H-NMR spectrum (CD3CN, 298 K) of complex 5.17. 
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The spectrum of 5.17 was assigned using standard COSY and TOCSY pulse sequences. 

The COSY experiment is displayed in Figure 5.24, indicating the coupling between the protons 

of the 1,10-phenthroline rings (shown in pink and purple) and the ring systems in 5.8.  

 

Curiously, the phenyl ring protons of 5.8 show loss of rotation compared to the ligand, 

with the two phenyl rings exhibiting two different ring system environments, as shown in the 

COSY experiment (navy blue and cyan). The TOCSY pulse sequences gave additional 

information to the ring systems, due to the proton signals overlapping. It was decided that single 

crystal X-ray diffraction analysis may provide insight into the structure and orientation of the 

protons in space, facilitating the assignment of these.  

 

 

 

 

 
Figure 5.24: 1H-1H COSY (CD3CN, 298 K) experiment of 5.17, phenanthroline coupled protons 
(pink & purple), heterocyclic protons (green), phenyl rings (cyan & navy blue).  
 

The mass spectrometric studies of complex 5.17 shows the presence of the major peak 

of [Ru2(phen)45.8]4+ as a 4+ species at 435.0843 m/z, as shown in Figure 5.25a. The ESI-MS 

spectrum also shows peaks at 580.4488 m/z, 595.1117 m/z and 628.4340 m/z which correspond 

to [Ru2(phen)45.8]3+, [Ru2(phen)45.8 + CHO2]3+ and [Ru2(phen)45.8 + PF6]3+, respectively. The 

ESI-MS of the first attempted synthesis of the bridged ruthenium(II) complex, revealed some 
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interesting overlap of species, namely the quinone (5.17) (Figure 5.25b) and dihydroxy 

complexes (Figure 5.25c). The 1H-NMR of this mixture revealed a 10% impurity, which is 

tentatively assigned to the latter compound, however due to the small amount of material that 

was obtained, these were not separated.  

 

The carbonyl functionality in complex 5.9 was further confirmed from the 13C-NMR 

spectrum with a peak at 184.6 ppm and the IR spectrum showing a signal at 1672 cm–1.  

 

 

   
Figure 5.25: Experimental and simulated ESI-MS of complex 5.17 (a) Pure sample 
[Ru2(phen)45.8]4+. First attempted synthesis, showing the (b) quinone and (c) dihydroxy species 
present.  
 

Dark red crystals of 5.17 were grown after vapour diffusion of diethyl ether into the 

complex dissolved in acetonitrile/toluene (9:1). The binuclear complex solved in the 

monoclinic space group, P21/c, with two ruthenium metals, one molecule of 5.8, four 1,10-

(a) 

(b)        (c) 
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phenthroline ligands, four hexafluorophosphate anions, seven acetonitrile, one water molecule 

and one diethyl ether solvate in the asymmetric unit.  

 

 The ruthenium metal atoms are six-coordinate in an octahedral geometry with Ru-N 

bond lengths ranging from 2.04302(4) Å – 2.07030(3) Å and bite angles in the range of 

79.469(2)° - 80.261(2)°. Although overall the structure is racemic, both the ruthenium metals 

are arranged in the LL stereochemical propeller arrangement, which is shown in Figure 5.26. 

The phenyl rings have twists of 48.0441(6)°, 51.287(2)°, 59.3886(7)° and 63.940(2)° out of the 

plane of the central aromatic ring. The heterocyclic rings of 5.8 have planarised, due to the 

chelation to the metal centre, as previously observed in complex 5.16 with very small twists of 

1.1550(2)° and 3.5648(2) between the rings of the same 1,10-phenathroline scaffold. There is 

a twist through the ligand 5.8 from each chelated phenanthroline by 13.22575(4)° and the phen 

scaffold to quinone twists are 30.960(1)° and 44.209(2)°, indicating the ligand twists back on 

itself, rather than twisting further around, making a more linear-type bridged linker.  

 

 
Figure 5.26: Perspective view of complex 5.17, with selected atomic labelling. Hydrogen 
atoms, counter ions and solvates have been omitted for clarity. Selected bond lengths (Å): Ru1–
N3 2.04537(4), Ru1–N10 2.06049(4), Ru1–N67 2.06854(4), Ru1–N74 2.06328(4), Ru1–N81 
2.06244(5), Ru1–N88 2.06799(4), Ru2–N59 2.05491(3), Ru2–N62 2.04302(4), Ru2–N95 
2.04891(4), Ru2–N102 2.07030(3), Ru2–N109 2.05433(5), Ru2–N116 2.06235(4), and angles 
(°): N3–Ru1–N10 79.6525(9), N67–Ru1–N74 79.7624(6), N81–Ru1–N88 79.485(2), N59–
Ru2–N62 79.469(2), N95–Ru2–N102 79.578(2), N109–Ru2–N116 80.261(2). 
 

 The hexafluorophosphate counter ions and solvates are located above and below the 

central bridged ligand, allowing π-π stacking between the structures through the phenanthroline 
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rings [centroid-to-centroid = 3.79858(6) Å, 3.74163(5) Å, plane-to-plane shift = 1.53890(7) Å, 

1.99747(4) Å, plane-to-centroid = 3.47289(6) Å, 3.16384(6) Å]. There are many weak 

intermolecular interactions between the counter ions and acetonitrile solvates, as well as 

between the carbonyl oxygen and the phen ligand of a neighbouring cationic structure [C97 

···O33 2.9434(1) Å, H97···O33 2.34 Å, C97-H97···O33 122.241 (2)°]. The other values are 

shown in Table 5.3.  

 

Table 5.3: Summary of the intermolecular interactions observed between the perchlorate 
anions acetonitrile solvates and C-H atoms of the cationic structure in complex 5.17. 

D-H···A D···A components D···A /Å D-H···A / ° 

C179-H179A···N183 Phen···MeCN 3.3054(1) 127.088(2) 

C176-H176A···F156 MeCN···PF6 3.2935(1) 164.918(1) 

C176-H176B···F149 MeCN···PF6 3.0407(1) 139.598(2) 

C170-H170A···F138 MeCN···PF6 3.3606(1) 140.615(1) 

C167-H167A···F139 MeCN···PF6 3.3654(1) 165.608(1) 

C89-H89···F152 Phen···PF6 3.3151(1) 150.208(1) 

C90-H90···F153 Phen···PF6 3.1382(1) 122.724(1) 

C176-H176A···F132 MeCN···PF6 3.3158(1) 163.362(1) 

C167-H167A···F135 MeCN···PF6 3.5107(1) 148.470(1) 

C173-H173···F124 MeCN···PF6 3.1728(2) 126.628(2) 

C77-H77···F141 Phen···PF6 3.2060(2) 160.080(1) 

C104-H104···F160 Phen···PF6 3.1878(1) 143.780(1) 

C5-H5···F162 Phen···MeCN 3.1736(2) 123.420(1) 

C167-H167B···F134 MeCN···PF6 3.3563(1) 160.310(2) 

 

 

5.2.3 Coordination of 5.9 with palladium(II), complex 5.18 

 

Compound 5.9 was reacted with palladium(II) tetrakisacetonitrile tetrafluoroborate in 

deuterated DMSO-d6 and a broad 1H-NMR spectrum was obtained. The reaction was repeated 

in CD3CN and there was quantitative complex formation in solution as shown by the absence 

of the ligand in the spectrum. The 1H-NMR spectrum (Figure 5.27a) was assigned using 

standard COSY pulse sequences.  
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1H-NMR spectroscopic studies were completed, and coordination-induced shifts were 

obtained as shown in Figure 5.27 and Table 5.4. There is a downfield shift of protons H3 and 

H4 by 0.30 ppm and 0.25 ppm, respectively, which is unusual behaviour of pyridyl containing 

ligands to palladium(II). Usually this is also observed in H2, however, in this complex there is 

a slight upfield shift of this proton by 0.19 ppm and it is broadened. This may be due to the 

complexes π-π stacking, causing this unexpected proton shift. Unfortunately, after several 

attempts to obtained crystals suitable for X-ray diffraction studies to confirm this observation, 

the crystals were very small and weakly diffracted.  

 

 

 

 

 

 

 

 
Figure 5.27: Stacked 1H-NMR spectra (CD3CN, 298 K) of (a) [Pd(5.9)2](BF4)2 and (b) 5.9.  

 

Table 5.4: 1H-NMR chemical shiftsa and coordination induced shiftsb of complex 5.18. 
 H2 H3 H4 H5 H6 H7 H8 H9 

Ligand 8.82 7.04 7.62 7.35 7.45 m 7.45 m 7.87 7.79 

Complex 8.63 7.34 7.87 7.39 7.49 7.56 8.01 7.83 

CISb -0.19 +0.30 +0.25 +0.04 +0.04 +0.11 +0.14 +0.04 
aFor deuterated acetonitrile solutions. bCIS= δcomplex-δligand. 
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The mass spectrometric analysis showed the presence of complexes [Pd5.9]2+, [Pd5.9 + 

HCO2]+, with peaks at 565.1516 m/z and 663.1091 m/z, respectively, as well as the free ligand 

at 513.2033 m/z [5.9 + H]+ (Figure 5.28). The complex clearly decomposes in the ESI-MS as 

the [ML2]2+ complex is not observed, rather the complex containing one ligand and the free 

ligand is observed.  

 

     
Figure 5.28: ESI-MS spectra of 5.18. (a) Experimental and simulated ESI-MS of [Pd5.9]2+, (b) 
experimental and simulated for [Pd5.9 + HCO2]+, and (c) experimental [5.9 + H]+.  
 

  

(a) 

(b)         (c) [5.2 + H]2+ [Pd5.2 + HCO2]2+ 

[Pd5.2]2+ 
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5.3 Optical Properties  

 

5.3.1 UV-Visible and emission spectroscopy of 5.8 –5.10, and 5.16 and 5.17. 

  

The UV-Vis absorption spectra of the hydroxy-ketone (5.10) and the quinone 

derivatives (5.8 and 5.9) are shown in Figure 5.30. Although the hydroxy-ketone produced 

broad maxima at 237 nm and 309 nm, compounds 5.8 and 5.9 show similarities around ~235 

nm and ~275 nm and display new peaks at 389 nm and 404 nm, respectively. The π-conjugated 

systems are similar in both 5.8 and 5.9, and a new low energy absorption is consistent with a 

larger π-quinone moiety when compared to the free anthraquinone (325 nm). These absorption 

features are weak and contribute to the yellow colouration of the compounds. The absorption 

spectra are broad with no fine structure observed. Table 5.5 summarises the main features of 

the absorption spectra shown in Figure 5.29 and 5.30.  

 

 
Figure 5.29: UV-Visible spectra of 5.1 – 5.3 measured in dichloromethane at room temperature, 
concentration ~10–5 mol L–1.  
 

 The photophysical properties of ruthenium-polypyridine type complexes remain a 

subject of interest despite decades of extensive study.24, 25 Of these complexes, the [Ru(bpy)3]2+ 

and [Ru(phen)3]2+ type motif is most commonly encountered. These types of systems strongly 

absorb in the visible region (~450 nm) due to the metal-to-ligand charge transfer (MLCT), 

which is generated by photoexcitation of one electron from a metal-centred t2g orbital to a 

ligand-centred π* orbital.  
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Table 5.5: Summary of the absorption and emission maxima of 5.8 – 5.10, 5.16 and 5.17. 

 
Absorption Emission 

λmax / nm ε / M–1cm–1 λmax / nm 

5.8 203, 242, 275, 370, 389 14365, 13959, 12026, 2470, 2256 – 

5.9 232, 278, 311, 404 9811, 14650, 10721, 1339 – 

5.10 237, 309 25092, 10782 – 

5.16 223, 264, 419, 449 54658, 64791, 10950, 10907 582 

5.17 222, 263, 292, 418, 449 66924, 71232, 38393, 16250, 15477 599 

 

Non-innocence, which occurs when metal-based and ligand-based redox potentials are 

similar in energy, has been known since the dithiolene complexes of the Ni triad were studied.1, 

26 The optical properties of numerous polynuclear complexes of ruthenium(II) with the redox 

active 1,2-dioxolene ligands have been extensively studied for their 

catecholate/semiquinone/quinone series. Complexes of this type, containing aromatic 

heterocyclic nitrogen-donor chelating ligands, have been applied to the study of photoinduced 

energy and electron transfer processes occurring in donor-acceptor systems that mimic 

structures involved in natural photosynthesis, high affinity for DNA, inhibiting gene expression 

and chemosensors.6, 7, 27-31 

 

UV-Visible and fluorescence spectra were measured for complexes 5.16 and 5.17 and 

are shown in Figure 5.30. The UV region is dominated by ligand-centred (LC) transitions at 

~232 nm, ~264 nm and ~292 nm, with the characteristic visible MLCT absorption occurring at 

~418 nm and 449 nm. Excitation at 449 nm results in fairly broad emission curves at maxima 

of 582 nm and 599 nm for complexes 5.16 and 5.17, respectively. These features are analogous 

to those reported for [Ru(phen)3]2+.32 
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Figure 5.30: (a) UV-Visible and photoluminescence spectra of 5.16 and 5.17, measured in 
acetonitrile solutions at room temperature and concentration ~10–5 molL–1.  
 

 

5.4 Electrochemistry  

  

The electrochemical properties of 5.9, 5.16 and 5.17 were examined by cyclic 

voltammetry to allow investigation of the electrochemical behaviour of the ligand. The 

electrode potentials and the localisation of the reduction processes are given in Sections 5.4.1 

and 5.4.2 below. Due to the low solubility of the ligand, electrochemistry of 5.9 and 5.16 was 

carried out in degassed dichloromethane solution containing 0.1 M Bu4NBF4, in order to 

compare the spectra. Electrochemical behaviour was examined for complexes 5.16 and 5.17 in 

degassed acetonitrile with 0.1 M Bu4NBF4.  

 

The quinone functionality is a well-known redox system that can exist in a variety of 

forms, some of which are shown in Figure 5.32.  

 

 
Figure 5.32: The quinone redox series (a) quinone, (b) semiquinone (c) hydroquinone  

 

The cyclic voltammogram of anthraquinone in acetonitrile shows fully reversible 

reduction to the corresponding semiquinone radical anion at E1/2 = –1.36 V vs Fc/Fc+. The 
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second cathodic step at E1/2 = –2.02 V, producing the dianion, is electrochemically 

quasireversible.  

 

 

5.4.1 Cyclic voltammetry of 5.9 and 5.16 in dichloromethane 

 

The redox behaviour of 5.9, as shown in Figure 5.33, is very close to that of 

anthraquinone and 5.4. The electrode potentials of the two cathodic steps are localised on the 

p-quinone moiety and are less negative than the anthraquinone compound and in the range of 

5.4. An additional reduction peak that is not reversible (in DCM) is observed at –1.27 V. This 

has not yet been assigned and more analysis of this process is required. The phenanthroline 

moiety was not observed in the available negative potential window of the dichloromethane 

solution.  

 

  
Figure 5.33: Cyclic voltammogram of (a) 5.9 and (b) 5.16. Recorded in degassed DCM at 298 
K reference to ferrocene/ferrocenium couple. Conditions: Pt working electrode, silver wire, 
platinum mesh, n = 100 m V s–1.  
 

The cyclic voltammogram of complex 5.16 in dichloromethane shows three reversible 

reductions at –1.24, –1.62 and –1.77 V vs Fc/Fc+ (Figure 5.33). The first reduction is very broad 

and can be assigned to one electron reduction, localised on the quinone site, of the ligand. This 

value is less negative than that of the ligand (–1.41 V) and can be explained by stabilisation of 

the fused quinone π-system through the chelating 1,10-phenathroline core. It is difficult to 

determine whether the second reduction is localised on the 1,10-phenanthroline ancillary 

ligands or the anthrasemiquinone site. A more detailed analysis in degassed acetonitrile is 

shown below. The very broad oxidation of the Ru(II) centre indicates that this process is not 

well defined in dichloromethane. Nevertheless, comparison of 5.9 to the corresponding 

(a)       (b) 
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complex 5.16 shows less negative values once the molecule is complexed to the Ru(II) metal, 

as well as clearly defined ancillary ligand reduction. The electrode potential are summarised in 

Table 5.6.  

 

Table 5.6: Electrochemical data for 5.9 and 5.16 in degassed dichloromethane containing 0.1 
M Bu4NBF. The potentials are reported references to Fc/Fc+. (aMeCN bDCM) 

 E1/2 red Eox Ered 
9,10-Anthraquinonea –1.36, –2.02 - - 

5.4a –1.31, –1.88 - - 

5.2b 
- 

–1.41 
–1.70 

- 
–1.45 
–1.76 

–1.27 
–1.45 
–1.76 

5.8b 
–1.24 
–1.62 
–1.77 

–1.21 
–1.57 
–1.70 

–1.27 
–1.66 
–1.84 

 

 

5.4.1 Cyclic voltammetry of 5.16 and 5.17 in acetonitrile  

 

Cyclic voltammograms of 5.16 and 5.17 were obtained in acetonitrile and the results 

are summarised in Table 5.7 and displayed in Figure 5.34. The platinum working electrode was 

affected by the adsorption of complexes to the electrode surface and broadening of the peaks 

overall. Therefore, a glassy carbon electrode was used as the working electrode for these 

complexes. Assignment of the redox active centres has been facilitated by comparisons with 

literature electrochemical data for elected Ru(II) complexes closely related to complex 5.16.8  

 

The cyclic voltammogram of both complexes show a one-electron oxidation of the 

Ru(II) centre at E1/2 = 0.89 V vs Fc/Fc+, which is consistent with the reference complex, 

[Ru(bpy)25.4]2+. The first cathode wave of complex 5.16 is at –0.04 V vs Fc/Fc+, which is 

reversible as seen in Figure 5.34ab. The reduction peak at –1.21 V is assigned to be one of the 

reduction peaks for the anthraquinone functionality in the ligand, with a ‘pre-peak’ observed 

before –1.74 V, which may be due to the overlap of the second reduction of the quinone and 

reduction of the ancillary phen ligand. The fourth and fifth negative peaks at E1/2 = –1.96 V and 

–2.26 V, involve the second phen ligand and the phenanthroline core of 5.8, respectively. The 

latter redox centre lies at a more negative potential than the initial reductions of the ancillary 
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ligands, due to the preceding two-electron reduction of the fused quinone moiety to this 

phenanthroline centre.  

 

Table 5.7: Electrochemical data for 5.16 and 5.17 in degassed acetonitrile containing 0.1 M 

Bu4NBF. The potentials are reported references to Fc/Fc+. (aMeCN bDCM) GC electrode.  

 E1/2 Oxi Eox Ered E1/2 red Eox Ered 

5.8 

- 
+0.89 

0.47 
0.92 

- 
0.86 

–1.04 
–1.21 
–1.74 
–1.96 
–2.26 

–1.07 
–1.23 
–1.82 
–2.00 
–2.30 

–1.00 
–1.19 
–1.66 
–1.91 
–2.21 

5.9 

- 
+0.89 

0.51 
0.91 

- 
0.86 

–0.70 
–1.19 

- 
–1.69 

- 
- 

-2.40 

–0.74 
–1.22 

- 
–1.75 

- 
–2.21 
–2.36 

–0.67 
–1.16 
–1.38 
–1.62 
–1.87 

- 
–2.44 

 

 

 

 

* 
(a) 
 

(b)             (c) 
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Figure 5.34: Cyclic voltammogram of 5.16, recorded in degassed MeCN at 298 K, 1 mM, 0.1 

M TBABF4 solution. The asterisk denotes the reference to ferrocene/ferrocenium couple. 

Conditions: Glassy carbon working electrode, silver wire, platinum mesh, n = 100 m V s–1.  

 

Complex 5.17 shows seven reduction peaks, some of which are irreversible (Figure 

5.35). The overall assignment of the peaks is very similar to 5.8. The first reduction is observed 

at E1/2 = –0.70 V vs. Fc/Fc+, followed by the anthraquinone reductions at –1.19 V and –1.69 V, 

and the phenanthroline core on molecule 5.8, with an E1/2 = –2.40 V. There are peaks at minima 

–1.38 V and –1.87 V and at maxima –1.75 V and –2.21 V which do not show reversibility. The 

overall cyclic voltammetry is broad, which could be caused by an overlap of the reduction 

peaks. Electrochemical analysis in different solvents, e.g. THF and DMF, may aid in the 

resolution of these reduction peaks, however due to time constraints these were not attempted.  

 

 
Figure 5.35: Cyclic voltammogram of 5.17 recorded in degassed MeCN at 298 K, 1mM, 0.1 M 
TBABF4 solution. The asterisk denotes the reference to ferrocene/ferrocenium couple. 
Conditions: Glassy carbon working electrode, silver wire, platinum mesh, n = 100 m V s–1.  
 

 

5.5 Conclusion  

* 

+ 
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5.5.1 Summarising remarks  

 

The synthesis and characterisation of three novel compounds, the acenaphthoquinone 

bridged and bidentate compounds (5.8 and 5.9) and the precursor to these molecules, the 1,10-

phenantholine hydroxy-ketone (5.10) have been investigated successfully. Although the 

quinone derivatives have low solubility, the isolation of these compounds has been developed 

to obtain pure materials. Related compounds that have been previously reported have been 

synthesised and complexed without purification of the quinone ligands.  

 

The hydroxyketone 5.10 is a useful precursor that, upon loss of water to form the diene, 

can be utilised in a range of different Diels-Alder cycloadditions. Compound 5.8 and 5.9 were 

examined in both the solution and solid-state which show, from the single crystal X-ray 

diffraction analysis, interesting twisting throughout the molecules. The corresponding 

ruthenium(II) complexes of 5.8 and 5.9 show interesting physical and chemical properties. 

Interestingly, the 1H-NMR analysis of both complexes shows additional peaks associated with 

the loss of rotation of the phenyl rings compared to the free ligand. In the binuclear 

ruthenium(II) complex, 5.17 the two different ring systems were determined through TOSCY 

experiments, due to the overlapping of these signals. The structure obtained from single crystal 

X-ray diffraction was utilised in assigning these protons. The absorption and emission spectra 

of the two ruthenium complexes show similarities to previously reported homoleptic [Ru(phen-

R)3]2+ derivatives, as well as being similar to the reported [Ru(bpy)25.4]2+ complex. It is 

important to note that these complexes have by no means been studied to their full potential 

and studies of these complexes is ongoing.  

 

 

5.5.2 Scope and future work  

 

 It has been demonstrated that the novel compound 5.10 is an effective precursor for the 

formation of larger compounds with a chelating unit. Exploring this precursor in a range of 

other Diels-Alder cycloadditions would allow the formation of other quinone species and other 

substituted precursors, some of which are displayed in Figure 5.36. The addition of solubilising 

groups (e.g. tert-butyl groups) could be included on the phenyl rings to increase solubility. The 

quinones could subsequently be reduced to form the acene core or undergo a nucleophilic 

substitution to the carbonyl groups followed by reductive aromatisation (as explored in Chapter 
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Four) forming a range of precursors for singlet fission. The photochemical cyclisation and/or 

chemical cyclisation could be investigated for 5.18 and 5.21 forming examples of nitrogen-

containing PAHs, with subsequently investigation of their coordination chemistry.  

