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Abstract 
 

This thesis describes the preparation of a series of compounds containing π-excessive, five-membered, 

heterocyclic rings with peripheral aryl substituents, designed to investigate their oxidative 

cyclodehydrogenation and/or photocyclisation to form curved, fused aromatic systems with a heterocyclic 

atom at the core of the compound. The ability of these compounds to undergo oxidative 

cyclodehydrogenation was investigated using a range of conditions, including the use of Lewis acidic 

transition metals, organic reagents and light as catalysts to carry out the desired carbon-carbon bond 

forming reactions. Two backbone linked 2,2’-biimidazole ligands were prepared to investigate their 

coordination chemistry with a range of different metal ions and counter ions. 

 

Two families of model compounds, including ten previously unreported compounds, were prepared and 

subjected to various conditions for oxidative cyclodehydrogenation and photocyclisation resulting in the 

isolation of compounds with one carbon-carbon bond formed between the peripheral aryl rings in the 

same position on the heterocyclic ring, nineteen previously unreported compounds were isolated. 

Additionally, in one case oxidative cyclodehydrogenation resulted in the formation of two carbon-carbon 

bonds, producing a highly strained aromatic compound containing a heterocyclic ring. Photocyclisation of 

one family of compounds resulted in the formation of a different heterocyclic core dependent upon the 

substituent on the nitrogen atom. Five pentaarylpyrrole compounds, three of which were previously 

unreported, were also prepared after the exploration of various synthetic routes towards the 

pentaarylpyrrole motif. Photocyclisation also resulted in the formation of one carbon-carbon bond. The 

compounds resulting from oxidative cyclodehydrogenation and photocyclisation were characterised by 

NMR spectroscopy, UV/vis spectroscopy and fluorometry, where possible X-ray crystallography was also 

used. 

 

The coordination chemistry of backbone linked 2,2’-biimidazole ligands to various metal ions could be 

controlled by the length of the backbone linker. The ethyl linked 2,2’-biimidazole ligand formed bridging 

and monodentate coordination compounds with various metal ions, the metallosupramolecular assemblies 

produced with silver ions could be controlled by the anion present. Discrete coordination complexes were 

usually formed, but in two cases metallopolymers were produced. The propyl linked 2,2’-biimidazole 

ligand formed exclusively discrete, chelating complexes with copper (II) metal ions. Eighteen 

coordination complexes were prepared during the course of this study characterized by X-ray 

crystallography, and NMR spectroscopy where appropriate. 

xi 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xii 
 



Abbreviations 
NMR: Nuclear Magnetic Resonance  

COSY: Correlation Spectroscopy  

HSQC: Heteronuclear Single Quantum Coherence  

HMBC: Heteronuclear Multiple Bond Correlation  

IR: Infrared  

MP: Melting Point  

UV/Vis: Ultraviolet/Visible  

ESMS: Electrospray Mass Spectrometry  

TGA: Thermogravimetric Analysis 

PAH: Polycyclic aromatic hydrocarbon 

HBC: Hexa-peri-hexabenzocoronene 

MLCT: Metal to ligand charge transfer 

 

 

Atom Colour Scheme:  
Black: Carbon  

Light Blue: Nitrogen  

Grey: Hydrogen  

Red: Oxygen  

Green: Chlorine, Fluorine  

Dark Blue: Copper, Cobalt 

Light purple: Cadmium 

Magenta: Silver 

Yellow: Sulfur 

 

 

 

 

 

 

 

xiii 
 



 

 

 

 

 

 

 

xiv 
 



 
 
 
 
 

Chapter One: 
 
 

Introduction 
 
 
 
 
 
 
 
 
 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 
 



1.1 General introduction to organic electronic devices 

The discovery of the organic light emitting diode,1 organic field effect transistor2 and organic photovoltaic 

cell3 in the mid 1980’s has garnered increasing attention towards to the possibility of commercial organic 

electronic devices. Initially, the 2000 Chemistry Nobel Prize awarded to Heeger,4 MacDiarmid5 and 

Shirakawa6 for “the discovery and development of conductive polymers”7 in the late 1970’s drove the 

push towards new ‘soft’ materials for electronics.8 There are many advantages for implementation of 

‘soft’ materials into electronic devices; the flexibility of the polymers and small molecules, the reduction 

in size of the devices by the use of these new organic materials, the ability to change the properties of the 

new materials as desired through organic synthesis and a decrease in manufacturing costs.9  

 

The most important physical process for application of organic polymers and small molecules in organic 

electronic devices is the ability of the compound to carry charge over a long range.10 Electronic charge is 

usually carried through the π-orbitals of the organic compound, in conducting polymers charge is 

transported along the π-system of the conjugated chain of the polymers, while in self assembled small 

molecules charge can hop from one molecule to another through interacting π-orbitals from different 

molecules. There are many factors that influence the ability of a compound to carry charge; the 

supramolecular ordering of small molecules in the bulk has a profound influence on the charge carrying 

ability of the molecule due to the alignment or misalignment of the π-orbitals from different molecules.11 

Many different methods exist for measuring the charge carrying ability of organic materials.11a,12 

Although the short range charge transport can be measured, more important for device performance is the 

long range charge carrier transport, commonly measured by time of flight (TOF) experiments or directly 

by implementation in a device. The underlying mechanism of charge transport in organic materials is not 

well understood,13 but has been the subject of extensive investigation, both theoretically and 

experimentally, in an attempt to provide a set of guidelines for the development of new organic 

materials.10,13,14 

 

The implementation of organic materials into commercial devices is still to overcome many 

challenges.9b,15  The presence of impurities in organic materials can significantly disrupt the charge 

carrying ability, and the synthesis of most π-conjugated molecules is not trivial. Processing of the organic 

materials into thin films for devices can alter the supramolecular ordering of the material,11a and solubility 

of the organic compounds for application in traditional processing techniques is also an issue.16 Despite 

these limitations research into new materials for application in organic electronic devices continues as 

organic electronic devices continue to find a place beside traditional silicon based devices. 
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1.1.1 Carbon based materials in organic electronic devices 

The late 1980’s and early 1990’s heralded the discovery of fullerenes17 and carbon nanotubes.18 These all 

carbon allotropes have been the subject of considerable attention as new materials for organic 

electronics19 due to their unique physical properties and chemical behavior owing to the presence of fused 

π conjugated benzene rings.9b Currently, carbon nanotubes can be produced on relatively large scales 

through various techniques,20 but there also exists routes to carbon nanotubes21 and fullerenes22 through 

controlled organic synthesis using precursor aromatic molecules. Carbon nanotubes in particular have 

been incorporated into a variety of devices for their desirable properties and their ease of integration into 

existing manufacturing methods.23 Currently the strength and electron carrying ability of individual 

carbon nanotubes far exceed that of bulk carbon nanotube materials, and extensive research effort is being 

directed towards reliably producing single carbon nanotubes of a defined size.24 

 

The push towards using all carbon allotropes in organic electronic devices was increased by the isolation 

of single sheets of graphene in 2004 by Geim and Novoselov,25 and they were awarded the Nobel Prize in 

Physics in 