 

 
Figure 5.36: Target molecules for future work.  

 

 Nonetheless, as previously mentioned, the complexes have many other interesting 

properties to be investigated. Raman spectroscopy and transient adsorption and emission 

studies will be carried out on these complexes. The electrochemistry is complicated and further 

investigation is required to fully understand the process. Different solvents may need to be 

explored. It would also be valuable to investigate mixed metal complexes with the bridged 

compounds with ruthenium(II), palladium(II) and platinum(II).  
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6.1 Present Study  

 

Presented in this thesis is the synthesis and characterisation of a series of heterocyclic 

compounds and the subsequent investigation of the metallosupramolecular architectures 

formed from their reactants with a range of metal salts. The approach to form these architectures 

utilises the metal-to-ligand coordination bond between the nitrogen-donor atoms on the ligands 

and the selected metal atoms.  

 

The ligands synthesised involved a variety of conditions investigated to form nitrogen-

containing polycyclic aromatic hydrocarbons (PAHs) utilising palladium-cross coupling 

reactions and Diels-Alder cycloadditions, followed by photochemical cyclisation.  

 

5,6-Disubstituted-1,10-phenanthroline compounds were explored in Chapter Two. The 

successfully synthesised precursors were unable to be photochemically cyclised to form the 

desired nitrogen-containing PAHs. Subsequent computational studies revealed information 

about whether or not the 6π-electrocyclisation step would proceed by examining the induced 

aromatic forces generated in the excited state of the molecules examined. This geometric 

reactivity predictor technique provided a greater understanding of the candidates that 

potentially can photocyclise. The experimental work carried out on the precursors was 

consistent with the computational findings. Nevertheless, the structure and properties of the 

uncyclised precursor compounds were explored with ruthenium(II), copper(I) and silver(I).  

 

Developing larger planar aromatic structures incorporating a pyridyl moiety was one of 

the objectives of this work. A series of pyridyl-pentaphenyl benzene precursors for the synthesis 

of nitrogen-containing HBC derivatives were synthesised in the work described in Chapter 

Three. The photochemical cyclisation step to form the desired planar product did not proceed 

as desired. Computational studies indicated the lack of induced aromatic forces around the 

neighbouring rings to the pyridine ring therefore predicting that photochemical cyclisation will 

not proceed between these rings. Consistent results were found between the experimental and 

computation work indicating that photocyclisation does proceed on the opposite side of the 

substituted pyridyl ring.  

 

Chapter Four outlined the synthesis of pyridylacetylene substituted acenes through 

nucleophilic addition to quinones, followed by reductive aromatisation. A variety of side 

products formed when using hydrochloric acid in the latter step, leading to the formation of 
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vinyldichloro functionality. In all reactions the monoaddition product was isolated in higher 

yield than the desired acene product. ESI-MS revealed that the larger acenes, tetracene and 

pentacene, the formation of dimerised species, predicted to be the dimerization of the mono-

addition product. The supramolecular chemistry of the pyridylacetylene-substituted derivatives 

was investigated with a variety of different metal atoms and counter ions. The twists of the 

pyridyl rings and the π-π stacking ability between the aromatic components, anthracene cores 

and pyridyl rings played a significant role in controlling the coordination modes of the metal 

atoms.  

 

Complexes employing the bis-2-pyridylethynylanthracene as the ligand with silver(I) 

tetrafluoroborate and triflate as counter ions formed a polymeric topology, 4.28, 4.29 and a 

M2L3 discrete structure 4.40. These complexes show that not all the nitrogen-donor atoms are 

utilised in coordination bonds to the metal centre, either as a weak interaction or alternatively 

as a longer bond through nitrogen pyramidalization to the metal centre. Which is induced by 

the π-π interactions, however, the packing of the structures shows similar topologies. In 

contrast, cadmium(II) and zinc(II) nitrate complexes showed the formation of a polymer and 

metallomacrocycle with the ligands bridging two metal nitrates. The structures show 

similarities in the π-π stacking ability within and between the structures.  

 

Another series of pyridyl acene derivatives were also explored, with direct attachment 

of the heterocyclic rings to the acene component decreasing the space between the nitrogen 

donor atoms and subsequent investigation of the metallosupramolecular architectures with a 

range of metal salts. The topologies formed range from discrete structures to one-dimensional 

and two-dimensional polymers. The counter ions utilised showed similarities in the topologies 

formed and in the coordination of the metal atom. The silver(I) and copper(I) tetrafluoroborate 

complexes form two-dimensional polymers with each metal bound to three independent ligands 

and coordinated acetonitrile solvates, which are the first examples of this coordination mode 

without using a directing component for the coordination of the nitrogen donor atoms. All 

complexes with nitrate counter ions form one-dimensional polymeric topologies with 

M(4.46)2(NO3)2 coordination around the metal with π-π interactions observed between the 

ligands.  

 

Acenaphthoquinone bridged and bidentate compounds were successfully prepared and 

their mononuclear and binuclear metallo-complexes formed with ruthenium(II) and 

palladium(II) investigated in work reported in Chapter Five. The ligand syntheses required 
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development due to the side products produced. This was achieved through ‘freeze-pump thaw’ 

type methods. The quinone ligands are fairly insoluble which results in difficulties in 

purification methods. Nevertheless, the novel compounds and subsequent coordination 

complexes were obtained and characterised but have by no means been studied to their full 

potential due to time constraints.  

 

 

6.2 Future Work 

 

 Possibilities for further investigation are outlined at the conclusion of each Chapter.  

 

 In general, further work towards investigating the photochemical cyclisation of 5,6-

disubstituted-1,10-phenanthroline compounds and pyridyl fused PAHs would be beneficially 

determined through computational means in advance to predict the ability of the compounds to 

proceed through the 6π electrocyclisation step. Additional calculations have already been 

carried out and indicated that 2-thienyl, 3-thienyl, 3-pyrrole and 3-furan as potential candidates 

for photochemical cyclisation. It is also proposed that the addition of chloride atoms in the ortho 

positions of the 2-pyridyl-pentaphenylbenzene derivatives and cyclisation through 

dehydrohalogenation may procced. 

 

 The variability of the derivatives of polyacenes were limited to 2-pyridyl and 3-pyridyl 

derivatives. Further work towards investigating the reaction conditions to obtain the desired 

acetylene substituted acenes in high yields using Sonogashira cross-coupling reactions and 

bromo-pyridine derivatives have been proposed and preliminary results show promise. 

Exploring the metallosupramolecular derivatives with chelating sites of 2,2’-bipyridine and 

1,10-phenanthroline, as well as the 3-pyridyl and 2-pyrazine derivatives, could lead to the 

formation of new and intriguing architectures for controlling the distances between the 

chromophores and thus the ability to measure their singlet fission ability.  
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7.1 General Experimental  

 

All reagents and starting materials were reagent grade, obtained from commercial sources and 

used as received, unless otherwise stated. Anhydrous solvents were either obtained from a 

commercial source or, HPLC grade solvent was dried via the in-house solvent system by 

passing over a sealed column of activated alumina. All air and water sensitive reactions, unless 

otherwise stated were performed in oven dried glassware, carried out under argon or nitrogen 

atmosphere using standard Schlenk techniques. Where required, needles and other glassware 

were dried in an oven (110°C) and cooled under vacuum and purged with an inert atmosphere 

of nitrogen or argon prior to use. The removal of solvents in vacuo was achieved using a rotary 

evaporator with a water bath (temperature range of 25 – 50°C), or at 0.5 torr on a high vacuum 

line at 25°C.  

 

Elemental analysis was carried out by the Campbell Microanalytical Laboratory, located at The 

University of Otago. Melting points were obtained on an Electrothermal melting point 

apparatus and are uncorrected. 

 

The following compounds were synthesised by literature procedures: 4-tert-butylphenylboronic 

acid1, 2, (4-methoxyphenyl)boronic acid1, 2-naphthylboronic acid3, 1-naphthylboronic acid4, 2-

thienylboronic acid5, 6, 3-thienylboronic acid7, 5,6-dibromo-1,10-phenanthroline8 (2.28), cis-

[RuCl2(phen)2],9 cis-[RuCl2(bpy)2],9 3-(2-phenylethynyl)-pyridine10 (3.17), tetraphenyl 

cyclopentadienone11 (3.19), 2,3,4,5-tetrakis(4-tert-butylphenyl)cyclopenta-2,4-diene-1-one12 

(3.20), 2,2´-bipyridine dihydrobromide,13 5-bromo-2,2´-bipyridine13, 14 (3.27), 5,5´-dibromo- 

2,2’-bipyridine13, 14 (3.28), 5-(phenylethynylene)-2,2´-bipyridine15 (3.25), 5,5´-

bis(phenylethynylene)-2,2´-bipyridine16 (3.26), tetracene-5,12-dione17 (4.28), pentacene-6,13-

dione17 (4.33), 1,10-phenanthroline dihydrobromide13, 3-bromo-1,10-phenanthroline13, 18 

(4.69), 1,10-phenanthroline-5,6-dione19 20 (5.11).  

 

The 1H-NMR spectra and ESI-MS analysis of all literature syntheses were consistent with the 

reported values.  
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7.1.1 Nuclear Magnetic Resonance 

NMR spectra were recorded at 23°C on Varian INOVA 400 or at 25°C on Jeol 

ECZ400S or ECZ600R spectrometers, operating for 1H, at 400 MHz and 600 MHz, respectively 

and for 13C, at 100 MHz and 150 MHz, respectively. Commercially available deuterated 

solvents (CDCl3, CD3CN and DMSO-d6) were used to dissolve all samples for analysis. 

Chemical shifts in this thesis are described in parts per million (ppm) and were referenced to 

the appropriate residual solvent peaks. When required, COSY, 1-D TOCSY, HSQC and HMBC 

experiments were performed using standard Varian and Agilent or Jeol pulse sequences.  

 

7.1.2 Mass Spectrometry 

Electrospray ionisation mass spectra (ESI MS) were recorded by Dr. Marie Squire or 

Dr. Amanda Inglis on a Bruker MaXis 4G spectrometer, which operated in high resolution 

positive ion electrospray mode using a Thermo Dionex Ultimate 3000 HPLC delivery system. 

The samples were dissolved in HPLC grade acetonitrile or methanol and were submitted with 

the required concentrations.  

 

7.1.3 Infrared Spectroscopy 

All infrared spectroscopy were recorded using a Bruker ALPHA FT-IR spectrometer 

with diamond ATR configuration, in the range of 4000 – 450 cm-1 The samples collected 8 – 

24 scans at 4 cm-1 resolution. Where necessary the products were made into powders for the 

IR collection. Abbreviations used to describe the signal intensity are as follows; strong (s), 

medium (m), weak (w) and broad (br).  

 

7.1.4 UV/Visible Spectroscopy 

UV/Visible spectra were recorded on a Varian CARY 100 Bio UV/Visible 

spectrophotometer in the range 200 - 800 nm using either HPLC grade acetonitrile or 

dichloromethane. The samples were measured at room temperature in quartz cuvettes with a 

path length of 1 cm. 

 

7.1.5 Fluorometry  

Emission spectra were recorded on a Horiba Fluorolog-3 spectrometer over 300 – 800 

nm range using HPLC grade acetonitrile or dichloromethane solutions. The samples were 

measured at room temperature in quartz cuvettes of path length 1 cm.  
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7.1.6 Electrochemistry   

Electrochemical measurements were performed using an Eco-Chemie Autolab PGSTA 

T302. Measurements were recorded in acetonitrile or dichloromethane with 0.1 M TBAPF6 or 

TBABF4 as the supporting electrolyte. The working electrode was platinum (Pt) or glassy 

carbon (C), the auxiliary electrode was also platinum and Ag/AgCl was used as the wire 

reference electrode. The working electrode was polished using a microcloth and 1 μm alumina 

powder slurry, then sonicated in water and washed thoroughly with water and dried in 60°C 

oven and was cleaned between scans. Ferrocene was added as an internal standard on 

completion of each experiment and samples were referenced to it. Cyclic voltammetry was 

performed with a sweep rate of 100 mVs—1. All experiments were measured in HPLC grade 

solvents and were sparged with nitrogen at room temperature before making up the solutions 

and before the data was collected.  

 

7.1.7 X-Ray Crystallography 

Refinement data is presented in Appendix One. X-ray crystallographic data collection 

and refinement was carried out on an Oxford-Agilent SuperNova instrument with focused 

microsource Cu Kα (λ = 1.51418 Å) radiation or Mo Kα (λ = 0.71073 Å) and ATLAS CCD 

area detector. All structures were solved using direct methods with SHELXS21 and refined on 

F2 using all data by full matrix least squares procedures with SHELXL22 within Olex2.23 Non-

hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were 

placed in calculated positions or manually assigned from residual electron density where 

appropriate unless otherwise stated. The functions minimised were Σw(F2o-F2c), with  

w = [σ2(F2o)+aP2+bP]-1, where P = [max(Fo)2+2F2c]/3. Graphical representations of 

crystallographic data were prepared using Olex2. The isotropic displacement parameters are 

1.2 times the isotropic equivalent of their carrier atoms. The reported refinement values may 

change upon publication. Selected bond lengths and angles are listed in the discussion of the 

structures. Graphical representations of crystallographic data were prepared using 

CrystalMaker. The remaining measurements for distances and angles, as well as other 

information such as atom coordinates, anisotropic displacement parameters and hydrogen atom 

coordinates are available from the School of Physical and Chemical Sciences, University of 

Canterbury on request.  



 324 

7.2 Chapter 2  

 

5,6-Diphenyl-1,10-phenanthroline, 2.21 

2.28 (0.255 g, 0.753 mmol), phenylboronic acid (0.184 g, 1.14 mmol) and 

Pd(PPh3)4 (0.034 g, 0.0260 mmol, 1.5 mol-%) were added to a Schlenk 

flask. Dry toluene (60 mL) and an oxygen-free solution of 2 M aqueous 

sodium carbonate (20 mL) were added via a syringe. The biphasic reaction 

mixture was heated to reflux for 24 hours. The reaction mixture was cooled 

to room temperature and taken up into water (100 mL). The organic layer was separated, and 

the aqueous layer washed with chloroform (3 x 100 mL). The organic layers were combined 

and dried (MgSO4) and the solvent removed under reduced pressure yielding a pale-yellow 

product. The solid was purified by column chromatography using silica gel and eluting with a 

methanol and dichloromethane mixture (9:1) giving the desired product as an off white solid. 

Yield: 0.137 g (55%) Mp: 315°C. 1H NMR (600 MHz, CDCl3): d 9.20 (2H, d, J = 4.1 Hz, H2), 

7.96 (2H, d, J = 8.5 Hz, H4), 7.55 (2H, dd, J = 8.2 Hz, 4.1 Hz, H3), 7.28-7.24 (6H, m, H6, H7, 

H8), 7.17-7.15 (2H, m, H5, H9). 13C NMR (150 MHz, CDCl3): d 149.9 (C2), 145.7 (C13), 

137.7 (C11/C10), 137.0 (C10/C11), 135.3 (C4), 130.9 (C5, C9), 128.7 (C12), 127.9 (C6, C8), 

127.1 (C7), 123.0 (C3). IR v/cm–1: 3050br/w, 1505w, 1422w, 1071w, 805, 742s, 699s, 614m, 

539m. UV-Vis λmax (ε): 232 nm (20322), 283 nm (15716). ESI-MS: Found [M + H]+ 333.1384, 

[C24H16N2 + H]+ requires 333.1386. Analysis: Calc for C24H16N2.H2O.½CH2Cl2.½MeOH: C 

73.43; H 5.18; N 6.85. Found: C 73.41; H 5.06; N 6.49.  

Crystals were obtained, suitable for single crystal X-ray diffraction, by dissolving the molecule 

in dichloromethane with slow diffusion of diisopropyl ether. 

 

5,6-Bis[4-tert-butylphenyl]-1,10-phenanthroline hydrochloride, 2.22H+ 

2.28 (0.250 g, 0.740 mmol), 4-tert-butylphenylboronic acid (0.263 

g, 1.48 mmol) and Pd(PPh3)4 (0.030 g, 0.0260 mmol, 1.5 mol-%) 

were added to a Schlenk flask. Dry toluene (60 mL) and oxygen-

free solution of 2 M aqueous sodium carbonate (20 mL) were added. 

The biphasic reaction mixture was heated to reflux for three days. 

The reaction mixture was cooled to room temperature and taken up 

into water (100 mL). The organic layer was separated, and the aqueous layer washed with 

chloroform (3 x 100 mL). The organic layers were combined and dried (MgSO4) and the solvent 

removed under reduced pressure yielding a yellow crude material. The crude product was added 

to 1 M hydrochloric acid solution (100 mL) and stirred for 15 mins. The aqueous phase was 

N

N

2
3

4 5
6

7

8

9

10

11

12

13

N

HN

2
3

4 5
6

7
8

9

10
11

12

13

17
16

15

14



 325 

washed with ethyl acetate (100 mL) and the layers separated. The aqueous layer was neutralised 

with ammonia solution, to the desired pH, an off-white precipitate formed which was taken up 

in dichloromethane, the organic layer separated, then the solvent removed under reduced 

pressure forming a white solid. Yield: 0.068 g (21%) Mp: 296°C. 1H NMR (600 MHz, CDCl3): 

d 9.63 (2H, d, J = 4.1 Hz, H2), 8.47 (2H, d, J = 8.2 Hz, H4), 7.89 (2H, dd, J = 8.2 Hz, 4.4 Hz, 

H3), 7.31-7.30 (4H, m, H6, H10), 7.05-7.03 (4H, m, H5, H11) 1.33-1.24 (18H, m, H7, H8, H9. 
13C NMR (150 MHz, CDCl3): d 173.2 (C15), 151.1 (C16), 147.9 (C2), 134.0 (C4), 138.5 (C13), 

132.4 (C12), 130.4 (C6, C10), 129.9 (C14), 125.1 (C5, C11), 124.6 (C3), 34.6 (C17), 31.2 (C7, 

C8, C9). IR v/cm–1:  2959m, 2901w, 2866w, 1699w, 1515w, 1427w, 1393w, 1360w, 1222w, 

1109w, 1022w, 964m, 802s, 737s, 616s, 546m. ESI-MS: Found [M + H]+ 445.2647, [C32H32N2 

+ H]+ requires 445.2638. 

Crystals suitable for single crystal X-ray crystallography were obtained after slow diffusion of 

diisopropyl ether into a solution of the compound dissolved in dichloromethane. 

 

5,6-Bis[4-tert-butylphenyl]-1,10-phenanthroline, 2.22 

2.28 (1.138 g, 3.367 mmol), 4-tert-butylphenylboronic acid (2.288 g, 

12.85 mmol) and Pd(PPh3)4 (0.269 g, 0.231 mmol, 5 mol-%) were 

added to a Schlenk flask. Dry toluene (60 mL) and oxygen-free 

solution of 2 M aqueous sodium carbonate (20 mL) were added. The 

biphasic reaction mixture was heated to reflux for 48 hours. The 

reaction mixture was cooled to room temperature and taken up into 

water (100 mL). The organic layer was separated, and the aqueous layer washed with 

chloroform (3 x 100 mL). The organic layers were combined and dried (MgSO4) and the solvent 

removed under reduced pressure. The crude product was recrystallized from acetone, forming 

off white crystalline material. Yield: 0.5541 g (37%) Mp: 293°C. 1H NMR (400 MHz, CDCl3): 

d 9.37 (2H, d, J = 3.1 Hz, H2), 8.24 (2H, d, J = 8.2 Hz, H4), 7.68 (2H, dd, J = 8.2 Hz, 4.30 Hz, 

H3), 7.26 (4H, d, J = 8.6 Hz, H5, H11), 7.03 (4H, d, J = 8.2 Hz, H6, H10), 1.28 (18H, s, H7, 

H8, H9). 13C NMR (100 MHz, CDCl3): d  167.7 (C15), 149.9 (C13), 149.5 (C2), 137.4 (C16), 

135.9 (C4), 134.4 (C12), 130.6 (C5, C11), 128.9 (C14), 124.5 (C6, C10), 123.1 (C3), 34.5 

(C17), 31.2 (C7, C8, C9). IR v/cm–1:  2960m, 2865w, 1515w, 1426w, 1264w, 1093br/w, 

1019w, 864w, 799m, 736s, 615m. UV-Vis λmax (ε): 234 nm (23782), 283 nm (18236). ESI-

MS: Found [M + H]+ 445.2655, [C32H32N2 + H]+ requires 445.2638. Analysis: Calc for 

C32H32N2.½H2O.½CH2Cl2: C 77.28; H 6.98; N 5.55. Found: C 77.28; H 7.22; N 5.35. 
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5,6-BIs[p-methoxyphenyl]-1,10-phenanthroline, 2.23 

2.28 (1.145 g, 3.287 mmol), 4-methoxyphenylboronic acid (1.866 g, 

12.28 mmol) and Pd(PPh3)4 (0.304 g, 0.2631 mmol, 5 mol-%) were 

added to a Schlenk flask. Dry toluene (60 mL) and oxygen-free 

solution of 10 M aqueous potassium hydroxide (20 mL) were added. 

The biphasic reaction mixture was heated to reflux for five days. The 

reaction mixture was cooled to room temperature and taken up into water (100 mL). The 

organic layer was separated, and the aqueous layer washed with chloroform (3 x 100 mL). The 

organic layers were combined and dried (MgSO4) and the solvent removed under reduced 

pressure. The crude product was purified by trituration from acetone. Yield: 0.997g (75%) Mp: 

284-295°C. 1H NMR (400 MHz, CDCl3): d 9.49 (2H, d, J = 4.7 Hz, H2), 8.27 (2H, d, J = 7.8 

Hz, H4), 7.81 (2H, dd, J = 7.8 Hz, 4.7 Hz, H3), 7.06 (4H, d, J = 8.6 Hz, H6, H9), 6.86 (4H, d, 

J = 8.6 Hz, H5, H10), 3.82 (6H, s, H7). 13C NMR (100 MHz, CDCl3): d 159.1 (C8), 148.1 (C2), 

139.2 (C4), 137.9 (C12), 131.8 (C5, C10), 130.1 (C13), 128.0 (C11), 124.6 (C3), 113.9 (C6, 

C9), 55.3 (C7). IR v/cm–1: 3062br/w, 2930w, 2832w, 1611w, 1543w, 1511w, 1483w, 1461w, 

1418w, 1289w, 1240m, 1146s, 1029s, 856m, 808m, 726m. UV-Vis λmax (ε): 232 nm (9305), 

256 nm (8539). ESI-MS: Found [M + H]+ 393.1615. [C26H20N2O2 + H]+ requires 393.1598.  

Crystals suitable for single crystal X-ray crystallography were obtained after slow diffusion of 

diethyl ether into the molecule dissolved in dichloromethane. 

 

5-6-Di-2-naphthalenyl-1,10-phenanthroline, 2.24 

2.28 (1.000 g, 2.959 mmol), 2-naphthylboronic acid (2.000 g, 11.83 

mmol) and Pd(PPh3)4 (0.027 g, 0.024 mmol, 5 mol-%) were added 

to a Schlenk flask. Dry toluene (60 mL) and an oxygen-free solution 

of 2 M aqueous sodium carbonate (20 mL) were added via a syringe. 

The biphasic reaction mixture was heated to reflux for 96 hours. The 

reaction mixture was cooled to room temperature and taken up into water (100 mL). The 

organic layer was separated, and the aqueous layer washed with chloroform (3 x 100 mL). The 

organic layers were combined and dried (MgSO4) and the solvent removed under reduced 

pressure. After purification by column chromatography (silica gel, tetrahydrofuran: petroleum 

ether, 1:1), an off white coloured product was obtained. Yield: 0.051 g (62%) Mp: 346-348°C. 
1H NMR (400 MHz, CDCl3): d 9.06 (2H, dd, J = 4.3 Hz, 1.2 Hz, H2), 7.74 (2H, dd, J = 8.4 Hz, 

1.2 Hz, H4), 7.47 – 7.56 (8H, m, H5, H13, H11, H9), 7.31 – 7.34 (4H, m, H6, H3), 7.16 – 7.24 

(4H, m, H8, H10). 13C NMR (100 MHz, CDCl3): d 149.7, 144.5, 137.2, 136.0, 134.8, 132.8, 

132.7, 132.2, 130.1, 129.8, 129.0, 128.6, 128.4, 127.9, 127.7, 127.6, 126.3, 126.2, 123.3.IR 
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v/cm–1: 3011w, 1559w, 1503w, 1422w, 817m, 736s, 476s. UV-Vis λmax (ε): 232 nm (50285), 

277 nm (29379). ESI-MS: Found [M + H]+ 433.1710. [C32H20N2 + H]+ requires 433.1699. 

Analysis: Calc for C32H20N2.½H2O.3CH2Cl2: C 60.37; H 3.91; N 4.02. Found: C 60.31; H 3.56; 

N 4.29. 

 

[Ru(1,10-phenanthroline)2(5,6-diphenyl-1,10-phenanthroline)](PF6)2, 2.31 

[Ru(2,2´-(1,10-phenathroline)2Cl2] (32.6 mg, 

0.061 mmol), 2.21 (20.5 mg, 0.062 mmol) and 

ethylene-glycol (5 mL) were combined and 

placed in a microwave (300 W), with a 

condenser fitted. The reaction was heated in 

two minute bursts and the complex formation 

and ligand consumption was monitored by 

TLC with DMF:H2O:NH4Cl (1 M) solution 

(4:1:1) on silica. After seven two-minute bursts the reaction was complete. Water (20 mL) was 

added to the solution, filtered through celite and washed through with additional water (10 mL). 

The dark red/orange filtrate was stirred while KPF6 (aq) was added dropwise with the formation 

of a fine red/orange precipitate. The suspension was stirred for 30 minutes. The solid was loaded 

onto the top of celite then washed through with acetonitrile. The solvent was evaporated under 

reduced pressure resulting in the desired product. Yield: 32 mg (48%) Mp: >350°C. 1H NMR 

(600 MHz, CD3CN): d 8.66 (2H, d, J = 8.2 Hz, H4’), 8.62 (2H, d, J = 8.2 Hz, H7’), 2.28 (4H, 

s, H5’, H6’), 8.16 (2H, d, J = 5.3 Hz, H2’),   8.07-8.05 (4H, m, H9’, H2), 8.02 (2H, d, J = 8.5, 

H4), 7.73 (2H, dd, J = 7.9 Hz, 5.3 Hz, H3’), 7.65 (2H, dd, J = 8.2 Hz, 5.6 Hz, H8’), 7.52 (2H, 

dd, J = 7.9 Hz, 5.9 Hz, H3), 7.42-7.32 (8H, m, H6, H8, H7, H9), 7.26-7.24 (2H, m, H5). 13C 

NMR (150 MHz, CDCl3): d 153.0 (C2'), 152.9 (C9'), 152.5 (C2), 148.0 (C11'), 147.9 (C14'), 

147.6 (C13), 138.7 (C11), 136.9 (C4'), 136.8 (C7'), 136.1 (C10), 135.7 (C4), 131.2 (C12), 131.0 

(C12', C13'), 130.7 (C5), 130.7 (C9), 128.2 (C6/C8), 128.2 (C8/C6), 128.1 (C5'), 128.0 (C6'), 

127.9 (C7), 125.9 (C3'),125.9 (C8'), 125.8 (C3). IR v/cm–1:  2959m, 2901w, 2866w, 1699w, 

1515w, 1427w, 1393w, 1360w, 1222w, 1109w, 1022w, 964m, 802s, 737s, 616s, 546m. UV-

Vis λmax (ε): 230 nm (47255), 264 nm (73083), 449 nm (12532). ESI-MS: Found [M]2+ 

397.0913, [C48H32N6Ru]2+ requires 397.0913; found [M + PF6]+ 939.1476, [C48H32N6Ru + 

PF6]+ requires 939.1374. Analysis: Calc for C48H32N6Ru.2PF6.½H2O.½C5H12: C 53.73; H 3.48; 

N 7.44. Found: C 53.84; H 3.86; N 7.51. 

Crystals suitable for single X-ray crystallography were obtained by slow diffusion of pentane 

into a solution of the complex, 2.11, dissolved in acetonitrile. 
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[Ru(1,10-phenanthroline)2(5,6-bis[p-tert-butylphenyl]-1,10-phenanthroline)](PF6)2, 2.32 

In a round-bottom flask, 2.22 (12.4 mg, 

0.0278 mmol), [Ru(2,2´-(1,10-

phenathroline)2Cl2] (28.0 mg, 0.0525 

mmol) and ethylene-glycol (5 mL) 

were combined and placed in a 

microwave (300 W), with a condenser 

fitted. The reaction was heated in two 

minute bursts and the complex 

formation and ligand consumption was monitored by TLC with DMF:H2O:NH4Cl (1M) 

solution (4:1:1) on silica. After five two-minute bursts the reaction was complete. Water (20 

mL) was added to the solution, which was then filtered through celite. The dark orange filtrate 

was stirred while KPF6 (aq) was added dropwise with the formation of a fine orange precipitate. 

The suspension was stirred for 30 minutes and left in the fridge overnight. The solid was then 

filtered and taken up in hot acetonitrile. The impurities were removed by filtration, and the 

filtrate evaporated under reduced pressure, producing a fine orange powder. Yield: 0.053 g 

(64%) Mp: 245-255°C. 1H NMR (400 MHz, CDCl3): d 8.64 (2H, dd, J = 8.2 Hz, 1.18 Hz, H4’), 

8.61 (2H, dd, J = 8.2 Hz, 1.18Hz, H7’), 8.28 (4H, s, H5’, H6’), 8.14 (2H, dd, J = 5.1 Hz, 1.17 

Hz, H2’), 8.06-8.03 (6H, m, H9’, H2, H4), 7.72 (2H, dd, J = 8.22 Hz, 5.1 Hz, H3’), 7.64 (2H, 

dd, J = 8.2 Hz, 5.5 Hz, H8’), 7.52 (2H, m, H3), 7.42 (2H, dd, J = 8.2 Hz, 2.0 Hz, H5), 7.38 (2H, 

dd, J = 8.2 Hz, 2.0 Hz, H11), 7.21 (2H, dd, J = 8.2 Hz, 2.0 Hz, H6), 7.13 (2H, dd, J = 8.2 Hz, 

2.0 Hz, H10), 1.30 (18H, s, H7, H8, H9). 13C NMR (100 MHz, CDCl3): d 153.0 (C2’), 152.9 

(C9’), 152.4 (C2), 150.9 (C16), 148.0 (C11’, C14’), 147.8 (C15), 138.9 (C13), 136.8 (C4’), 

136.8 (C7’), 135.7 (C4), 133.2 (C12), 131.4 (C14), 131.1 (C12’), 130.5 (C5), 130.4 (C11), 

128.1 (C5’), 128.1 (C6’), 125.9 (C3’), 125.9 (C8’), 125.7 (C3), 125.0 (C6), 124.9 (C10), 34.2 

(C17), 30.5 (C7, C8, C9). IR v/cm–1: 2955br/w, 2951br/w, 2852br/w, 1969w, 1721w, 1461w, 

1262w, 1907w, 830s, 720w, 670w. UV-Vis λmax (ε): 230 nm (45451), 264 nm (74348), 449 nm 

(12158). ESI-MS: Found [M]2+ 453.1507, [C56H48N6Ru]2+ requires 453.1494; found  

[M + PF6]+ 1051.2692, [C56H48N6Ru + PF6]+ requires 1051.2635. Analysis: Calc for 

C56H28N6Ru.1.5H2O: C 54.99; H 4.20; N 6.87. Found: C 55.33; H 4.54; N 6.49. 

Crystals suitable for single crystal X-ray crystallography were obtained after slow diffusion of 

diethyl ether into a solution of 2.12 dissolved in dichloromethane. 
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[Ru(1,10-phenanthroline)2(5,6-bis[p-methoxyphenyl]-1,10-phenanthroline)](PF6)2, 2.33 

The reagents, 2.23 (50 mg, 0.128 mmol) 

and [Ru(2,2´-(1,10-phenathroline)2Cl2] 

(68 mg, 0.128 mmol), followed by the 

addition of ethylene-glycol (5 mL) were 

combined and placed in a microwave 

(300W), with a condenser fitted. The 

reaction was heated in two minute bursts 

and the complex formation and ligand 

consumption was monitored by TLC with DMF:H2O:NH4Cl solution (4:1:1) on silica. After 

five two-minute bursts the reaction was complete. Water (20 mL) was added to the solution 

then filtered through celite. The orange filtrate was stirred while KPF6 (aq) was added dropwise 

with the formation of an orange precipitate. The solid was collected by filtration and dried. 

Yield: 0.152 g (100%) Mp: 340-354°C. 1H NMR (400 MHz, CDCl3): d 8.64 (2H, dd, J = 8.2 

Hz, 1.2 Hz, H4’), 8.61 (2H, dd, J = 8.2 Hz, 1.2 Hz, H7’), 8.27 (4H, s, H5’, H6’), 8.13 (2H, dd, 

J = 5.1 Hz, 1.2 Hz, H2’), 8.08-8.01 (6H, m, H9’, H2, H4), 7.71 (2H, dd, J = 8.2 Hz, 5.1 Hz, 

H3’), 7.64 (2H, dd, J = 8.2 Hz, 5.5 Hz, H8’), 7.50 (2H, dd, J = 8.6 Hz, 5.6 Hz, H3), 7.21 (2H, 

dd, J = 8.2 Hz, 2.0 Hz, H5), 7.13 (2H, dd, J = 8.2 Hz, 2.0 Hz, H10), 6.95 (2H, dd, J = 8.61 Hz, 

2.74 Hz, H6), 6.91 (2H, dd, J = 8.6 Hz, 2.8 Hz, H9), 3.79 (6H, s, H7). 13C NMR (100 MHz, 

CDCl3): d 159.2 (C8), 152.9 (C2’), 152.9 (C9’), 152.3 (C2), 147.9 (C11’, C14’), 147.5 (C14), 

138.73(C12), 136.8 (C4’), 136.8 (C7’), 135.8 (C4), 132.0 (C5), 132.0 (C10), 131.6 (C13), 131.0 

(C12’, C13’), 128.3 (C11), 128.1 (C5’), 128.1 (C6’), 125.9 (C3’), 125.9 (C8’), 125.7 (C3), 

113.6 (C6), 113.5 (C9), 55.0 (C7). IR v/cm–1: 3319br/w, 2938br/w, 2875br/w, 1976w, 1610w, 

1502m, 1411m, 1315w, 1248m, 1146w 1084m, 829s, 719m. UV-Vis λmax (ε): 230 nm (44426), 

264 nm (74368), 451 nm (12291). ESI-MS: Found [M]2+ 427.0974, [C50H36N6O2Ru]2+ requires 

427.0973; found [M + PF6]+ 999.1619, [C50H36N6O2Ru + PF6]+ requires 999.1591. Analysis: 

Calc for C50H36N6O2Ru.H2O.CH2Cl2.CH3CN: C 49.43; H 3.37; N 7.61. Found: C 49.04; H 

3.08; N 7.48. 

Crystals suitable for single crystal X-ray crystallography were obtained after slow diffusion of 

pentane into a solution of 2.13 dissolved in dichloromethane. 
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[Ru(1,10-phenanthroline)2(5-6-di-2-naphthalenyl-1,10-phenanthroline)](PF6)2, 2.34 

[Ru(2,2´-(1,10-phenathroline)2Cl2] (37 

mg, 0.069 mmol), 2.24 (30 mg, 0.069 

mmol) and ethylene-glycol (5 mL) were 

combined and placed in a microwave 

(300W), with a condenser fitted. The 

reaction was heated in two minute 

bursts and the complex formation and 

ligand consumption was monitored by 

TLC with DMF:H2O:NH4Cl solution (4:1:1) on silica. After four two-minute bursts the reaction 

was complete. Water (20 mL) was added to the solution then filtered through celite. The orange 

filtrate was stirred while KPF6 (aq) was added dropwise with the formation of a very fine orange 

precipitate. The solid was collected by filtration and dried. Yield: 0.051 g (62%) Mp: 312-

320°C.1H NMR (400 MHz, CDCl3): d 8.68 (2H, d, J = 8.2 Hz, H4’), 8.62 (2H. d. J = 8.2 Hz, 

H7’), 8.26 – 8.32 (4H, m, H5’, H6’), 8.20 (2H, d, J = 5.1 Hz, H2’), 8.07 – 8.11 (6H, m, H4, 

H9’, H2), 7.75 – 7.90 (10H, m, H13, H9, H11, H5, H8’), 7.65 (2H, dd, J = 8.2 Hz, 5.1 Hz, H3’), 

7.38 – 7.52 (8H, m, H3, H8, H10, H6). 13C NMR (100 MHz, CDCl3): d 153.1 (C2), 153.0 

(C2’), 152.6 (C9’), 148.0 (C14’), 147.9 (C11’), 147.7 (C17), 136.9 (C4’), 136.8 (C7’), 135.9 

(C4), 132.7 (C15), 132.4 (C12), 131.3 (C16), 131.1 (C12’), 131.1 (C13’), 130.3 (C13), 129.9 

(C9), 128.4 (C5), 128.4 (C6), 128.1 (C10), 128.1 (C5’, C6’), 127.8 (C11), 127.8 (C14), 127.8 

(C7), 127.6 (C8), 126.8 (C3), 125.9 (C8’) 125.9 (C3’). IR v/cm–1: 3354br/w, 2923br/w, 2851w, 

1596w, 1426w, 1206w, 1084w, 1036w, 831s, 751m, 678w. UV-Vis λmax (ε): 230 nm (86041), 

264 nm (106848), 450 nm (15845). ESI-MS: Found [M]2+ 447.1026, [C56H36N6Ru]2+ requires 

447.1024. Analysis: Calc for C56H36N6Ru.H2O.CH2Cl2.3EtOH: C 53.10; H 4.10; N 5.90. 

Found: C 52.88; H 4.17; N 5.64. 

Crystals suitable for single crystal X-ray diffraction studies were obtained after slow diffusion 

of ethanol into a solution of 2.14 dissolved in acetonitrile. 

 

Cu(MeCN)4BF4 with 5,6-diphenyl-1,10-phenanthroline, 2.56 

2.21 (28.2 mg, 0.085 mmol) and tetrakis(acetonitrile)copper(I) tetrafluoroborate (15.6 mg, 

0.050 mmol) were dissolved separately in dichloromethane (2 mL) and acetonitrile (2 mL), 

respectively. The solution of 2.1 was added dropwise into the copper salt solution and a dark 

red-brown solution formed. The solvent was removed under reduced pressure and the resulting 

solid was dissolved in dichloromethane. Upon vapour diffusion of ether, diisopropyl ether and 

pentane into 2.31 dissolved in dichloromethane, resulted in the formation of pale blue crystals, 
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that were suitable for single X-ray diffraction studies. Yield: 46.0 mg, 0.037 mmol (75%) Mp: 

200 - 212°C. IR v/cm–1: 3054w, 2926w, 1585w, 1519w, 1427w, 1049w, 816w, 699w, 540w. 

ESI-MS: Found [ML2]2+ 363.5978, [Cu(C24H16N2)2]2+ requires 727.1912; [ML2 + HCO2]+ 

772.1916, Cu(C24H16N2)2 + HCO2]+ requires 772.1894; [L + H]+ 333.1394, [C24H16N2 + H]+ 

requires 333.1386.  

 

Cu(MeCN)4BF4 with 5,6-bis[p-tert-butylphenyl]-1,10-phenanthroline, 2.57 

2.22 (15.3 mg, 0.034 mmol) and tetrakis(acetonitrile)copper(I) tetrafluoroborate (6.2 mg, 0.020 

mmol) were dissolved separately in dichloromethane (2 mL) and acetonitrile (2 mL), 

respectively. The ligand solution was added dropwise into the copper salt solution and a dark 

red-brown solution formed. The solvent was removed under reduced pressure and the resulting 

solid was dissolved in dichloromethane. Small blue crystals were obtained after vapour 

diffusion of pentane into the complex dissolved in dichloromethane. Yield: 14 mg, 0.090 mmol 

(45%). Mp: 196 – 204°C. IR v/cm–1: 2961w, 1725w, 1611w, 1428w, 1364w, 1050w, 731w. 

ESI-MS: Found [ML2]2+ 475.7216, [Cu(C32H32N2)2]2+ requires 951.4416 (475.7208); [ML2 + 

HCO2]+ 996.4413, [Cu(C32H32N2)2 + HCO2]+ requires 996.4398.  

  

AgBF4 with 5,6-bis[p-tert-butylphenyl]-1,10-phenanthroline, 2.58 

2.22 (10.0 mg, 0.022 mmol) in hot dichloromethane (2 mL) and silver tetrafluoroborate (2.2 

mg, 0.011 mmol) in hot acetonitrile (2 mL) were combined, forming a colourless solution. 

Crystals were obtained that were suitable for single X-ray diffraction after slow evaporation of 

the reaction mixture solvent. Yield: 10.4 mg, 0.010 mmol (85%) Mp: 189 – 205°C. IR v/cm–1: 

3547m/br, 2954m, 2924m, 2860m, 1625m, 1514w, 1432m, 1023s/br, 811w, 730m, 516m. ESI-

MS: Found [ML2]+ 995.4238, [Ag(C26H20N2O2)2]+ requires 995.4176; [ML]+ 551.1621, 

[AgC26H20N2O2]+  requires 551.1611; [L + H]+ 445.2644, [C26H20N2O2 + H]+ requires 

445.2638.  

 

AgBF4 with 5,6-bis[p-methoxyphenyl]-1,10-phenanthroline, 2.59 

2.23 (10.0 mg, 0.025 mmol) in hot dichloromethane (2 mL) and silver tetrafluoroborate (2.5 

mg, 0.013 mmol) in hot acetonitrile (2 mL) were combined resulting in a very pale-yellow 

solution. Crystals were obtained that were suitable for single X-ray diffraction after vapour 

diffusion of diisopropyl ether into 2.34 dissolved in MeCN:DCM (1:1). Yield: 6.1 mg, 0.010 

mmol (49%). Mp: 219 – 225°C. IR v/cm–1: 3245w/br, 2836w, 1606w, 1512m, 1426w, 1287w, 

1025s/br, 808m, 731m, 586m. ESI-MS: Found [ML2]+ 891.2125, [Ag(C26H20N2O2)2]+ requires 
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891.2100; [ML]+ 499.0570, [AgC26H20N2O2]+  requires 499.0576; [L + H]+ 393.1609, 

[C26H20N2O2 + H]+ requires 393.1598.  

 

 

7.3 Chapter 3 

 

3-((4-(tert-Butyl)phenyl)ethynyl) 3.18 

3-Bromopyridine (1.314 g, 8.393 mmol), 4-tert-butylphenylacetylene (1.754 g, 

11.08 mmol), CuI (0.121 g, 0.6353 mmol) and Pd(PPh3)4 (0.480 g, 0.4154 mmol, 5 

mol-%) were added to a Schlenk under argon. Dry toluene (20 mL) and 

diisopropylamine (7 mL) were added and the reaction mixture was stirred at 60°C 

overnight. The reaction was cooled to room temperature, the solid components were 

filtered and washed with chloroform. The filtrate was concentrated under reduced 

pressure, forming a dark brown crude material. After purification by flash column 

chromatography on silica gel eluting with petroleum ether/ethyl acetate (15%), a light brown 

crystalline product was obtained. Yield: 1.653 g, 7.024 mmol (84%) Mp: 58 – 62°C. 1H NMR 

(600 MHz, CDCl3): d 8.75 (1H, s, H2), 8.53 (1H, d, J = 4.8 Hz, H6), 7.80 (1H, d, J = 7.9 Hz, 

H4), 7.48 (2H, d, J = 6.5 Hz, H7), 7.39 (2H, d, J = 6.5 Hz, H8), 7.28 (1H, dd, J = 4.8 Hz, 7.9 

Hz, H5), 1.33 (6H, s, H9). 13C NMR (150 MHz, CDCl3): d 152.2 (C2), 152.2 (C3), 148.4 (C6), 

138.4 (C4), 131.4 (C7), 125.5 (C8), 123.0 (C5), 120.7 (C11), 119.5 (C12), 92.8 (C13), 85.3 

(C14), 34.9 (C10), 31.2 (C9). IR v/cm–1: 3085w, 3034w, 2959m, 2865w, 2219w, 1559w, 

1504m, 1406m, 1362m, 1267w, 1186w, 1104m, 1022m, 833s, 804s, 641w, 618w. UV-Vis λmax 

(ε): 293 nm (14378). ESI-MS: Found [M + H]+ 236.1439, [C26H20N2O2 + H]+ requires 

236.1434. Analysis: Calc for C17H17N.¼H2O: C 85.14; H 7.35; N 5.84. Found: C 85.08; H 

7.43; N 5.76.  

 

1-(3-Pyridyl)-2,3,4,5,6-pentaphenylbenzene, 3.14 

3.17 (0.990 g, 5.527 mmol), 3.19 (2.297 g, 5.980 mmol) and 

benzophenone (4 g) were added to an oven dried Schlenk flask with 

an air condenser attached. The reaction was heated to 300°C for 8 

hours under argon, the reaction mixture changed colour from 

purple to dark brown. The reaction was allowed to cool to room 

temperature and methanol added. The white precipitate that formed 

was filtered and washed with methanol (100 mL). Yield: 2.632 g 

(89%) Mp: >350°C. 1H NMR (600 MHz, CDCl3): d 8.16 (1H, d, J = 5.1 Hz, H6), 8.08 (1H, s, 
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H2), 7.55 (1H, d, J = 7.5 Hz, H4), 7.14 (1H, t, J = 5.9 Hz, H5) 6.94-6.80 (25H, m, HPh). 13C 

NMR (150 MHz, CDCl3): d 151.7, 146.3, 141.1, 140.6, 140.6, 140.3, 140.2, 139.9, 138.2, 

136.7, 136.5, 131.5, 131.3, 131.2, 131.2, 131.2, 127.1, 126.8, 126.7, 126.7, 126.6, 126.6, 125.7, 

125.4, 125.3, 121.7. IR v/cm–1: 3079w, 3023w, 1599w, 1566w, 1495w, 1441w, 1398w, 1072w, 

1025w, 908w, 785w, 732m, 694s. UV-Vis λmax (ε): 235 nm (14378 ESI-MS: Found [M + H]+ 

536.2397, [C41H29N + H]+ requires 536.2373. Analysis: Calc for C41H29N C 91.93; H 5.46; N 

2.61. Found: C 92.07; H 5.53; N 2.71. 

Crystals were obtained, suitable for single crystal X-ray diffraction studies after slow diffusion 

of diethyl ether into a solution of 3.14 dissolved in dichloromethane.  

 

1-(3-Pyridyl)-2-(4-(tert-butyl)phenyl)-3,4,5,6-tetraphenylbenzene, 3.15 

3.18 (1.295 g, 5.527 mmol), 3.19 (2.302 g, 5.980 mmol) and 

benzophenone (4 g) were added to an oven dried Schlenk flask 

with an air condenser attached. The reaction was heated to 

300°C overnight under nitrogen, the reaction mixture changed 

colour from purple to dark brown. The reaction was allowed 

to cool to room temperature and methanol added. The white 

precipitate formed was filtered and washed with methanol 

(100 mL). The crude product was purified by trituration with methanol. Yield: 0.620 g, 1.048 

mmol (19%) Mp: 319-323°C. 1H NMR (400 MHz, CDCl3): d 8.08 (2H, m, H2, H6), 7.21 (1H, 

d, J = 7.8 Hz, H4), 6.88-6.83 (22H, m, H8, HPh), 6.71-6.67 (2H, m, H7), 1.10 (9H, s, HtBu). 13C 

NMR (100 MHz, CDCl3): d 150.1, 148.6, 144.7, 141.4, 140.9, 140.7, 140.5, 140.5, 140.3, 

140.1, 139.8, 139.6, 136.5, 135.9, 131.5, 131.3, 131.2, 131.2, 131.1, 130.8, 127.3, 126.9, 126.7, 

126.7, 126.6, 126.5, 125.8, 125.4, 125.4, 125.3, 124.1, 123.6, 122.1, 34.2, 31.1. IR v/cm–1: 

3027w, 2963w, 1600w, 1496w, 1441w, 1395w, 1268w, 1025w, 816w, 784w, 718w, 697s. UV-

Vis λmax (ε): 246 nm (6942), 278 nm (2693). ESI-MS: Found MH+ 592.3016. [C45H37N + H]+ 

requires 592.2999. Analysis: Calc for C45H37N.2H2O: C 86.09; H 6.58; N 2.23. Found: C 86.29; 

H 6.20; N 2.37.  

Crystals were obtained, suitable for single crystal X-ray diffraction analysis after slow diffusion 

of diisopropyl ether into a solution of 3.15 dissolved in dichloromethane.  
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1-(3-Pyridyl)-2-(3,4,5,6-(tert-butyl)phenyl)-tetraphenylbenzene, 3.16 

3.18 (0.140 g, 0.593 mmol), 3.20 (0.402 g, 0.661 mmol) 

and benzophenone (1.5 g) were added to an over dried 

Schlenk with an air condenser attached. Under nitrogen 

atmosphere the reaction mixture was heated to 300°C for 

12 hours. The reaction went from purple to a red/brown 

colour. The reaction was cooled to room temperature, 

methanol (30 mL) was added and the solid was crushed 

with a spatula. The white solid was filtered and washed 

with cold methanol (20 mL) and allowed to air dry. Yield: 

0.303 g (66%) Mp: >300°C. 1H NMR (600 MHz, CDCl3): d 8.11 (1H, s, H2), 8.05 (1H, d, J = 

3.4 Hz, H6), 7.14 (1H, d, J = 8.3 Hz, H4), 6.84- 6.78 (11H, m, H5, HPh2), 6.69 – 6.63 (10H, m, 

HPh2), 1.08 – 1.07 (45H, m, HtBu). 13C NMR (100 MHz, CDCl3): d 151.7, 148.0, 147.7, 147.6, 

145.8, 141.3, 140.9, 140.5, 138.6, 137.6, 137.5, 137.2, 137.1, 136.0, 131.3, 131.0, 130.9, 130.9, 

123.8, 123.4, 123.2, 123.1, 121.7, 34.2, 34.1, 31.3, 31.2. IR v/cm–1: 3028w, 2957s, 2902m, 

2865m, 1510m, 1474m, 1361m, 1269m, 1150m, 1119m, 1103m, 1019m, 831s, 778m, 739m, 

721m, 702m, 570s. UV-Vis λmax (ε): 250 nm (18688). ESI-MS: Found [M + H]+ 816.5518, 

[C61H69N + H]+ requires 816.5503. Analysis: Calc for C61H69N: C 89.76; H 8.52; N 1.72. Found 

C 89.74; H 7.76; N 1.82.  

Crystals were obtained, suitable for single crystal X-ray diffraction studies after slow diffusion 

of methanol into a solution of 3.16 dissolved in chloroform.  

 

1-[5-(2,2´-Bipyridyl)]-2,3,4,5,6-pentaphenylbenzene, 3.23 

3.25 (0.603 g, 2.355 mmol), 3.19 (0.999 g, 2.599 mmol) and 

benzophenone (5 g) were added to an oven dried Schlenk with an 

air condenser attached. The reaction was heated to 300°C 

overnight under nitrogen, the reaction mixture changed colour 

from purple to dark brown. The reaction was allowed to cool to 

room temperature, the solid was crushed with a spatula, heated 

slightly and methanol added. The resulting solution was added to 

100 mL methanol and the off-white solid material collected and 

washed with cold methanol. Yield: 1.251 g (87%) Mp: 309 – 

315°C. 1H NMR (400 MHz, DMSO): d 8.53 (1H, d, J = 4.3 Hz, H6), 8.15 (1H, d, J = 1.6 Hz, 

H6’), 8.12 (1H, d, J = 7.8 Hz, H3), 7.85 (1H, d, J = 8.2 Hz, H3’), 7.79 (1H, td, J = 7.8 Hz, 1.6 

Hz, H4) 7.41 (1H, dd, J = 8.2 Hz, 2.0 Hz, H4’), 7.33 (1H, t, J = 5.5 Hz, H5), 6.96-6.78 (25H, 
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m, HPh). 13C NMR (100 MHz, DMSO): d 155.2, 125.1, 151.0, 149.6, 141.2, 150.7, 140.7, 140.3, 

140.2, 140.0, 139.5, 138.0, 137.0, 136.7, 131.3, 131.3, 131.2, 127.4, 127.3, 127.1, 126.2, 126.0, 

124.4, 120.6, 118.6. IR v/cm–1: 3055w, 3025w, 1588w, 1459w, 1440w, 1026w, 750m, 695s, 

560w, 547w. UV-Vis λmax (ε): 244 nm (14862), 281 nm (8947), 293 nm (8837). ESI-MS: 

Found [M + H]+ 613.2654, [C46H32N2 + H]+ requires 613.2638. Analysis: Calc for 

C46H32N2.2H2O: C 85.15; H 4.97; N 4.32. Found: C 85.17; H 4.84; N 4.26.  

 

5,5´-[Diphenyl-(2,3,4,5,6-pentaphenyl)]-2,2´-bipyridine, 3.7 

3.26 (40 mg, 0.1122 mmol), 3.19 (95 mg, 0.2469 mmol) and 

benzophenone (4 g) were added to an oven dried Schlenk with an 

air condenser attached. The reaction was heated to 300°C for 5 

hours under nitrogen, the reaction mixture changed colour from 

purple to dark brown. The reaction was cooled to room 

temperature, methanol (100 mL) was added and a white 

precipitate immediately formed. The precipitate was collected and 

purified by column chromatography with petroleum ether on silica 

gel. Yield: 0.072 g (60%) Mp: >350°C. 1H NMR (400 MHz, 

CDCl3): 8.57 (2H, d, J = 9.0 Hz, H3), 8.23 (2H, s, H6), 7.62 (2H, 

d, J = 7.43 Hz, H4), 6.92 – 6.81 (50H, m, HPh). 13C NMR (100 

MHz, CDCl3): d 167.7, 146.7*, 146.1*, 141.4, 140.3, 138.4, 

132.3, 131.3, 131.1, 131.0, 130.8, 127.9, 127.6, 126.8, 125.7, 

123.8. IR v/cm–1: 3504w, 3025w, 2928w, 1599w, 1467w, 1072w, 1027w, 732m, 395s, 557m. 

ESI-MS: Found [M + H]+ 1069.4554, [C82H56N2 + H]+ requires 1069.4516.  

*Carbon signals were determined through the HSQC experiment.  

  

Zn(ClO4)2 with 1-[5-(2,2´-bipyridyl)]-2,3,4,5,6-pentaphenylbenzene, 3.30 

3.23 (7.1 mg, 0.012 mmol) was dissolved in warm dichloromethane (2 mL) and zinc(II) 

perchlorate (2.9 mg, 0.008 mmol) was dissolved in warm acetonitrile (2 mL). The solutions 

were mixed and left to cool to room temperature. Crystals were obtained that were suitable for 

single X-ray diffraction after vapour diffusion of diisopropyl ether into the reaction mixture. 

Yield: 7.6 mg, 0.007 mmol (95%). Mp: 242 – 254°C. IR v/cm–1: 3471w/br, 3055w, 1600w, 

1440w, 1236w, 1095s, 795w, 698s, 620s, 544m. ESI-MS: Found [L + H]+ 613.2626, [C46H32N2 

+ H]+ requires 613.2638.  
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7.4 Chapter 4 

 

Method 1: Nucleophilic addition general procedure for the synthesis of 4.9 – 4.15.  

Following a modified literature procedure,24 in a three neck Schlenk flask flushed with 

nitrogen, the appropriate ethynylpyridine and 40 mL dry diethyl ether or dry THF were added. 

The solution was cooled to –78°C in an acetone-dry ice cooling bath and the nBuLi was added 

dropwise (1.6 M in hexanes). The reaction mixture was stirred at –78°C for one hour, then 

allowed to stir at room temperature for one hour. Anthraquinone was added as one solid portion 

and stirred overnight. The reaction was monitored by TLC. HCl (0.1M, 100 mL) was added, 

stirred for 30 minutes, then SnCl2.2H2O was added. The resulting mixture was filtered, and the 

filtrate transferred to a separating funnel and the organic layer collected. The aqueous layer was 

neutralised with NaHCO3 to pH = 7 - 8. The resulting solid was taken up in chloroform and 

the aqueous layer washed with chloroform (5 x 100 mL), dried with magnesium sulfate and the 

solvent removed in vacuo. The products were purified by column chromatography, silica gel, 

DCM:EtOAC (1:1).  

 

Method 2: Sonogashira coupling general procedure for the synthesis of 4.4 and 4.8.  

Following a modified literature procedure,25 to an oven dried pressure tube, 

diisopropylamine was added and sparged with nitrogen for 30 minutes. 9,10-

Dibromoanthracene, Pd(PPh3)4 and copper iodide were added, followed by the ethynylpyridine 

and dry THF (3 mL). The reaction was heated to 80°C overnight. The solution was poured into 

water and extracted with dichloromethane (3 x 100 mL). The combined organic layers were 

washed with water (2 x 100 mL), dried with sodium sulfate and the solvent removed in vacuo. 

The solid was purified by an acid-base extraction until pure product was obtained, or by a silica 

plug or by column chromatography.  
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9,10-Bis(2´-pyridylethynyl)anthracene, 4.15 

Method 1: 2-Ethynylpyridine (0.579 g, 5.613 mmol, 2 eq.) nBuLi (3.5 mL, 

2 eq.), anthraquinone (0.483 g, 2.319 mmol, 1 eq.), SnCl2.2H2O (5.17 g, 

10 eq.)  Yield: 92 mg (5%). Method 2: 2-Ethynylpyridine (1.30 g, 12.60 

mmol), 9,10-dibromoanthracene (0.706 g, 2.111 mmol), Pd(PPh3)4 (10 

mol-%) CuI (10 mol-%), DIPA (5 mL), Yield: 0.7883 g (99%). Mp = 202 

- 208 °C. 1H NMR (600 MHz, CDCl3): d  8.76 – 8.74 (6H, m, H1, H4, 

H6,  H9, H6’), 7.80 – 7.79 (4H, m, H4’, H3’), 7.67 (4H, dd, J = 6.2 Hz, 

2.8 Hz, H2, H3, H7, H8), 7.34 (2H, dd, J = 8.6 Hz, 5.2 Hz, H5’). 13C 

NMR (150 MHz, CDCl3): d 150.4 (C6’), 143.5 (C2’), 136.5 (C4’), 132.5 

(C11, C12, C13, C14), 127.7 (C3’), 127.4 (C1, C4, C6, C9), 127.3 (C2, 

C3, C7, C8), 123.2 (C5’), 118.2 (C10), 101.5 (C7’), 86.3 (C8’). IR v/cm–1: 3044w, 2920w, 

2852w, 2199w, 1725w, 1578w, 1557w, 1461w, 1427w, 1249w, 1144w, 1045w, 1023w, 988wm 

756m, 711m, 636w, 590w. UV-Vis λmax (ε): 230 nm (9147), 273 nm (30613), 314 nm (8962), 

439 nm (9993), 465 nm (10909). ESI-MS: Found [M + H]+ 381.1388, [C28H16N2 + H]+ requires 

381.1386; found [M + 2H]2+ 191.0725, [C28H16N2 + 2H]2+ requires 191.0730. Emission λmax: 

474 nm, 505 nm 

 

10-Hydroxy-10-[2-pyridylethynyl]-9(10H)-anthraceneone, 4.18.  

2-Ethynylpyridine (0.5788 g, 5.613 mmol, 2 eq.) nBuLi (3.5 mL, 2 eq.), 

anthraquinone (0.4825 g, 2.319 mmol, 1 eq.) Yield: 0.1800 g, 24% Mp: 

181 – 189°C. 1H NMR (600 MHz, CDCl3): d 8.47 (1H, s(br), H6’), 8.26 

(2H, d, J = 8.2 Hz, H4, H6), 8.19 (2H, d, J = 7.5 Hz, H1, H9), 7.71 (2H, 

td, J = 7.5 Hz, 1.3 Hz, H2, H8), 7.61 (1H, td, J = 7.5 Hz, 1.3 Hz, H4’), 

7.53 (2H, td, J = 7.5 Hz, 1.3 Hz, H3, H7), 7.36 (1H, d, J = 8.2 Hz, H3’), 

7.21 (1H, t, J = 6.1 Hz, H5’). 13C NMR (150 MHz, CDCl3): d 182.9 (C5), 

149.7 (C6’), 143.4 (C11), 142.0 (C2'), 136.6 (C4’), 134.3 (C2, C8), 129.4 (C12, C13), 129.3 

(C3, C7), 128.4 (C1, C9), 127.4 (C3’), 127.3 (C4, C6), 123.5 (C5’), 91.6 (C8’), 84.6 (C7’), 66.1 

(C10). IR v/cm–1: 3167br/w, 3052w, 2847br/w, 1663s, 1584s, 1463s, 1428m, 1316s, 1259s, 

1059s, 1056m, 1007m, 990m, 959m, 929s, 812w, 775s, 736s, 681s, 628w, 583s. UV-Vis λmax 

(ε): 278 nm (31111), 303 nm (11494), 316 nm (11255), 348 nm (2212), 365 nm (2653). ESI-

MS: Found [M + H - H2O]+ 294.0919, [C21H13NO2 + H – H2O]+ requires 294.0913; found [M 

+ H]+ 312.1034, [C21H13NO2 + H]+ requires 312.1019; found [M + Na]+ 334.0841, [C21H13NO2 

+ Na]+ requires 334.0838.  
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9-(2-Phenylethynyl)-10-(1,2-dichloro-2-phenylethenyl)-anthracene, 4.19 

Yield: 13 mg, 0.028 mmol (2%). Mp: 200 – 205°C. 1H NMR (600 MHz, 

CDCl3): d 8.88 (1H, dd, J = 4.9 Hz, 2.1 Hz, H6’’), 8.82 (2H, dd, J = 6.2 

Hz, 2.0 Hz, H4, H6), 8.77 (1H, dt, J = 4.8 Hz, 1.4 Hz, H6’), 8.28 (2H, dd, 

J = 6.2 Hz, 2.1 Hz, H1, H9), 7.99 (1H, d, J = 7.6 Hz, H3’’), 7.92 (1H, td, 

J = 7.5 Hz, 1.4 Hz, H4’’), 7.81 (2H, m, H4’, H3’), 7.71 – 7.67 (4H, m, H2, 

H8, H3, H7), 7.43 (1H, ddd, J = 6.2 Hz, 4.8 Hz, 1.4 Hz, H5’’), 7.36 (1H, 

dd, J = 9.0 Hz, 4.9 Hz, H5’). 13C NMR (150 MHz, CDCl3): d 154.2 (C2’’), 

150.2 (C6’), 150.0 (C6’’), 143.4 (C2’), 136.7 (C4’’), 136.6 (C4’), 132.9 

(C10), 132.3 (C12, C13), 132.2 (C8’’), 127.9 (C3’), 127.8 (C11, C14), 

127.6 (C3, C7), 127.5 (C2, C8), 127.3 (C4, C6), 126.2 (C7’’), 125.3 (C1, C9), 125.1 (C3’’), 

124.1 (C5’’), 123.2 (C5’), 118.8 (C5), 100.7 (C7’), 87.0 (C8’). IR v/cm–1: 2921m, 2852m, 

1716w, 1582w, 1457w, 1411m, 1377w, 1259m, 1091m, 1023m, 8.35m, 796m, 762m, 702s, 

640w, 586w. UV-Vis λmax (ε): 267 nm (44994), 301 nm (7082), 409 nm (9407), 434 (10151). 

ESI-MS: Found [M + H]+ 451.0759, [C28H16Cl2N2+ H]+ requires 451.0763; [M + 2H]2+ 

226.0439, [C28H16Cl2N2+ 2H]2+ requires 226.0418. Emission λmax: 472 nm, 505 nm.  

 

Compound 4.7 

2-Ethynylpyridine (0.5234 g, 5.075 mmol) and dry THF (40 mL) were 

added to an oven dried Schlenk under a nitrogen atmosphere. The 

reaction flask was cooled to –78°C in an acetone-dry ice cooling bath, 
nBuLi (1.6 M in hexanes, 3.2 mL, 5.075 mmol) was added dropwise. 

The reaction remained at this temperature for 1 hour. In a second oven 

dried Schlenk, anthraquinone (0.5090 g, 2.446 mmol) and 80 mL of 

dry THF were added and the flask was cooled to –78°C. The contents 

from first flask was transferred via cannula to the second flask. The reaction was stirred at this 

temperature for 1 hours and then allowed to warm to room temperature overnight. The reaction 

as quenched with 100 mL NH4Cl (sat) solution, then extracted with DCM (3 x 80 mL). The 

organic layers combined, washed with ice-cold distilled water (100 mL), then brine (100 mL). 

The organic layers separated, dried with magnesium sulfate and solvent removed in vacuo. 

Purified by column chromatography, silica gel, eluent EtOAc:PE mixture (1:4). Yield: 52.8 mg 

(4%) Mp: 279 – 285°C. 1H NMR (600 MHz, CDCl3): d 9.04 (1H. br s. N-H-O), 8.69 (1H, dt, 

J = 5.2, Hz, 1.0 Hz, H6’), 8.26 (2H, t, J = 7.9 Hz, H3’’, H3’), 8.16 (1H, dt, J = 4.5 Hz 1.0 Hz, 

H6’’’), 8.10 (1H, dt, J = 4.8 Hz, 1.0 Hz, H6’’), 8.00 (1H, d, J = 7.9 Hz, H3’’’), 7.83 (2H, td, J 

= 7.6 Hz, 1.7 Hz, H4’, H4’’’), 7.77 (2H, d, J = 7.6 Hz, H4, H6), 7.66 (2H, d, J = 7.6 Hz, H1, 
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H9), 7.59 (1H, td, J = 7.9 Hz, 1.7 Hz, H4’’), 7.35 (1H, q, J = 7.6 Hz, 5.3 Hz, H5’), 7.22 (1H, 

ddd, J = 4.5 Hz, 1.0 Hz, H5’’’), 7.14 (2H, td, J = 7.6 Hz, 1.0 Hz, H3, H7), 7.01 (2H, td, J = 7.6 

Hz, 1.0 Hz, H2, H8), 6.97 (1H, q, J = 7.6 Hz, 4.8 Hz, H5’’). 13C NMR (150 MHz, CDCl3): d 

195.1 (C20), 188.7 (C17), 154.6 (C15), 154.5 (C2’’’), 53.3 (C19/C16), 151.6 (C18), 150.9 

(C2’), 149.6 (C2’’), 148.5 (C6’’), 148.2 (C6’’’), 148.1 (C13, C12), 147.3 (C6’), 144.9 

(C16/C19), 140.8 (C14, C11), 137.2 (C4’), 136.8 (C4’’’), 135.8 (C4’’), 127.6 (C3’), 126.1 

(C5’’’), 125.3 (C2, C8), 125.2 (C3, C7), 124.7 (C3’’), 124.4 (C5’), 123.4 (C3’’’), 123.2 (C5’’), 

123.0 (C1, C9), 120.5 (C4, C6), 84.2 (C5), 63.2 (C10). IR v/cm–1: 3581br/w, 3057 br/w, 1669s, 

1581w, 1464m, 1428w, 1297w, 1229m, 1074m, 101m, 786m, 745s. 559m, 539m. UV-Vis λmax 

(ε): 276 nm (12104), 380 nm (2154). ESI-MS: Found [M + H]+ 532.1676, [C35H21NO2 + H]+ 

requires 532.1656; [M + 2H]2+ 266.5858, [C35H21NO2 + 2H]2+ requires 266.5864.  

 

9,10-Bis(3´-pyridylethynyl)anthracene, 4.9 

Method 1: 3-Ethynylpyridine (0.5295 g, 5.135 mmol 2 eq.) nBuLi (3.2 

mL, 2 eq.), anthraquinone (0.4451 g, 2.139 mmol, 1 eq.), SnCl2.2H2O 

(5.16 g, 10 eq.). Purified by column chromatography, silica gel, EtOAc. 

Yield: 112 mg (12%). Method 2: 2-Ethynylpyridine (1.078 g, 10.46 

mmol, 3 eq.), 9,10-dibromoanthracene (1.067 g, 3.175 mmol), Pd(PPh3)4 

(10 mol-%) CuI (10 mol-%), DIPA (5 mL) Yield: 0.405.2 g (34%). 1H 

NMR* (400 MHz, CDCl3): d 9.04 (2H, s, H2’), 8.67-8.64 (6H, m, H6’, 

H1, H4, H6, H9), 8.16 (2H, d, J = 7.83 Hz, H4’), 7.70 (4H, q, J = 6.6 Hz, 

3.3 Hz, H2, H3, H7, H8), 7.51 (2H, T, J = 4.6 Hz, H5’). IR v/cm–1: 3027w, 

2196w, 1554w, 1476m, 1407m, 1185m, 1160m, 1019m, 763s, 696m, 

637s.  UV-Vis λmax (ε): 273 nm (12008), 313 nm (3128), 438 nm (3775), 462 nm (4095). ESI-

MS: Found [M + H]+ 381.1389. [C28H16N2 + H]+ requires 381.1386. Emission λmax: 472 nm, 

503 nm.  

*Consistent with reported literature  
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9-(3-Phenylethynyl)-10-(1,2-dichloro-3-phenylethenyl)-anthracene, 4.27 

3-Ethynylpyridine (0.530 g, 5.135 mmol 2 eq.) nBuLi (3.2 mL, 2 eq.), 

anthraquinone (0.445 g, 2.139 mmol, 1 eq.), SnCl2.2H2O (5.16 g, 10 eq.). 

Purified by column chromatography, silica gel, EtOAc. Yield: 15 mg 

(2%), Mp:  228 – 232°C. 1H NMR (600 MHz, CDCl3): d  9.18 (1H, d, J 

= 2.0 Hz, H2’’), 9.02 (1H, d, J = 1.4 Hz, H2’), 8.73 – 8.70 (3H, m, H6’’, 

H4, H6), 8.65 (1H, d, J = 4.2 Hz, H6’), 8.21 – 8.18 (3H, m, H4’’, H1, H9), 

8.07 (1H, dt, J = 7.6 Hz, 2.0 Hz, H4’), 7.70 – 7.67 (4H, m, H2, H8, H3, 

H7), 7.50 (1H, dd, J = 7.5 Hz, 4.8 Hz, H5’’), 7.41 (1H, dd, J = 8.3 Hz, 4.8 

Hz, H5’). 13C NMR (125 MHz, CDCl3): d 152.1 (C2’), 150.3 (C6’’), 

150.0 (C2’’), 148.9 (C6’), 138.7 (C4’), 136.9 (C4’’), 132.8 (C3’’), 132.5 (C12, C13), 131.9 

(C7’’), 130.1 (C10), 127.8 (C11, C14), 127.6 (C3, C7), 127.4 (C2, C8), 127.2 (C4, C6), 126.3 

(C8’’), 125.1 (C1, C9), 123.4 (C5’), 123.3 (C5’’), 120.6 (C3’), 119.3 (C5), 98.4 (C7’), 89.4 

(C8’). IR v/cm–1: 3032w, 1710w, 1559w, 1516w, 1470w, 1437m, 1121w, 1091w, 1018m, 

831m, 789s, 757s, 699s, 638s, 584m, 508w. UV-Vis λmax (ε): 267 nm (68282), 302 nm (9170), 

409 nm (14117), 434 nm (15317). ESI-MS: Found [M + H]+ 451.0758; [M + 2H]2+ 226.0409. 

[C28H16Cl2N2+ H]+ requires 451.0763; [C28H16Cl2N2+ 2H]2+ requires 226.0418. Emission λmax: 

441 nm, 466 nm.  

 

 

Procedure for the synthesis of 4.29 – 4.30 

To an oven dried Schlenk flushed with nitrogen, 2-ethynylpyridine (0.473 g, 4.585 

mmol), and dry diethyl ether (20 mL) were added. The flask was cooled to 0°C in an ice bath. 
nBuLi (1.6 M in hexanes, 2.86 mL, 4.5760 mmol), was added dropwise and the reaction was 

stirred at 0°C for one hour then allowed to warm to room temperature. 4.28 (0.4870 g, 1.834 

mmol), was added as one solid portion and the reaction was stirred at room temperature for 48 

hours. The reaction was monitored by TLC. Acetic acid (1M, 30 mL) was added to the reaction 

mixture (pH ~5), while stirred SnCl2.2H2O (4.1 g, 18.17 mmol). was added as one solid portion. 

The reaction was stirred for 5 hours (monitored by TLC). The mixture was poured into a conical 

flask and diethyl ether added (100 mL). The reaction was stirred while being neutralised by the 

addition of NaHCO3 (s) (pH = 7). The organic layer was separated, and the aqueous layer 

washed with additional diethyl ether (2 x 50 mL) and chloroform (3 x 50 mL). The organic 

layers were combined, dried with MgSO4 and the solvent removed under reduced pressure. 

Purification by column chromatography, silica gel, eluent 20% EtOAc:DCM. 
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5,12-Bis(2´-pyridylethynyl)tetracene, 4.29 

The fraction was purified by trituration with methanol and separated 

by centrifugation. Yield: 13.0 mg, 0.030 mmol (2%). Mp:  >300°C. 
1H NMR (400 MHz, DMSO-d6): d 9.35 (2H, s, H6, H11), 8.75 (2H, 

d, J = 4.1 Hz, H6’), 8.68 (2H, dd, J = 6.8 Hz, 2.7 Hz, H1, H4), 8.31 

(2H, dd, J = 6.8 Hz, 3.4 Hz, H7, H10), 8.12 (2H, d, J = 7.5 Hz, H3’), 

7.99 (2H, td, J = 7.5 Hz, 2.0 Hz, H4’), 7.77 (2H, dd, J = 6.8 Hz, 2.7 

Hz, H2, H3), 7.60 (2H, dd, J = 6.8 Hz, 3.4 Hz, H8, H9), 7.52 (2H, 

tdd, J = 7.5 Hz, 4.8 Hz, 2.0 Hz, H5’). 13C NMR (150 MHz, DMSO-

d6): d 151.0 (C6’), 142.7 (C2’), 137.5 (C4’), 132.7 (C15, C18), 132.6 

(C13, C14), 129.7 (C16, C17), 129.0 (C7, C10), 128.6 (C2, C3), 

128.6 (C3’), 127.5 (C8, C9), 127.3 (C1, C4), 126.1 (C6, C11), 124.6 (C5’), 117.8 (C12), 103.9 

(C7’), 85.6 (C8’). IR v/cm–1: 3034w, 2915w, 2331w, 1670w, 1477w, 1408m, 1260w, 1186w, 

1022m, 802m, 761s, 699s, 592m, 454w. UV-Vis λmax (ε): 231 nm (18086), 268 nm (19491), 

292 nm (56676), 340 nm (9524), 358 nm (9808), 484 nm (3925), 515 nm (9063), 552 nm 

(12267). ESI-MS: Found [M + H]+ 431.1534, [C32H18N2 + H]+ requires 431.1543; [M + 2H]2+ 

216.0801, [C32H18N2 + 2H]2+ requires 216.0808. Emission λmax: 467 nm, 610 nm.  

 

12-Hydroxy-5-[2-pyridylethynyl]-5(12H)-tetracenone, 4.30 

Yield: 65.2 mg, 0.1804 mmol (10%) Mp: 186 – 190°C. 1H NMR 

(600 MHz, CDCl3): d 8.79 (1H, s, H6), 8.68 (1H, s, H11), 8.44 (1H, 

d, J = 3.8 Hz, H6’), 8.30 – 8.26 (2H, m, H4, H1), 7.99 (1H, d, J = 

10.2 Hz, H7), 7.88 (1H, d, J = 8.4 Hz, H10), 7.70 (1H, t, J = 7.2 Hz, 

H2), 7.59 – 7.52 (4H, m, H4’, H9, H8, H3), 7.35 (1H, d, J = 7.9 Hz, 

H3’), 7.17 (1H, d, J = 4.9 Hz, H5’).13C NMR (150 MHz, CDCl3): d 

183.5 (C5), 149.8 (C6’), 143.6 (C13), 142.2 (C2’), 138.9 (C16), 

136.4 (C4’), 135.8(C17), 134.3 (C2), 132.7 (C18), 130.2 (C14), 129.8 (C7), 129.5 (C6), 129.3 

(C3), 128.9 (C15), 128.3 (C10), 128.2 (C1), 127.9 (C11), 127.5 (C4), 127.4 (C9), 127.4 (C8), 

127.3 (C3’), 123.4 (C5’), 91.7 (C8’), 85.3 (C7’), 66.8 (C12). IR v/cm–1: 3128br/w, 3064w, 

2920w, 2850w, 2219w, 1665s, 1624m, 1582s, 1457s, 1427m, 1336m, 1288s, 1257s, 1092s, 

948s, 754s, 571s, 472s. UV-Vis λmax (ε): 232 nm (82216), 277 nm (62855), 316 nm (23203), 

303 nm (24214), 362 nm (5871). ESI-MS: Found [M – H2O]+ 344.1059, [C25H15NO2 – H2O]+ 

requires 344.1075; found [M + H]+ 362.1179, [C25H15NO2 + H]+ requires 362.1176; found [M 

+ Na]+ 384.0982; [C25H15NO2 + Na]+ requires 384.0995.  
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Procedure for the synthesis of 4.31 – 4.32 

3-Ethynylpyridine (0.488 g, 4.733 mmol) and dry diethyl ether (20 mL) were charged 

to an over dried Schlenk flask under a nitrogen atmosphere. The flask was then cooled to 0°C. 
nBuLi (1.6 M dissolved in hexanes, 2.9 mL, 4.576 mmol) was added dropwise and the reaction 

was stirred at 0°C for one hour then allowed to warm to room temperature. 4.28 (0.204 g, 0.791 

mmol) was added as one solid portion, immediately the reaction mixture went a green colour. 

The reaction was stirred at room temperature for a total of 48 hours and was monitored by TLC. 

The reaction was then heated to 55°C for 3 hours, then allowed to cool to room temperature. 

The resulting mixture was neutralised with acetic acid (1 M, 50 mL), upon the addition the 

reaction went a dark red/orange colour. The solution was stirred for 30 minutes, then 

SnCl2.2H2O (1.78 g, 7.910 mmol) was added as one solid portion. The reaction was stirred for 

12 hours. Additional diethyl ether (100 mL) and distilled water (50 mL) were added, then 

neutralised with solid sodium bicarbonate. The resulting biphasic mixture was transferred to a 

separating funnel, the organic layer separated. The aqueous layer washed with chloroform (3 x 

50 mL). The organic layers were combined, dried with magnesium sulfate and the solvent 

removed in vacuo. Column chromatography, SiO2, eluent 1% MeOH:DCM.  

 

5,12-Bis(3´-pyridylethynyl)tetracene, 4.31 

Yield: 83 mg, 0.1928 mmol (24%) Mp: >300°C. 1H NMR (400 

MHz, CDCl3): d 9.22 (2H, s, H6, H11), 9.07 (2H, s, H2’), 8.67 (2H, 

dd, J = 4.7 Hz, 1.0 Hz, H6’), 8.62 (2H, dd, J = 6.5 Hz, 3.0 Hz, H1, 

H4), 8.13 – 8.09 (4H, m, H4’, H7, H10), 7.60 (2H, dd, J = 6.7 Hz, 

3.0 Hz, H2, H3), 7.50 (2H, dd, J = 6.5 Hz, 3.0 Hz, H8, H9), 7.45 

(2H, dd, J = 7.6 Hz, 4.8 Hz, H5’). 13C NMR (150 MHz, CDCl3): d 

152.0 (C2’), 148.8 (C6’), 138.8 (C4’), 132.4 (C13, C14), 132.4 

(C16, C17), 129.8 (C15, C18), 128.6 (C7, C10), 127.3 (C1, C4), 

127.1 (C2, C3), 126.5 (C8, C9), 126.0 (C6, C11), 123.5 (C5’), 120.8 

(C3’), 118.1 (C5, C12), 99.7 (C7’), 90.4 (C8’). IR v/cm–1: 3043w, 2953w, 2917w, 2195w, 

1580w, 1557m, 1475m, 1321w, 1090m, 868m, 795s, 749s, 8732s, 696m, 576w, 460m. UV-Vis 

λmax (ε): 231 nm (33715), 267 nm (32318), 292 nm (99860), 342 nm (17105), 358 nm (18096), 

481 nm (6495), 513 nm (15674), 552 nm (21331). ESI-MS: Found [M + H]+ 431.1499. 

[C25H15NO2 + H]+ requires 431.1543. Emission λmax: 564 nm, 605 nm 
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12-Hydroxy-5-[3-pyridylethynyl]-5(12H)-anthraceneone, 4.32 

Yield = 76.4 mg, 0.2114 mmol (27%)  Mp =  145 – 150°C. 1H NMR 

(400 MHz, CDCl3): d 8.86 (1H, s, H6), 8.67 (1H, s, H2’), 8.61 (1H, 

s, H11), 8.51 (1H, d (broad) , J = 1.9, H6’), 8.33 (1H, dd, J = 7.3 Hz, 

1.3 Hz, H4), 8.21 (1H, d, J = 7.8 Hz, H1), 8.06 (1H, d, J = 8.2, H7), 

7.99 (1H, d, J = 8.1 Hz, H10), 7.77 (1H, td, J = 7.5 Hz, 1.3 Hz, H2), 

7.71 – 7.57 (4H, m, H4’, H9, H8, H3), 7.25-7.21 (1H, m, H5’). 13C 

NMR (150 MHz, CDCl3): d 183.2 (C5), 152.3 (C2’), 149.1 (C6’), 

143.6 (C13, C3’), 139.0 (C16), 138.8 (C4’), 135.9 (C17), 134.4 (C2), 132.8 (C18), 130.1 (C14), 

129.9 (C7), 129.6 (C6), 129.5 (C3), 129.1 (C9), 128.3 (C10), 127.9 (C1), 127.7 (C4), 127.6 

(C8, C11), 127.2 (C15), 123.1 (C5’), 94.7 (C8’), 83.1 (C7’), 67.1 (C12). IR v/cm–1: 3055br/w, 

2998w, 2921w, 2921w, 2852w, 1664m, 1453w, 1290m, 1228s, 1093w, 1054w, 1028m, 918m, 

741s, 700s, 566m, 474m. UV-Vis λmax (ε): 233 nm (39650), 277 nm (25639), 316 nm (9887), 

302 nm (10785), 362 nm (3518). ESI-MS: Found [M – H2O]+ 344.1071, [C25H15NO2 – H2O]+ 

requires 344.1075; found [M + H]+ 362.1176, [C25H15NO2 + H]+ requires 362.1176; found [M 

+ Na]+ 384.1696; [C25H15NO2 + Na]+ requires 384.0995.  

 

6,13-Bis(2´-pyridylethynyl)pentacene, 4.35 

2-Ethynylpyridine (1.010 g, 9.697 mmol, 3 equiv.) and dry 

tetrahydrofuran (40 mL) was added to an oven dried Schlenk 

under a nitrogen atmosphere. The reaction flask was cooled to 

–78°C in an acetone and dry ice cooling bath. nBuLi was 

titrated (1.2M in hexanes, 8 mL, 9.697 mmol) and then added 

dropwise to the reaction mixture. The reaction was stirred at 

this temperature for two hours. 4.33 (0.935 g, 3.034 mmol, 1 

equiv.) was added as one solid portion, then additional dry THF 

was added (20 mL), then allowed to warm to room temperature 

and stirred for 24 hours. The reaction went a dark black/slightly 

green colour. The reaction was monitored by TLC. Acetic acid (5M, 100 mL) was added and 

stirred for 15 minutes. SnCl2.2H2O (6.85 g, 30.34 mmol, 10 equiv.) was added as one solid 

portion. The reaction was stirred for 18 hours. The reaction was transferred to a separating 

funnel and washed with Et2O (5 x 100 mL), dried with MgSO4 and the solvent removed under 

reduced pressure. The aqueous layer was carefully neutralised with NaOH solution (1M), then 

washed with chloroform (3 x 150 mL). An emulsion formed in the chloroform layer. This was 

filtered through a frit and the filtrate was combined with the organic layers, dried with MgSO4 
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and removed under reduced pressure. The product was obtained after flash column 

chromatography using silica gel, DCM, then with increasing polarity to DCM:MeOH (1%) to 

DCM:MeOH (2%). The product fractions were combined, washed with MeOH and centrifuged, 

resulting in a dark blue solid. Yield: 0.120 g, 0.250 mmol (8%), Mp: >300°C. 1H NMR (600 

MHz, DMSO-d6): d 9.40 (4H, s, H5, H7, H12 H14), 9.32 (2H, d, J = 2.0 Hz, H3’), 8.70 (2H, 

dd, J = 4.8 Hz, 1.3 Hz, H6’), 8.53 (2H, dt, J = 7.5 Hz, 2.0 Hz, H4’), 8.34 (4H, q, J = 6.8 Hz, 3.4 

Hz, H1, H4, H8, H11), 7.63 (2H, dd, J = 7.5 Hz, 4.8 Hz, H5’), 7.53 (4H, q, J = 6.8 Hz, 3.4 Hz, 

H2, H3, H9, H10). IR v/cm–1: 2942w, 2867w, 2833w, 2788w, 1573m, 1454w, 1406m, 1353m, 

1231m, 1138w, 1091s, 931m, 692s, 622s, 514s, 408m. UV-Vis λmax (ε): 229 nm (2893). 311 

nm (16985), 371 nm (2192), 442 nm (330), 608 nm (899), 660 nm (1502). ESI-MS: Found [M 

+ H]+ 481.1702, [C36H20N2 + H]+ requires 481.1699; found [M + 2H]2+ 241.0884, [C36H20N2 + 

2H]2+ requires 241.0886. Emission λmax: 699 nm 

 

AgBF4 with 9,10-bis(2-pyridylethynyl)anthracene, viz 4.38 

4.15 (4.8 mg, 0.013 mmol) in hot dichloromethane (2 mL) and silver tetrafluoroborate (4.0 mg, 

0.020 mmol) in hot acetonitrile (2 mL) were combined. Orange plate-like crystals were obtained 

that were suitable for single X-ray diffraction after vapour diffusion of diisopropyl ether into 

the reaction mixture after a few days. Yield: 14.5 mg. Mp: >300°C. IR v/cm–1: 3080br/w, 

2919w, 2195w, 1587w, 1559w, 1474m, 1433m, 1283w, 1238w, 1025br/s, 760s, 638s, 518s. 

ESI-MS: Found [L + H]+ 381.1380, Calc [C28H16N2 + H]+ 381.1386; [L + 2H]2+ 191.0726, Calc 

[C28H16N2 + 2H]+ 191.0730; Found [L2 + H]+ 761.2760, [C56H32N4 + H]+ requires 761.2698; 

found [L2 + 2H]2+ 381.1380, [C56H32N4 + 2H]2+ requires 381.1386; found [ML]+ 487.0355, 

[AgC28H16N2]+ requires 487.0359; found [ML2]+ 867.1675, [Ag(C28H16N2)2 ]+ requires 

867.1672; found [ML2 + H]2+ 435.0872, [Ag(C28H16N2)2 + H]2+ requires 435.0871; found 

[M2L2]2+ 489.0357, [Ag2(C28H16N2)2]2+ requires 489.0356.  

 

AgOTf with 9,10-bis(2-pyridylethynyl)anthracene, viz 4.39, 4.40 

4.15 (4.5 mg, 0.012 mmol) in hot dichloromethane (2 mL) and silver triflate (4.3 mg, 0.017 

mmol) in hot acetonitrile (2 mL) were combined. Orange crystals were obtained that were 

suitable for single X-ray diffraction after vapour diffusion of diisopropyl ether and toluene into 

the reaction mixture after approximately a week. Yield: 5.1 mg. Mp: >300°C. IR v/cm–1: 

3076w, 2912w, 2849w, 2196w, 1587w, 1587w, 1558m, 1473s, 1433m, 1255s, 1156s, 1100w, 

1051s, 765s, 708m, 635s, 515m. ESI-MS: Found [L + H]+ 381.1381, [C28H16N2 + H]+ requires 

381.1386; found [L + 2H]2+ 191.0726, [C28H16N2 + 2H]+ requires 191.0730; found [L2 + H]+ 

761.2713, [C56H32N4 + H]+ requires 761.2698; found [ML]+ 487.0357, [AgC28H16N2]+ requires 
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487.0359; found [ML2]+ 867.1692, [Ag(C28H16N2)2 ]+ requires 867.1672; found [ML2 + H]2+ 

435.0874, [Ag(C28H16N2)2 + H]2+ requires 435.0871; found [M2L2]2+ 489.0360, 

[Ag2(C28H16N2)2]2+ requires 489.0356.  

 

Cu(MeCN)4BF4  with 9,10-bis(2-pyridylethynyl)anthracene, viz 4.42  

4.15 (4.6 mg, 0.012 mmol) in hot dichloromethane (2 mL) and tetrakis(acetonitrile)copper(I) 

tetrafluoroborate (4.6 mg, 0.014 mmol) in hot acetonitrile (2 mL) were combined. Dark orange 

crystalline material was obtained that were suitable for single X-ray diffraction after vapour 

diffusion of dioxane and methanol into the reaction mixture. Yield: 6.3 mg. Mp: >300°C. IR 

v/cm–1: 3086br/w, 2196w, 1593w, 1476w, 1437w, 1027br/s, 760m, 637m, 518m. ESI-MS: 

Found [L + H]+ 381.1375, [C28H16N2 + H]+ requires 381.1373; found [L + 2H]2+ 191.0730, 

[C28H16N2 + 2H]+ requires 191.0730; Found [L2 + H]+ 761.2691, [C56H32N4 + H]+ requires 

761.2700; found [ML]+ 443.0594, [CuC28H16N2]+ requires 487.0604; found [ML2]+ 823.1921, 

[Cu(C28H16N2)2 ]+ requires 823.1917; found [ML2 + H]2+ 412.0986, [Cu (C28H16N2)2 + H]2+ 

requires 412.0995.  

 

CuI with 9,10-bis(2-pyridylethynyl)anthracene, viz 4.43 

4.15 (3.5 mg, 0.010 mmol) in hot dichloromethane (2 mL) and copper(I) iodide (3.0 mg, 0.016 

mmol) in hot acetonitrile (2 mL) were combined. Immediately, an orange cloudy solution was 

produced. The solid was allowed to settle to the bottom of the vial, revealing a red solid in a 

yellow solution. The suspension underwent centrifugation, was then decanted, and solvent 

removed under reduced pressure. The solid was fairly insoluble in common solvents. Yield: 

12.3 mg. Mp: >300°C. IR v/cm–1: 2968br/w, 2198w, 1586w, 1556w, 1474m, 1430w, 1152w, 

1053w, 757s, 636m. ESI-MS: Found [L + H]+ 381.1375, [C28H16N2 + H]+ requires 381.1373; 

found [L + 2H]2+ 191.0726, [C28H16N2 + 2H]+ requires 191.0730; found [L2 + H]+ 761.2698, 

[C56H32N4 + H]+ requires 761.26700; found [ML]+ 443.0597, [CuC28H16N2]+ requires 487.0604; 

found [ML2]+ 823.1935, [Cu(C28H16N2)2 ]+ requires 823.1917; found [ML2 + H]2+ 412.0989, 

[Cu(C28H16N2)2 + H]2+ requires 412.0995.  

 

Cd(NO3)2  with 9,10-bis(2-pyridylethynyl)anthracene, viz 4.44 

4.15 (4.9 mg, 0.013 mmol) in hot dichloromethane (2 mL) and cadmium(II) nitrate (8.8 mg, 

0.028 mmol) in hot acetonitrile (2 mL) were combined. Crystals were obtained that were 

suitable for single X-ray diffraction after vapour diffusion of dioxane into the reaction mixture.  

Yield: 30 mg. Mp: >300°C (242°C decomposes). IR v/cm–1: 3360br/w, 2918w, 2858w, 2197w, 

1590w, 1432s/br, 1277s/br, 1160m, 1114s, 1023m, 867s, 813m, 746s, 638m, 612m. ESI-MS: 
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Found [L + H]+ 381.1389, [C28H16N2 + H]+ requires 381.1386; found [L + 2H]2+ 191.0727, 

[C28H16N2 + 2H]+ requires 191.0730; found [L2 + H]+ 761.2712, [C56H32N4 + H]+ requires 

761.2700; found [L2 + 2H]2+ 381.1389, [C56H32N4 + 2H]2+ requires 761.2700; found [ML]+ 

499.0389, [CdC28H16N2]+ requires 499.0740, found [ML + NO3]+ 557.0453, [CdC28H16N2 + 

NO3]+ requires 557.0305.  

 

Zn(NO3)2  with 9,10-bis(2-pyridylethynyl)anthracene, viz 4.45 

4.15 (4.9 mg, 0.013 mmol) in hot dichloromethane (2 mL) and zinc(II) nitrate (7.8 mg, 0.026 

mmol) in hot acetonitrile (2 mL) were combined. Orange needle like crystals were obtained 

that were suitable for single X-ray diffraction after vapour diffusion of dioxane into the reaction 

mixture. Yield = 3.1 mg. Mp = >300°C. ESI-MS: Found [L + H]+ 381.1386, [C28H16N2 + H]+ 

requires 381.1386; found [L + 2H]2+ 191.0728, [C28H16N2 + 2H]+ >300°C 191.0730. found [L2 

+ H]+ 761.2722, [C56H32N4 + H]+ requires 761.2700; found [ML2]+ 413.1457, [ZnC28H16N2]+ 

requires 413.0938; found [ML2]+ 824.1907, [Zn(C28H16N2)2]+ requires 824.1913; found [ML2 

+ NO3 + H]2+ 444.0868, [Zn(C28H16N2)2 + NO3 + H]2+ requires 444.0949.  

 

9,10-Bis(2-pyridyl)anthracene, 4.46 

Folllowing a literature procedure,26 under nitrogen atmosphere, 2-

bromopyridine (1.70 g, 10.76 mmol) and dry tetrahydrofuran (40 mL) 

were added to an oven dried Schlenk flask. The reaction flask was cooled 

in an acetone/dry ice cooling bath to –78°C. nBuLi (1.6 M, 6.8 mL, 10.88 

mmol) was added dropwise with a significant colour change from 

colourless to golden yellow to brown. The reaction was allowed to stir at 

this temperature for one hour, then anthraquinone (0.807 g, 3.876 mmol) 

was added in four solid portions, stirred and then allowed to reach room temperature. Cold 

water (100 mL) was added and then saturated NH4Cl solution (50 mL) and the reaction was 

stirred for 15 minutes. The reaction was extracted with ethyl acetate (3 x 100 mL), then with 

chloroform (1 x 100 mL). The organic layers were combined, washed with brine (100 mL), 

separated, dried with MgSO4, and the solvent removed under reduced pressure. The crude 

material was taken up in glacial acetic acid (100 mL) followed by the addition of potassium 

iodide (7 g) and sodium hypophosphite (5 g). The reaction was heated to 110°C overnight, 

cooled to room temperature and neutralised with NaOH solution (2 M). The suspension was 

transferred to centrifuge tubes, centrifuged at 3500 rpm for 10 minutes. The solid was collected 

by decanting the solution off. The solid was taken up in HCl (2M, 50 mL) and stirred, the 

aqueous solution was extracted with ethyl acetate to remove any quinone and other impurities 

N

N

2

6’

5’

3’

4’

1
2’

10
11

4

3
56

7

8

9

1213

14

2’
3’

4’

5’

6’



 347 

present. The aqueous layer was carefully neutralised with NaOH (2M) solution to pH 7-8. The 

precipitate formed was taken up in DCM and extracted (3 x 50 mL). The organic layers 

combined, dried with Na2SO4 and the solvent removed under reduced pressure resulting in pure 

product. Yield: 0.5392 g, 1.622 mmol (42%) Mp:  270 – 275°C. IR v/cm–1: 3059w, 2927w, 

1584m, 1472m, 1385m, 1146w, 991m, 949w, 767s, 667s, 608s, 516w. UV-Vis λmax (ε): 259 

nm (63501), 354 nm (6489), 372 nm (9823), 392 nm (9357). ESI-MS: Found [M + 2H]2+ 

167.0729, [C24H16N + 2H]2+ requires 167.0729; found [M + H]+ 333.1389, C24H16N + H]+ 

requires 333.1386; found [M2 + H]+ 665.2706, [(C24H16N)2.+ H]+ requires 665.2700. Emission 

λmax: 430 nm.  

NB: 1H-NMR and 13C-NMR spectra were consistent with reported literature.  

 

9-(2-Pyridyl)-10-(buten-1-yl)-anthracene, 4.47 

Under nitrogen atmosphere, 2-bromopyridine (3.526 g, 22.32 mmol) and 

dry tetrahydrofuran (100 mL) were added to an oven dried Schlenk. The 

reaction flask was cooled to –78°C in an acetone and dry ice cooling bath. 
nBuLi (1.6 M, 13.5 mL, 22.32 mmol) was added dropwise and then 

allowed to stir at this temperature for one hour. Anthraquinone (1.684 g, 

8.086 mmol) was added all at once, stirred at –78°C for one hour then 

allowed to warm to room temperature. Cold water (100 mL) was added, 

then the organic layer was isolated by extracting with ethyl acetate (3 x 100 mL), dried with 

MgSO4 and the solvent removed under reduced pressure. The residue was dissolved in glacial 

acetic acid (80 mL), followed by addition of potassium iodide (7 g) and sodium hypophosphite 

(5 g). The reaction was heated for 4 hours, cooled to room temperature and the precipitate was 

collected and washed with THF:H2O (7:3). The solid was washed again and the filtrate was 

neutralised with 2 M NaOH solution. The product was extracted by washing the aqueous phase 

with chloroform (3 x 100 mL). The organic phase was dried with MgSO4, then the solvent 

removed under reduced pressure. The crude residue was washed with hot methanol, cooled to 

room temperature and the solid impurities filtered. The filtrate was taken and purified by 

column chromatography, SiO2, eluent DCM:PE (1:1) with increasing the polarity to 100% 

DCM. Yield: 0.019 g, 0.061 mmol (1%), Mp: 172 – 176°C. 1H NMR (600 MHz, CDCl3): d 

8.90 (1H, d, J = 4.5 Hz, H6’), 8.37 (2H, d, J = 8.8 Hz, H1, H9), 7.90 (1H, td, J = 7.7 Hz, 1.6 

Hz, H4’), 7.53 – 7.50 (3H, m, H4, H6, H3’), 7.45 – 7.41 (3H, m, H5’, H2, H8), 7.35 – 7.33 (2H, 

m, H3, H7), 7.14 (1H, d, J = 16.2 Hz, H7’), 6.08 (1H, dt, J = 16.0 Hz, 6.4 Hz, H8’), 2.56 – 2.52 

(2H, m, H9’), 1.31 (3H, t, J = 7.3 Hz, H10’). 13C NMR (150 MHz): d 158.7 (C2’), 150.1 (C6’), 

141.3 (C8’), 136.3 (C4’), 134.9 (C11, C14), 134.3 (C12, C13), 129.8 (C10), 129.4 (C5), 127.0 
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(C3’), 126.5 (C4, C6), 126.3 (C1, C9), 125.5 (C2, C8), 124.8 (C3, C7), 124.6 (C7’), 122.3 

(C5’), 26.8 (C9’), 13.9 (C10’). IR v/cm–1: 3014w, 2956m, 2922w, 2867w, 1582s, 1559s, 1430s, 

1377s, 1199m, 1149m, 1049m, 966s, 931m, 748s, 695s, 609s, 501w. UV-Vis λmax (ε): 262 nm 

(59864), 360 nm (3206), 379 nm (5247), 397 nm (4891). ESI-MS: Found [M + H]+ 310.1585. 

[C23H19N + H]+ requires 310.1590. Emission λmax: 437 nm.  

 

 

AgBF4  with 9,10-bis(2-pyridyl)anthracene, viz 4.48 

4.46 9.9 mg, 0.030 mmol) and silver tetrafluoroborate (7.6 mg, 0.039 mmol) were dissolved 

separately in hot dichloromethane (2 mL) and hot acetonitrile (2 mL), respectively then were 

combined. Crystals that were suitable for single X-ray diffraction studies were obtained after 

vapour diffusion of toluene into the complex mixture. Yield: 7.6 mg (21%). Mp: >300°C. IR 

v/cm–1: 3076w, 2298w, 1591m, 1561w, 1478w, 1386w, 1280w, 1158w, 1105s, 1042m, 764s, 

667m, 615m, 515m. Emission λmax: 447 nm.  

 

AgPF6  with 9,10-bis(2-pyridyl)anthracene, viz 4.49 

4.46 (9.1 mg, 0.027 mmol) in hot dichloromethane (2 mL) and silver hexafluorophosphate (16.4 

mg, 0.065 mmol) in hot acetonitrile (2 mL) were each dissolved then combined. Crystals that 

were suitable for single X-ray diffraction studies were obtained after vapour diffusion of diethyl 

ether into the complex mixture. Yield: 6.7 mg (19%). Mp: 296 – 300°C. IR v/cm–1: 3063w, 

2248w, 1593w, 1565w, 1479w, 1438w, 1388w, 1154w, 1006w, 832s, 766s, 731m, 667m, 554s, 

518w. Excitation λmax: 261 nm, 356 nm, 374 nm, 395 nm. Emission λmax: 448 nm.  

 

AgOTf  with 9,10-bis(2-pyridyl)anthracene, viz 4.50 

4.46 (9.0 mg, 0.027 mmol) in hot dichloromethane (2 mL) and silver triflate (9.1 mg, 0.036 

mmol) in hot acetonitrile (2 mL) were each dissolved, combined and then left to cool. Crystals 

that were suitable for single X-ray diffraction studies were obtained after vapour diffusion of 

diisopropyl ether into the reaction mixture. Yield: 6.6 mg (24%). Mp: 257 – 263°C. IR v/cm–

1: 3056w, 2915w, 1624m, 1591w, 1478m, 1438w, 1387m, 1258s, 1127s, 949w, 768s, 721m, 

634s, 514m. Emission λmax: 444 nm.  

 

AgNO3  with 9,10-bis(2-pyridyl)anthracene, viz 4.51, 4.52 

4.46 (5.58 mg, 0.017 mmol) in hot dichloromethane (2 mL) and silver nitrate (3.35 mg, 0.020 

mmol) in hot acetonitrile (2 mL) were each dissolved, combined and then left to cool. Crystals 

that were suitable for single X-ray diffraction studies were obtained after vapour diffusion of 
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pentane into the reaction mixture. Yield: 3.4 mg. Mp: 292 – 298°C. IR v/cm–1: 3066w, 1597m, 

1564w, 1361s, 1299s, 1236m, 1154m, 1095w, 1055w, 1013m, 949w, 811s, 779s, 762m, 630m, 

608m, 515w.  

 

Cu(MeCN)4BF4  with 9,10-bis(2-pyridyl)anthracene, viz 4.53 

4.46 (9.22 mg, 0.028 mmol) and tetrakis(acetonitrile)copper(I) tetrafluoroborate (8.05 mg, 

0.026 mmol) were dissolved separately in hot dichloromethane (2 mL) and in hot acetonitrile 

(2 mL), respectively. The solutions were cooled to room temperature then combined. Pale 

yellow crystalline material was obtained that were suitable for single X-ray diffraction after 

vapour diffusion of pentane into the reaction mixture after a few days. Yield: 6.6 mg (20%). 

Mp: >300°C. IR v/cm–1: 3071w, 1593m, 1479m, 1387m, 1280w, 1160w, 1044s, 765s, 667m, 

610m, 516m. Excitation λmax: 258 nm, 319 nm, 372 nm, 390 nm. Emission λmax: 429 nm.  

 

CuI with 9,10-bis(2-pyridyl)anthracene, viz 4.54 

4.46 (10.15 mg, 0.031 mmol) in hot dichloromethane (2 mL) and copper(I) iodide (6.13 mg, 

0.032 mmol) in hot acetonitrile (2 mL) were dissolved separately then combined. Dark brown 

crystalline material was obtained after vapour diffusion of diisopropyl ether into the complex 

dissolved in MeCN:DCM (1:1). These crystals were suitable for single X-ray diffraction 

studies. Yield: 7.2 mg (45%). Mp = >300°C. IR v/cm–1: 2956w, 1593m, 1556w, 1480m, 

1434m, 1385m, 1282w, 1204w, 1150w, 1091w, 1053w, 1016w, 967w, 947w, 763s, 661m, 

607m, 514w. Excitation λmax: 257 nm, 316 nm, 373 nm, 390 nm. Emission λmax: 430 nm.  

 

Cu(NO3)2  with 9,10-bis(2-pyridyl)anthracene, viz 4.55 

4.46 (9.5 mg, 0.029 mmol) in hot dichloromethane (2 mL) and copper(II) nitrate (14.4 mg, 

0.060 mmol) in hot acetonitrile (2 mL) were combined. Crystals that were suitable for single 

X-ray diffraction studies were obtained after vapour diffusion of methanol into the reaction 

mixture. Yield: 2.0 mg, (9%). Mp: >250°C. IR v/cm–1: 3076w, 2283w, 1600w, 1563w, 1485m, 

1279m, 1162w, 1006m, 802w, 765m. Excitation λmax: 257 nm, 355 nm, 370 nm, 390 nm. 

Emission λmax: 431 nm.  

 

Zn(NO3)2  with 9,10-bis(2-pyridyl)anthracene, viz 4.56 

4.46 (10.46 mg, 0.03147 mmol) and zinc(II) nitrate (19.86 mg, 0.06677 mmol) were dissolved 

separately in hot dichloromethane (2 mL) and hot acetonitrile (2 mL), respectively, then were 

combined. Crystals that were suitable for single X-ray diffraction studies were obtained after 

vapour diffusion of toluene into the reaction mixture. Yield: 6.9 mg, (42%). Mp: >300°C. IR 
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v/cm–1: 3484w/br, 3067w/br, 2915w, 1601m, 1562w, 1482s, 1384w, 1278s, 1096w, 1007m, 

762s, 663m, 636m, 607m, 513w. Excitation λmax: 260 nm, 369 nm, 392 nm. Emission λmax: 

487 nm.  

 

Cd(NO3)2  with 9,10-bis(2-pyridyl)anthracene, viz 4.57 

4.46 (12.11 mg, 0.036 mmol, 1 equiv.) in hot dichloromethane (2 mL) and cadmium(II) nitrate 

(25.76 mg, 0.084 mmol, 2 equiv.) in hot acetonitrile (2 mL) were dissolved separately then 

combined. Large brown crystals that were suitable for single X-ray diffraction studies were 

obtained after vapour diffusion of diisopropyl ether into the reaction mixture. Yield: 11.7 mg 

(56%). Mp: >300°C. IR v/cm–1: 3065w, 2914w, 1596m, 1562w, 1456s, 1386m, 1262s, 1014m, 

767s, 662m, 630m, 607m, 516w. Emission λmax: 490 nm. 

 

Co(NO3)2  with 9,10-bis(2-pyridyl)anthracene, viz 4.58 

4.46 (10.9 mg, 0.033 mmol) in hot dichloromethane (2 mL) and cobalt(II) nitrate hexahydrate 

(16.9 mg, 0.058 mmol) in hot acetonitrile (2 mL) were dissolved separately then combined. 

Bright pink crystals that were suitable for single X-ray diffraction studies were obtained after 

vapour diffusion of diisopropyl ether into the reaction mixture. Yield: 7.6 mg (45%). Mp: 

>300°C (decomposes at 250°C). IR v/cm–1: 3067w, 2290w, 1598m, 1561w, 1487s/br, 1381m, 

1267s/br, 1152m, 1013m, 946m, 800m, 765s, 733s, 660m, 632m, 605m, 513w. Excitation λmax: 

258 nm, 352 nm, 369 nm, 389 nm. Emission λmax: 429 nm.  

 

Ni(NO3)2  with 9,10-bis(2-pyridyl)anthracene, viz 4.59 

4.46 (11.84 mg, 0.036 mmol) in hot dichloromethane (2 mL) and cobalt(II) nitrate hexahydrate 

(23.77 mg, 0.082 mmol) in hot acetonitrile (2 mL) were dissolved separately then combined. 

Crystals that were suitable for single X-ray diffraction studies were obtained after vapour 

diffusion of diisopropyl ether into the apple-green coloured reaction mixture. Yield: 18.2 mg 

Mp: >250°C (turns red at 150°C, decomposes at 250°C). IR v/cm–1: 3177m/br, 2932w, 2319w, 

2291w, 1602m, 1566w, 1482s, 1388m, 1282s/br, 1156w, 1099w, 1021m, 946w, 806s, 774s, 

669m, 634m, 607m, 515w. Emission λmax: 470 nm 

 

Pt(DMSO)2Cl2  with 9,10-bis(2-pyridyl)anthracene, viz 4.60 

4.46 (5.38 mg, 0.016 mmol) in dichloromethane (3 mL) and platnium(II) bis-dimethylsulfoxide 

dichloride (7.04 mg, 0.017 mmol) in DMF (3 mL) were dissolved separately then combined. 

The solution was heated to 80°C for three hours then cooled to room temperature. Crystals that 

were suitable for single X-ray diffraction studies were obtained after vapour diffusion of water 
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into the reaction mixture. Yield: 2.0 mg (12%) IR v/cm–1: 3305w/br, 2929w, 1769w, 1720w, 

1656s, 1473w, 1411w, 1386m, 1254w, 1170m, 1095m, 1060m, 1034m, 990w, 929w, 770w, 

661w.  

 

Procedure for the synthesis of 4.61 – 4.62 

To an oven dried Schlenk flask under a nitrogen atmosphere, 2-bromopyridine (1.76 g, 

11.2 mmol, 2.8 eq.) and dry THF (60 mL) were added. The reaction was cooled in an acetone-

dry ice cooling bath to –78°C and nBuLi (1.6 M in hexanes, 7.0 mL, 0.01115 mol) was added 

dropwise, producing a colour change from colourless to yellow to brown. The reaction was 

stirred at this temperature for one hour. In an additional flask, 4.28 (1.03 g, 3.97 mmol, 1 eq.) 

followed by dry THF (20 mL) was added forming a suspension. This was then added to the 

reaction flask containing the 2-bromopyridine, the reaction immediately turned green. The 

reaction was allowed to warm to room temperature and monitored by TLC. Cold water (100 

mL) was added to the flask, then saturated NH4Cl solution (50 mL). The reaction mixture was 

extracted with ethyl acetate (3 x 100 mL) then with chloroform (100 mL). The organic portions 

were combined, dried with MgSO4 and solvent evaporated under reduced pressure. The residue 

was dissolved in glacial acetic acid (80 mL), then KI (7 g) and NaH2PO2 (5 g) was added. The 

reaction was heated to 110°C overnight. The flask was cooled to room temperature, neutralised 

with NaOH solution (2 M), a black solid formed. The solid was filtered, then dissolved in 

chloroform (100 mL), washed with water (2 x 100 mL), the organic layer was dried with sodium 

sulfate and concentrated in vacuo. The product was purified by column chromatography, SiO2, 

EtOAc:PE (1:9).   

 

 

2,2´-(5,10-Napthacenediyl)-bis-pyridine, 4.61 
1H NMR (600 MHz, CDCl3): d 8.99 (2H, d, J = 5.0 Hz, H6’), 8.18 

(2H, s, H6, H11), 8.03 – 7.99 (2H, m, H4’), 7.76 (2H, dd, 2H, J = 6.9 

Hz, 3.2 Hz, H1, H4), 7.62 (2H, d, J = 7.8 Hz, H3’), 7.56 – 7.53 (4H, 

m, H7, H10, H5’), 7.30 – 7.26 (4H, m, H2, H3, H8, H9). ESI-MS: 

Found [M + H]+ 385.1704, [C28H20N2 + H]+ requires 385.1699; 

found [M + 2H]2+ 193.0882, [C29H20N2 + 2H]2+ requires 193.0886.  
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cis-5,12-Dihydro-5,12-di-2-pyridyltetracene, 4.62 

 1H NMR (600 MHz, CDCl3): d  8.49 (2H, d, J = 4.1 Hz, H6’), 7.96 

(2H, s, H6, H11), 7.78 (2H, q, J = 6.2 Hz, 3.4 Hz, H7, H10), 7.50 

(2H, q, J = 5.5 Hz, 3.4 Hz, H1, H4), 7.39 (2H, q, J = 6.2 Hz, 3.4 Hz, 

H8, H9), 7.28 (2H, q, J = 5.5 Hz, 3.4 Hz, H2, H3), 7.16 (2H, t, J = 

7.5 Hz, H4’), 6.94 (2H, t, J = 5.5 Hz, H5’), 6.54 (2H, d, J = 8.3 Hz, 

H3’), 5.78 (2H, s, H5, H12). 13C NMR (125 MHz, CDCl3): d 163.7 

(C2’), 148.8 (C6’), 137.1 (C13, C14), 136.1 (C4’), 135.5 (C16, 

C17), 132.6 (C15, H18), 130.0 (C1, C4), 128.5 (C6, C11), 127.6 (C7, C10), 127.1 (C2, C3), 

125.8 (C8, C9), 123.1 (C3’), 121.1 (C5’), 52.8 (C5, C12). ESI-MS: Found [M + H]+ 383.1538, 

[C28H18N2 + H]+ requires 383.1543; found [M + 2H]2+ 192.0803, [C29H18N2 + 2H]2+ requires 

192.0808. 

 

 

AgBF4  with 5,12-bis(2-pyridyl)tetracene, viz 4.64 

4.61 (4.93 mg, 0.013 mmol) and silver tetrafluoroborate (6.00 mg, 0.031 mmol) were each 

dissolved separately in hot dichloromethane (2 mL) and hot acetonitrile (2 mL), respectively. 

The solutions were combined and allowed to cool to room temperature. Crystals that were 

suitable for single X-ray diffraction studies were obtained after vapour diffusion of diisopropyl 

ether into the reaction mixture. Yield: 2.5 mg Mp: >300°C. IR v/cm–1: 3067w, 2262w, 1673w, 

1593m, 1478w, 1375w, 1048s, 870m, 630w, 594w, 570w, 517w. Excitation λmax: 259 nm, 355 

nm, 370 nm, 392 nm. Emission λmax: 43 nm, 504 nm, 542 nm.  
 

CuI with 5,12-bis(2-pyridyl)dihydrotetracene, viz 4.65  

4.62 (4.5 mg, 0.018 mmol) in hot dichloromethane (2 mL) and copper(I) iodide (2.2 mg, 0.018 

mmol) in hot acetonitrile (2 mL) were dissolved separately then combined. Crystals that were 

suitable for single X-ray diffraction analysis were obtained after vapour diffusion of methanol 

into the reaction mixture. ESI-MS: Found [L + H]+ 385.1696, Calc [C28H20N2 + H]+ 385.1699; 

Found [ML]+ 447.0917, Calc [CuC28H20N2]+ 447.0917.  
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7.5 Chapter 5 

 

9,13,14,18-tetraphenylanthra-[2,3-f]-di-[1,10]-phenthroline-11,16-quinone, 5.8 

To an oven dried Schlenk, benzophenone was freeze-pump-thaw 

degassed for three cycles. 5.10 (0.204, 0.507 mmol 2 eq.) and 1,4-

benzoquinone (0.028 mmol, 0.259 mmol, 1 eq.), which was 

purified by sublimation before use, were added. With an air 

condenser attached, the reaction was heated to 250°C overnight 

with stirring. The reaction was then cooled, methanol added and 

transferred to a round bottom flask and the solvent removed in vacuo. The black residue was 

dissolved in DCM and loaded on a short column. The starting eluent was EtOAc, with 

increasing the polarity to 5% MeOH:EtOAc over time. The desired fraction was collected, 

concentrated under vacuo and the residue washed with MeOH. The solid was collected as pure 

light brown material. Yield: 0.020 g (10%). Mp: >300°C. 1H NMR (400 MHz, CDCl3): d 8.91 

(4H, d, J = 3.4 Hz, H2), 7.74 (4H, dd, J = 8.6 Hz, 1.4 Hz, H4), 7.38-7.33 (8H, m, H5), 7.24-

7.22 (12H, m, H6, H7), 7.02 (4H, dd, J = 8.6 Hz, 4.2 Hz, H3). 13C NMR (150 MHz, 188.9, 

150.3, 138.9, 138.4, 137.2, 135.7, 133.9, 131.4, 130.1, 128.9, 128.2, 127.2, 121.8. IR v/cm–1: 

3057w, 1755w, 1673m, 1491m, 1076m, 1055m, 740m, 699s, 669s, 554s. UV-Vis λmax (ε): 242 

nm (13959), 277 nm (12023), 370 nm (2470). ESI-MS: Found [M + H]+ 817.2595; [M + 2H]2+ 

409.1331. [C58H32N4O2 + H]+ requires 817.2598.  

*Benzophenone is a solid, therefore the freeze-pump-thaw method requires the solid to be 

heated with a heat gun then cooled in an ice bath.  

 

 

9,16-Diphenylanthra-[2,3-f][1,10]-phenanthrolin-10,15-quinone, 5.9 

Benzophenone (5 g) was ‘freeze-pump-thaw degassed’* for three 

cycles. To an oven dried Schlenk, 5.10 (0.197 g, 0.490 mmol, 1 

eq.) and 1,4-naphthoquinone (0.160 g, 1.01 mmol, 2 eq.) were 

added. With a condenser attached, the reaction was heated to 

250°C for 12 hours with stirring. The reaction went a dark 

brown/black colour from pale yellow. The resulting residue was 

loaded onto a silica plug and eluted with chloroform. The product 

fraction was acquired and washed with cold methanol. The yellow solid was collected as pure 

product. Yield: 0.087 g, (35%) Mp: >300°C. 1H NMR (600 MHz, CDCl3): d 8.98 (2H, d, J = 

3.2 Hz, H2), 8.08 (2H, dd, J = 5.5 Hz, 3.3 Hz, H8), 7.74 (2H, dd, J = 5.9 Hz, 3.3 Hz, H9), 7.68 
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(2H, d, J = 8.4 Hz, H4), 7.53 – 7.46 (6H, m, H7, H6), 7.31 (4H, d, J = 7.0 Hz, H5), 7.08 (2H, 

dd. J = 8.4 Hz, 4.3 Hz, H3). 13C NMR (150 MHz, CDCl3): d 184.7 (C11), 150.5 (C2), 147.7 

(C17), 141.2 (C14), 141.1 (C13), 137.2 (C4), 135.1 (C15), 134.6 (C16/C12), 134.1 (C9), 132.9 

(C12/C16), 130.6 (C5), 129.5 (C6), 128.4 (C7), 127.1 (C10), 127.0 (C8), 121.7 (C3). 1H NMR 

(400 MHz, CD3CN): d 8.82 (2H, dd, J = 4.6 Hz, 1.4 Hz, H2), 7.87 (2H, dd, J = 5.5 Hz, 3.2 Hz, 

H8), 7.79 (2H, dd, J = 6.0 Hz, 3.2 Hz, H9), 7.62 (H, dd, J = 8.7 Hz, 1.4 Hz, H4), 7.51 – 7.40 

(6H, m, H7, H6), 7.36 – 7.34 (4H, m, H5), 7.04 (2H, dd, J = 8.7 Hz, 4.6 Hz, H3). IR v/cm—1: 

3421w, 2921w, 1666s (C=O), 1591w, 1325s, 1250m, 1236m, 1047m, 999w, 967w, 925m, 

771m, 745s, 722s, 706s, 569m. UV-Vis λmax (ε): 250 nm (52034), 283 nm (38373), 375 nm 

(6318). ESI-MS: Found [M + H]+ 513.1611, [C36H20N2O2 + H]+ requires 513.1598.  

 

 

5-Hydroxy-cyclopent-8-ene-[1,10-phenanthroline]-7-one-6,8-diphenyl, 5.10 

5.11 (0.90 g, 4.280 mmol) and 1,3-diphenylacetone (1.26 g, 5.992 mmol) 

were added to an oven-dried Schlenk flask. Methanol (10 mL) was added 

followed by a small chip of KOH. The reaction was stirred for 10 minutes, 

during which the colour changed from yellow to dark brown/beige. The 

solid that formed was broken up with a stirring rod and an additional 10 

mL methanol was added. The reaction was stirred for one hour, the 

precipitate was filtered and washed with cold methanol (3 x 20 mL). 

Yield: 0.6236 g (36%) Mp: 205-208°C. 1H NMR (400 MHz, CDCl3): d 8.75 (1H, d, J = 4.7 

Hz, H2), 8.72 (1H, d, J = 4.3 Hz, H9), 8.19 (1H, d, J = 7.0 Hz, H4), 7.76 (1H, d, J = 7.74 Hz, 

H7), 7.56-7.42 (9H, m, HPh1, H8, HPh2), 7.24-7.21 (2H, m, HPh2), 4.41 (1H, s, H13). 13C NMR 

(100 MHz, CDCl3): d 202.6, 158.4, 152.2, 150.5, 149.8, 149.7, 140.4, 136.7, 136.6, 134.8, 

134.3, 131.9, 129.8, 129.1, 129.0, 128.9, 128.2, 125.3, 124.7, 123.7, 74.7, 60.9. 1H NMR (400 

MHz, DMSO): d 8.72 (2H, m, H2, H9), 7.97 (1H, d, J = 7.44 Hz, H4), 7.54-7.30 (12H, m, HPh1, 

HPh2, H3, H8), 6.21 (1H, s, OH), 4.69 (1H, s, H13). 13C NMR (100 MHz, DMSO): d 204.2, 

160.5, 152.2, 150.7, 150.0, 149.9, 139.0, 137.4, 137.2, 136.2, 135.3, 132.6, 131.2, 129.3, 129.2, 

129.1, 129.0, 128.2, 127.4, 125.6, 125.0, 123.9, 74.8, 60.9. IR v/cm–1: 3271br/w (OH), 

3177br/w (OH), 1711s (C=O), 1471m, 1346w, 1149w, 1084m, 739s, 699s, 559m, 506m. UV-

Vis λmax (ε): 237 nm (25092), 309 nm (10782). ESI-MS: Found [M + H]+ 403.1454, 

[C27H18N2O2 + H]+ requires 403.1441. Analysis: Calc for C27H18N2O2.H2O.¼CH2Cl2.½ 

MeOH: C 72.82; H 4.95; N 6.12. Found: C 72.44; H 4.76; N 6.30.  
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[Ru(1,10-phenanthroline)2(5.9)](PF6)2, 5.16 

5.9 (15 mg, 0.029 mmol), [Ru(2,2´-

(1,10-phenathroline)2Cl2] (20 mg, 0.038 

mmol) and ethylene-glycol (5 mL) were 

combined and placed in a microwave 

(300W), with a condenser fitted. The 

reaction was heated in two minute bursts 

and the complex formation and ligand 

consumption was monitored by TLC 

with DMF:H2O:NH4Cl solution (4:1:1) on silica. After six two-minute bursts the reaction was 

complete. Water (20 mL) was added to the solution then filtered through celite. The orange 

filtrate was stirred while KPF6 (aq) was added dropwise with the formation of a very fine dark 

orange precipitate. The solid was collected by filtration and dried. Yield = 0.034 g, 0.027 mmol 

(91%) Mp = 200°C. 1H NMR (400 MHz, CDCl3): d 8.62 (2H, d, J = 7.7 Hz, H4’), 8.52 (2H, 

d, J = 7.3 Hz, H7’), 8.21 (4H, q, J = 15.1 Hz, 9.1 Hz, H5’, H6’), 8.10 (2H, d, J = 4.2 Hz, H2’), 

7.99 (2H, dd, J = 5.5 Hz, 3.2 Hz, H10), 7.87 (2H, d, J = 4.6 Hz, H9’), 7.82 (2H, dd, J = 5.4 Hz, 

3.2 Hz, H11), 7.76 (2H, d, J = 5.0 Hz, H2), 7.71 (2H, dd, J = 8.3 Hz, 5.5 Hz, H3’), 7.62 (2H, d, 

J = 8.7 Hz, H4), 7.55 – 7.49 (8H, m, H7, H8, H9, H8’), 7.34 (2H, t, J = 7.3 Hz, H6), 7.22 (2H, 

d, J = 7.4 Hz, H5), 6.93 (2H, dd, J = 8.7 Hz, 5.0 Hz, H3). 13C NMR (150 MHz, CDCl3): d 184.6 

(C13), 153.2 (C2’), 152.8 (C9’), 152.3 (C2), 150.2 (C19), 147.8 (C11’), 147.7 (C14’), 141.6 

(C15), 140.7 (C16), 137.0 (C4’), 136.9 (C7’), 136.8 (C4), 134.7 (C17), 134.5 (C11), 134.4 

(C14), 131.0 (C12’, C13’), 130.7 (C9), 130.4 (C18),130.3 (C5), 129.9 (C12), 129.7 (C6), 129.5 

(C8), 128.5 (C7), 128.1 (C5’, C6’), 126.5 (C10), 126.0 (C3’), 125.9 (C8’), 123.8 (C3). IR v/cm–

1: 3341br/w (O-H), 2920w, 2850w, 1672w (C=O), 1485w, 1324w, 1235w, 1147m, 1085m, 

831s, 554s. UV-Vis λmax (ε): 223 nm (54658), 264 nm (64791). 419 nm (10950), 449 nm 

(10907). ESI-MS: Found [M]2+ 487.0994, [C60H36N6O2Ru]2+ requires 487.0974. Emission 

λmax: 582 nm.  
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[Ru2(1,10-phenanthroline)4(5.8)](PF6)4, 5.17 

 
5.8 (12 mg, 0.015 mmol), [Ru(2,2´-(1,10-phenathroline)2Cl2] (26 mg, 0.030 mmol) and 

ethylene-glycol (5 mL) were combined and placed in a microwave (300W), with a condenser 

fitted. The reaction was heated in two minute bursts and the complex formation and ligand 

consumption was monitored by TLC with DMF:H2O:NH4Cl solution (4:1:1) on silica. After 

four two-minute bursts the reaction was complete. Water (20 mL) was added to the solution 

then filtered through celite. The complex was purified by ion-exchange column, sephadex C-

25, NaCl solution. The desired fraction was concentrated to a volume of ~20 mL and stirred 

while KPF6 (aq) was added dropwise with the formation of a very fine orange precipitate. The 

solid was dissolved in DCM (50 mL), transferred to a separating funnel and the organic layer 

collected. The aqueous layer was washed with additional DCM (2 x 50 mL). The organic layers 

combined, dried with Na2SO4 and the solvent removed under reduced pressure. Yield: 34 mg 

(92%)  Mp: >300°C 1H NMR (600 MHz, CDCl3): d 8.61 (4H, d, J = 9.0 Hz, H4’), 8.52 (4H, 

d, J = 8.3 Hz, H7’), 8.23 – 8.18 (8H, m, H5’, H6’), 8.10 – 8.06 (4H, m, H2’), 7.87 (4H, d, J = 

4.8 Hz, H9’), 7.77 – 7.76 (4H, m, H2), 7.70 – 7.67 (4H, m, H3’), 7.64 (2H, d, J = 7.6 Hz, H9), 

7.58 – 7.47 (16H, m, H4, H8, H7, H14, H8’, H13), 7.38 – 7.34 (6H, m, H6, H5, H12), 7.24 (2H, 

t, J = 7.6 Hz, H11), 7.16 (2H, d, J = 7.6 Hz, H10), 6.93 (4H, dd, J = 8.9 Hz, 5.5 Hz, H3). 13C 

NMR (150 MHz, CDCl3): d 184.6, 153.2, 152.8, 152.3, 150.2, 147.8, 147.7, 141.6,, 140.7, 

137.0, 136.9, 136.8, 134.7, 134.5, 134.4, 131.0, 130.7, 130.4, 130.3, 129.9, 129.7, 129.5, 128.5, 

128.1, 126.5, 126.0, 125.9, 123.8. IR v/cm–1: 3660br/w, 2921m, 2851m, 1730w, 1632w, 

1455w, 1259w, 1074m, 837s, 721m, 556s. UV-Vis λmax (ε):  222 nm (66924), 263 nm (71232), 

292 nm (38393), 418 nm (16250), 449 nm (15477). Emission λmax: 599 nm.  
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[Pd(5.9)2](PF6)4, 5.18 

 
 [Pd(CH3CN)4]](BF4)2 (1.0 mg, 0.0020 mmol was dissolved in CD3CN and added 5.9 (2.0 mg, 

0.0039 mmol), and the solution as made up to 600 µL. Analysis by NMR was completed, then 

the solvent removed in vacuo. Yield: 5.3 g (91%). Mp: >300°C. 1H NMR (600 MHz, CD3CN): 

d 8.63 (4H, bs, H2), 8.01 (4H, dd, J = 5.5 Hz, 3.4 Hz, H8), 7.87 (4H, d, J = 9.0 Hz, H4), 7.83 

(4H, dd, J = 5.5 Hz, 3.4 Hz, H9), 7.56 (4H, t, J = 7.6 Hz, H7), 7.49 (8H, t, J = 7.6 Hz, H6), 7.39 

(8H, d, J = 7.5 Hz, H5), 7.34 (4H, bt, J = 6.4 Hz, H3). 13C NMR (150 MHz, CDCl3): d 184.5 

(C11), 150.9 (C2), 148.1 (C17), 141.4 (C13), 140.4 (C4), 140.4 (C14), 134.7 (C16), 134.6 (C9), 

134.6 (C12), 133.1 (C15), 130.6 (C5), 130.3 (C10), 129.7 (C6), 128.7 (C7), 126.6 (C8), 124.1 

(C3). IR v/cm–1: 2961w, 1671m, 1591w, 1386w, 1295w, 1236m, 1198w, 1053s, 1023s, 797m, 

719m, 701m, 519w. UV-Vis λmax (ε): 295 nm (42807), 394 nm (3944). ESI-MS: Found [L + 

H]+ 513.2033, [C36H20N2O2 + H]+ requires 513.1598; found [PdL2]2+ 565.1516, 

[Pd(C36H20N2O2)2]2+ requires 565.1037; found [PdL + HCO2]+ 663.1091, [PdC36H20N2O2 + 

CHO2]+ requires 663.0531.  
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Table A1.1: Crystal data and structure refinement for 2.21, 2.22H+, 2.23 and 2.31. 
 

 
  

Compound 2.21  2.22H+  2.23  2.31  
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C48H32N4 
664.77 
284.94(10) 
monoclinic 
P21/n 
8.51377(11) 
24.7589(3) 
15.9049(2) 
90 
93.0610(12) 
90 
3347.83(8) 
4 
1.319 
0.601 
1392.0 
0.225 × 0.136 × 0.093 
CuKα  
9.058 to 135 
31571 
6017 [0.0292] 
5606 
6017/0/469 
1.045 
0.0368 
0.1029 
 

C33H35Cl3N2 
565.98 
120.01(10) 
triclinic 
P-1 
8.1504(3) 
12.2141(5) 
15.4438(6) 
77.832(3) 
83.045(3) 
79.513(3) 
1472.31(10) 
2 
1.277 
2.996 
596.0 
0.184 × 0.119 × 0.093 
CuKα  
7.502 to 134.996 
15800 
5267 [0.0340] 
4676 
5267/0/375 
1.066 
0.0465 
0.1131 
 

C26H20N2O2 
392.44 
120.01(10) 
triclinic 
P-1 
9.6013(9) 
10.1330(10) 
11.6003(9) 
76.720(8) 
67.782(8) 
64.564(9) 
940.46(17) 
2 
1.386 
0.703 
412.0 
0.126 × 0.097 × 0.028 
CuKα  
8.26 to 134.986 
10088 
3382 [0.0498] 
2625 
3382/0/273 
1.061 
0.0539 
0.1483 
 

C52H40Cl8F12N6O2P2Ru 
1455.51 
120.01(10) 
triclinic 
P-1 
11.7452(3) 
13.6508(3) 
18.8215(3) 
84.8563(15) 
88.9056(17) 
76.8121(18) 
2926.25(10) 
2 
1.652 
6.801 
1456.0 
0.316 × 0.236 × 0.189 
CuKα  
6.676 to 134.994 
51931 
10536 [0.0386] 
10091 
10536/0/874 
1.039 
0.0490 
0.1343 
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Table A1.2: Crystal data and structure refinement for 2.32, 2.33, 2.34 and 2.56. 
 

Compound 2.32 2.33 2.34 2.56 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C58H52Cl4F12N6OP2Ru 
1382.67 
120.01(10) 
orthorhombic 
Pbca 
25.5809(8) 
20.8808(6) 
26.6082(6) 
90 
90 
90 
14212.8(7) 
8 
1.292 
4.210 
5606.0 
0.289 × 0.108 × 0.065 
CuKα  
7.49 to 134.982 
44827 
12811 [0.0463] 
9608 
12811/12/793 
1.078 
0.1526 
0.4312 
 

C53H39Cl4F12N6O2P2Ru 
1324.71 
120.00(10) 
triclinic 
P-1 
11.9214(3) 
14.0753(5) 
16.9518(5) 
68.455(3) 
79.999(2) 
85.210(3) 
2604.93(16) 
2 
1.689 
5.730 
1330.0 
0.496 × 0.148 × 0.048 
CuKα  
6.754 to 135 
27330 
9372 [0.0282] 
8860 
9372/0/762 
1.065 
0.0420 
0.1221 
 

 C56H36F12N6P2Ru 
1183.92 
120.00(10) 
triclinic 
P-1 
11.6760(10) 
12.9230(11) 
18.3296(17) 
94.160(7) 
107.964(9) 
109.766(8) 
2427.1(4) 
2 
1.620 
4.065 
1192.0 
0.053 × 0.037 × 0.031 
CuKα  
7.416 to 134.994 
25827 
8707 [0.1637] 
3729 
8707/270/769 
0.958 
0.0795 
0.1928 
 

C72H48B2CuF8N6 
1234.32 
120.00(10) 
triclinic 
P-1 
13.7816(6) 
14.0226(5) 
16.8257(7) 
96.475(3) 
109.540(4) 
96.601(3) 
3004.1(2) 
2 
1.365 
1.137 
1266.0 
0.192 × 0.075 × 0.058 
CuKα  
6.898 to 134.996 
32305 
10813 [0.0456] 
6623 
10813/144/849 
1.056 
0.0955 
0.3046 
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Table A1.3: Crystal data and structure refinement for 2.58, 2.59, 3.18 and 3.14.  
 

Compound 2.58 2.59 3.18 3.14 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C64H64AgBF4N4 
1083.87 
119.99(10) 
monoclinic 
C2/c 
16.0197(8) 
20.8653(9) 
16.1369(5) 
90 
99.342(4) 
90 
5322.3(4) 
4 
1.353 
3.511 
2256.0 
0.23 × 0.084 × 0.033 
CuKα  
7.016 to 134.96 
9571 
4783 [0.0403] 
3595 
4783/0/350 
0.998 
0.0422 
0.1138 
 

C52H40AgBF4N4O8 
1043.56 
120.00(10) 
orthorhombic 
I222 
8.3626(2) 
10.1542(3) 
27.8155(6) 
90 
90 
90 
2361.97(10) 
2 
1.467 
4.069 
1064.0 
0.376 × 0.197 × 0.176 
CuKα  
9.272 to 134.896 
6384 
2127 [0.0177] 
2118 
2127/14/185 
1.124 
0.0357 
0.0995 
-0.019(5) 

C17H17N 
235.31 
120.01(10) 
orthorhombic 
P212121 
7.7445(2) 
8.41721(16) 
21.0041(5) 
90 
90 
90 
1369.20(6) 
4 
1.142 
0.500 
504.0 
0.274 × 0.146 × 0.093 
CuKα  
8.42 to 134.998 
7728 
2444 [0.0139] 
2389 
2444/0/166 
1.060 
0.0274 
0.0761 
-0.02(19) 

C42H30 
534.66 
120.01(10) 
orthorhombic 
Pna21 
10.8121(2) 
21.7173(2) 
12.41050(10) 
90 
90 
90 
2914.10(6) 
4 
1.219 
0.521 
1128.0 
0.239 × 0.176 × 0.172 
CuKα  
8.142 to 153.37 
31789 
5086 [0.0301] 
5014 
5086/1/387 
1.050 
0.0301 
0.0786 
-0.3(5) 
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Table A1.4: Crystal data and structure refinement for 3.15, 3.16, 3.30 and 4.15  
 

Compound 3.15 3.16 3.30 4.15 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C69H57 
886.14 
120.00(10) 
monoclinic 
C2/c 
31.1346(4) 
17.9966(2) 
17.4705(2) 
90 
92.2950(12) 
90 
9781.2(2) 
8 
1.204 
0.510 
3768.0 
0.142 × 0.07 × 0.051 
CuKα 
7.53 to 153.844 
28397 
10105 [0.0260] 
8409 
10105/0/629 
1.027 
0.0484 
0.1309 
 

C122H138N2 
1632.34 
119.97(12) 
triclinic 
P-1 
12.1746(4) 
17.7246(4) 
25.1829(5) 
75.900(2) 
84.510(2) 
79.959(2) 
5181.7(2) 
2 
1.046 
0.440 
1768.0 
0.231 × 0.14 × 0.082 
CuKα  
6.998 to 134.992 
54938 
18672 [0.0401] 
13469 
18672/0/1206 
1.013 
0.0479 
0.1368 
 

C57.45H55.2Cl2N5.3O9.8Zn 
1113.20 
120.01(10) 
triclinic 
P-1 
11.0661(3) 
16.3204(4) 
16.3275(6) 
103.510(3) 
94.278(3) 
100.136(2) 
2801.75(15) 
2 
1.320 
1.990 
1159.0 
0.173 × 0.091 × 0.07 
CuKα 
6.91 to 134.998 
33310 
10101 [0.0572] 
7666 
10101/78/741 
1.028 
0.0788 
0.2256 

C14H8N 
190.21 
120.00(12) 
monoclinic 
P21/n 
3.8574(3) 
22.8998(12) 
10.5694(7) 
90 
90.315(6) 
90 
933.62(11) 
4 
1.353 
0.616 
396.0 
0.155 × 0.044 × 0.036 
CuKα  
7.722 to 134.988 
6488 
1697 [0.0612] 
1247 
1697/0/136 
1.008 
0.0502 
0.1476 
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Table A1.5: Crystal data and structure refinement for 4.18, 4.19, 4.26 and 4.9. 

 
  

Compound 4.18 4.19 4.26 4.9 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter  

C21H13NO2 
311.32 
120.01(10) 
orthorhombic 
P212121 
7.49290(10) 
10.48710(10) 
19.2657(2) 
90 
90 
90 
1513.88(3) 
4 
1.366 
0.707 
648.0 
0.134 × 0.111 × 0.059 
CuKα  
9.18 to 149.56 
28723 
3092 [0.0186] 
3073 
3092/0/218 
1.075 
0.0246 
0.0648 
-0.04(3) 

C28H16Cl2N2 
451.33 
120.01(13) 
triclinic 
P-1 
9.5417(3) 
9.6535(2) 
11.8154(3) 
106.932(2) 
95.201(2) 
91.589(2) 
1035.19(5) 
2 
1.448 
2.966 
464.0 
0.171 × 0.078 × 0.053 
CuKα  
7.864 to 134.952 
18571 
3737 [0.0240] 
3467 
3737/0/355 
1.070 
0.0320 
0.0865 
 

C35H21N3O3.25 
535.55 
120.0(2) 
triclinic 
P-1 
8.1870(3) 
10.6683(5) 
14.9594(6) 
85.501(3) 
84.816(3) 
77.148(3) 
1266.34(9) 
2 
1.405 
0.737 
556.0 
0.134 × 0.111 × 0.059 
CuKα  
8.516 to 134.994 
13558 
4557 [0.0278] 
3865 
4557/0/434 
1.037 
0.0352 
0.0932 
 

C28H16N2 
380.43 
128(2) 
monoclinic 
P21/n 
5.0251(5) 
16.6845(16) 
11.4075(13) 
90 
96.206(10) 
90 
950.81(17) 
2 
1.329 
0.604 
396.0 
0.161 × 0.071 × 0.04 
CuKα 
9.43 to 153.174 
3985 
1964 [0.0397] 
1253 
1964/72/197 
1.009 
0.0502 
0.1436 
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Table A1.6: Crystal data and structure refinement for 4.27, 4.30, 4.38 and 4.39. 
 

Compound 4.27 4.30 4.38 4.39 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C28H16Cl2N2 
451.33 
120.1(6) 
monoclinic 
P21/n 
9.7858(2) 
9.64310(10) 
23.1953(4) 
90 
101.733(2) 
90 
2143.10(6) 
4 
1.399 
2.866 
928.0 
0.16 × 0.092 × 0.061 
CuKα  
7.786 to 134.986 
23048 
3867 [0.0254] 
3689 
3867/0/307 
1.035 
0.0288 
0.0735 

C25H15NO2 
361.38 
120.00(11) 
orthorhombic 
P212121 
9.2463(4) 
11.0034(3) 
17.8770(6) 
90 
90 
90 
1818.82(11) 
4 
1.320 
0.668 
752.0 
0.132 × 0.073 × 0.043 
CuKα  
9.438 to 134.99 
8939 
3265 [0.0266] 
2994 
3265/0/254 
1.033 
0.0356 
0.0923 
0.42(14) 

C175H102Ag4B4F16N16O2 
3239.44 
120 
monoclinic 
P21/c 
17.4753(11) 
14.8646(8) 
27.4840(15) 
90 
101.482(6) 
90 
6996.5(7) 
2 
1.538 
0.639 
3264.0 
0.127 × 0.09 × 0.022 
MoKα 
6.712 to 54.998 
57503 
16030 [0.0994] 
9004 
16030/18/953 
1.053 
0.1130 
0.3072 
 

C44H26AgCl2F3N3O3S 
912.51 
119.99(14) 
orthorhombic 
Pbca 
27.9235(10) 
16.3383(10) 
16.5998(6) 
90 
90 
90 
7573.2(6) 
8 
1.601 
6.607 
3672.0 
0.195 × 0.073 × 0.034 
CuKα 
8.226 to 134.99 
28136 
6809 [0.0793] 
3962 
6809/67/573 
1.119 
0.1089 
0.2158 
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Table A1.7: Crystal data and structure refinement for 4.40, 4.44, 4.15H+ and 4.45. 
 

Compound 4.40 4.44 4.15.(HClO4)2 4.45 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter  

C89H54Ag2F6N4O8S2 
1701.22 
120.00(11) 
monoclinic 
P21/n 
16.0532(7) 
15.4582(3) 
17.0204(6) 
90 
116.832(5) 
90 
3768.9(3) 
2 
1.499 
0.652 
1720.0 
0.394 × 0.118 × 0.055 
MoKα 
7.07 to 55 
42251 
8638 [0.0490] 
6585 
8638/68/536 
1.052 
0.0827 
0.2588 
 

C28H16CdN4O6 
616.85 
119.98(11) 
monoclinic 
C2/c 
13.7897(4) 
12.4613(3) 
14.9661(5) 
90 
115.192(4) 
90 
2327.13(14) 
4 
1.761 
8.000 
1232.0 
0.137 × 0.041 × 0.03 
CuKα 
10.032 to 154.284 
11672 
2439 [0.0219] 
2411 
2439/0/177 
1.057 
0.0189 
0.0492 
 

C28H18Cl2N2O8 
581.34 
120.00(10) 
triclinic 
P-1 
5.5419(6) 
8.2881(6) 
13.6171(8) 
100.955(6) 
90.160(7) 
94.848(7) 
611.75(9) 
1 
1.578 
2.908 
298.0 
0.138 × 0.069 × 0.062 
CuKα 
6.612 to 134.91 
7038 
2202 [0.0285] 
1914 
2202/0/185 
1.041 
0.0383 
0.1091 
 

C180.3H96Cl1.6N24O40.5Zn6 
3695.45 
120.00(10) 
trigonal 
R-3c 
26.2615(7) 
26.2615(7) 
40.5063(11) 
90 
90 
120 
24193.1(14) 
6 
1.522 
2.027 
11262.0 
0.413 × 0.063 × 0.054 
CuKα 
6.732 to 134.99 
42938 
4861 [0.0412] 
4276 
4861/2/424 
1.036 
0.0382 
0.1145 
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Table A1.8: Crystal data and structure refinement for 4.46, 4.47, 4.48 and 4.49. 
 

Compound 4.46 4.47 4.48 4.49 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter  

C24H16N2 
332.39 
119.99(11) 
monoclinic 
P21/c 
10.3056(4) 
8.9716(3) 
9.8102(4) 
90 
110.562(4) 
90 
849.24(6) 
2 
1.300 
0.592 
348.0 
0.119 × 0.098 × 0.089 
CuKα  
9.166 to 134.82 
9326 
1533 [0.0308] 
1316 
1533/0/118 
1.052 
0.0361, 
0.0981 
 

C23H19N 
309.39 
119.99(10) 
monoclinic 
P21/c 
9.0339(3) 
8.0391(3) 
22.3027(9) 
90 
97.508(4) 
90 
1605.83(10) 
4 
1.280 
0.561 
656.0 
0.28 × 0.114 × 0.069 
CuKα 
7.996 to 134.764 
12710 
2893 [0.0341] 
2327 
2893/0/218 
1.027 
0.0414 
0.1179 
 

C38H27AgBF4N4 
734.31 
119.99(11) 
trigonal 
R-3 
12.6505(6) 
12.6505(6) 
33.5453(14) 
90 
90 
120 
4649.2(5) 
6 
1.574 
5.725 
2226.0 
0.097 × 0.055 × 0.043 
CuKα 
7.906 to 134.938 
4467 
1843 [0.0184] 
1745 
1843/2/146 
1.038 
0.0192 
0.0492 

C40H30AgF9N5OP 
906.53 
119.99(13) 
trigonal 
R-3c 
12.6775(9) 
12.6775(9) 
80.381(3) 
90 
90 
120 
11188.0(16) 
12 
1.615 
5.507 
5472.0 
0.132 × 0.087 × 0.055 
CuKα 
8.348 to 157.418 
19677 
2619 [0.0483] 
1619 
2619/54/212 
1.046 
0.0497 
0.1566 
 

 
  



 

 371 

Table A9: Crystal data and structure refinement for 4.50, 4.51, 4.52 and 4.53.  
 

Compound 4.50 4.51 4.52 4.53 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C17H14AgF3N3O3S 
505.24 
119.99(10) 
monoclinic 
P21/n 
11.9397(2) 
8.7409(2) 
18.3274(5) 
90 
92.869(2) 
90 
1910.32(8) 
4 
1.757 
1.216 
1004.0 
0.136 × 0.123 × 0.046 
MoKα 
6.834 to 61.526 
19593 
5341 [0.0215] 
4744 
5341/0/255 
1.069 
0.0249 
0.0604 
 

C24H16AgN3O3 
502.27 
121(3) 
triclinic 
P-1 
8.9534(7) 
10.2753(10) 
12.0658(9) 
69.804(8) 
86.289(6) 
76.368(8) 
1012.28(16) 
2 
1.648 
8.258 
504.0 
0.141 × 0.059 × 0.046 
CuKα  
7.808 to 156.33 
7715 
7715 [0.0787] 
4800 
7715/0/282 
1.052 
0.0674 
0.2142 
 

C24H18AgN3O3.3 
509.00 
120.00(10) 
monoclinic 
P21/n 
12.0187(6) 
13.9941(4) 
12.2845(6) 
90 
107.512(5) 
90 
1970.38(16) 
4 
1.716 
1.058 
1025.0 
0.121 × 0.061 × 0.035 
MoKα 
6.782 to 61.648 
20055 
5511 [0.0358] 
4188 
5511/0/290 
1.043 
0.0387 
0.0817 
 

C38H27BCuF4N4 
689.98 
120.00(10) 
trigonal 
R-3 
12.4556(7) 
12.4556(7) 
33.446(2) 
90 
90 
120 
4493.7(6) 
6 
1.530 
1.553 
2118.0 
0.228 × 0.149 × 0.088 
CuKα 
7.93 to 134.928 
4270 
1773 [0.0157] 
1623 
1773/0/146 
1.057 
0.0280 
0.0749 
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Table A10: Crystal data and structure refinement for 4.54, 4.55, 4.56 and 4.57. 
 

Compound 4.54 4.55 4.56 4.57 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter 

C12H8CuIN 
356.63 
197(100) 
monoclinic 
P21/n 
9.5020(5) 
7.9631(4) 
14.7706(7) 
90 
101.324(5) 
90 
1095.87(10) 
4 
2.162 
24.611 
676.0 
0.176 × 0.089 × 0.052 
CuKα  
10.23 to 134.966 
6643 
1969 [0.0452] 
1843 
1969/0/140 
1.088 
0.0375 
0.1042 

C13H11CuN2O4 
322.78 
119.98(10) 
triclinic 
P-1 
7.5319(4) 
8.9937(5) 
10.6343(6) 
101.669(4) 
105.407(5) 
106.858(5) 
633.45(6) 
2 
1.692 
1.738 
328.0 
0.072 × 0.041 × 0.037 
MoKα  
7.192 to 61.87 
11930 
3480 [0.0608] 
2633 
3480/0/182 
1.080 
0.0469 
0.1015 
 

C51H37Cl2N9O12Zn2 
1169.53 
120.00(10) 
triclinic 
P-1 
9.0926(7) 
9.6281(4) 
14.6056(8) 
77.325(4) 
75.743(6) 
79.377(5) 
1197.52(13) 
1 
1.622 
2.912 
596.0 
0.088 × 0.076 × 0.056 
CuKα 
9.506 to 153.868 
13108 
4961 [0.0380] 
3957 
4961/0/362 
1.030 
0.0462 
0.1306 
 

C50H35Cd2N9O12 
1178.67 
119.99(10) 
monoclinic 
P21/c 
14.1918(6) 
11.4260(4) 
15.4141(6) 
90 
112.444(5) 
90 
2310.15(17) 
2 
1.694 
8.027 
1180.0 
0.08 × 0.057 × 0.049 
CuKα 
9.924 to 134.95 
13131 
4155 [0.0343] 
3486 
4155/9/340 
1.013 
0.0264 
0.0653 
 

 
  



 

 373 

Table A11: Crystal data and structure refinement for 4.58, 4.60, 4.46H+ and 4.64. 
 

Compound 4.58 4.60 4.46.(HClO4)2 4.64 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter  

C51H37Cl2Co2N9O12 
1156.65 
120.01(10) 
triclinic 
P-1 
9.1069(5) 
9.5588(3) 
14.6406(4) 
77.539(3) 
74.941(4) 
79.686(4) 
1191.46(9) 
1 
1.612 
7.142 
590.0 
0.22 × 0.169 × 0.069 
CuKα 
9.558 to 134.978 
13308 
4290 [0.0301] 
4080 
4290/0/356 
1.036 
0.0434 
0.1245 
 

C14H16Cl2NO3PtS 
544.33 
119.99(10) 
monoclinic 
P21/c 
10.8377(4) 
13.9776(4) 
12.3696(5) 
90 
114.332(5) 
90 
1707.36(12) 
4 
2.118 
8.663 
1036.0 
0.086 × 0.067 × 0.034 
MoKα 
6.86 to 54.998 
29909 
3904 [0.0320] 
3612 
3904/6/207 
1.032 
0.0209 
0.0515 
 

C12H9ClNO4 
266.65 
120.00(11) 
monoclinic 
P21/c 
12.5659(4) 
6.4659(2) 
14.0970(3) 
90 
100.896(3) 
90 
1124.73(6) 
4 
1.575 
3.099 
548.0 
0.239 × 0.107 × 0.066 
CuKα 
12.79 to 134.99 
8756 
2028 [0.0295] 
1844 
2028/12/187 
1.031 
0.0382 
0.1124 
 

C66H51Ag2B2F8N9 
1358.51 
119.99(11) 
monoclinic 
P21/c 
19.8213(7) 
14.6090(5) 
23.3464(10) 
90 
111.268(5) 
90 
6300.0(5) 
4 
1.432 
5.587 
2740.0 
0.234 × 0.091 × 0.064 
CuKα 
7.288 to 134.984 
29506 
11163 [0.0489] 
6693 
11163/134/848 
1.028 
0.0736 
0.2502 
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Table A12: Crystal data and structure refinement for 4.65, 5.10, 5.9 and 5.8 
 

Compound 4.65 5.10 5.9 5.8 
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter  

C28H20CuIN2 
574.90 
120.00(11) 
triclinic 
P-1 
8.8129(4) 
8.9978(3) 
14.7897(6) 
102.142(3) 
103.127(4) 
102.832(3) 
1070.79(8) 
2 
1.783 
12.896 
568.0 
0.141 × 0.098 × 0.069 
CuKα 
10.486 to 134.996 
13042 
3875 [0.0337] 
3707 
3875/0/289 
1.053 
0.0243 
0.0631 
 

C55H36Cl2N4O4 
887.78 
120.02(10) 
monoclinic 
P21/c 
14.8087(2) 
12.95130(10) 
11.29440(10) 
90 
93.2070(10) 
90 
2162.78(4) 
2 
1.363 
1.790 
920.0 
0.715 × 0.204 × 0.169 
CuKα 
10.402 to 134.988 
30576 
3907 [0.0260] 
3871 
3907/0/299 
1.034 
0.0517 
0.1250 

C36H20N2O3 
528.54 
120.01(12) 
monoclinic 
C2/c 
17.277(2) 
16.914(3) 
8.7998(14) 
90 
96.469(13) 
90 
2555.1(7) 
4 
1.374 
0.706 
1096.0 
0.49 × 0.06 × 0.046 
CuKα 
7.338 to 155.534 
7292 
2618 [0.0405] 
2093 
2618/6/190 
1.047 
0.0795 
0.2349 
 

C58H32N4O2 
816.87 
119.99(13) 
monoclinic 
P21/c 
9.7844(8) 
14.1275(7) 
15.1761(10) 
90 
105.880(8) 
90 
2017.7(2) 
2 
1.345 
0.082 
848.0 
0.223 × 0.047 × 0.04 
MoKα  
7.212 to 61.692 
11378 
5325 [0.0526] 
3338 
5325/0/289 
1.031 
0.0676 
0.1751 
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Table A13: Crystal data and structure refinement for 5.16 and 5.17 
 

Compound 5.16 5.17   
Empirical formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
  A (Å)   
  B (Å)   
  C (Å)   
  α (°)   
  β (°)   
  γ (°)   
Volume (Å3) 
Z 
ρcalc (g/cm3) 
Absorption coefficient (mm-1) 
F (000) 
Crystal size (mm3) 
Radiation 
2Θ range for data collection/ (°) 
Reflections collected  
Independent reflections [R(int)] 
Observed reflections  
Data/restraints/parameters 
Goodness-of-fit on F2 
R1 [I>=2σ (I)] 
wR2 [all data0] 
Flack parameter  

C62H39Cl4F12N6O2P2Ru 
1432.80 
119.98(11) 
triclinic 
P-1 
9.8448(3) 
11.6194(3) 
27.7008(5) 
92.962(2) 
97.956(2) 
101.035(3) 
3070.21(14) 
2 
1.550 
4.914 
1438.0 
0.109 × 0.102 × 0.058 
CuKα 
7.778 to 134.984 
32276 
10841 [0.0452] 
8878 
10841/36/842 
1.040 
0.0652 
0.1875 
 

C122H90F24N19O3P4Ru2 
2652.14 
130(15) 
monoclinic 
P21/c 
16.3209(4) 
19.4049(4) 
37.3642(8) 
90 
92.997(2) 
90 
11817.2(4) 
4 
1.491 
0.409 
5372.0 
0.26 × 0.131 × 0.081 
MoKα  
6.576 to 61.416 
84378 
31136 [0.0483] 
22948 
31136/30/1709 
1.079 
0.0678 
0.1650 
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Computational Figures 
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Figure A2.1: Photoinduced atomic forces within molecules 2.21 – 2.28.  
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Figure A2.2: Photoinduced atomic forces within molecules 2.39 – 2.44 and 2.46. 
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Figure A2.3: Photo-induced atomic forces within molecules 2.45 and 2.47 – 2.50 and 

protonated molecules 2.23H+, 2.26H+ and 2.27H+.  
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Figure A2.4: Photoinduced atomic forces within molecules 3.14 – 3.16, 3.23 and 2.24. 
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Appendix Three 

 

 

Funding and Conference Attendance 
 

 

 

 

 



 

 378 

  



 

 379 

Scholarships & Awards 

- University of Canterbury (UC) Doctoral Scholarship (2015 - 2018).  

- UC Thesis in Three (3MT) Winner (2018).  

- Asia-Pacific Three Minute Thesis Semi-Finalist (2018). Represented UC in Australia.  

- RSC Oral Presentation Prize (2017). Awarded annually to a 2nd year PhD student for 

excellence in an oral presentation in the School of Physical and Chemical Sciences, UC. 

- Claude McCarthy Fellowship Award, New Zealand Universities (2016). Awarded to travel 

to Brest, France to attend the ICCC42.  

- Dr. Gregory Hii Award (2016) “The prize recognises academic excellence in students 

undertaking a PhD in Organic Chemistry at the University of Canterbury”. Awarded to one 

student annually.  

- New Zealand Institute of Chemistry (NZIC) Travel Grant (2016 and 2017).  

- University of Canterbury Chemistry Department Travel Grant (2016 and 2017).  

- Prof. Jim Coxon Graduate Award (2015 and 2016) “This fund supports postgraduate 

students in the Department of Chemistry to present their research results at a national or 

international conference”. Awarded to one student annually. Awarded on merit by the Head 

of School.  

 

Conference Attendance  

- ISMSC12. International Symposium on Macrocyclic and Supramolecular Chemistry in 

conjunction with ISACS: Challenges in Organic Materials & Supramolecular Chemistry. 

Cambridge, United Kingdom. Poster Presentation (2017).  

- CIRP 4th International Workshop on Pericyclic Reactions and Synthesis of Hetero- and 

Carbocyclic Systems. Milan, Italy. Oral Presentation (2017).  

- AMN8. 8th International Conference on Advanced Materials and Nanotechnology. 

Queenstown, New Zealand. Poster Presentation (2017).  

- NZIC16. New Zealand Institute of Chemistry Conference. Queenstown, New Zealand. 

Poster Presentation (2016). Highly Commended Poster Award. 

- ICCC42. International conference on Coordination Chemistry. Brest, France. Poster 

Presentation (2016).  

 

Lectureship 

- Organic Teaching Fellowship (June 2017 – November 2017)  
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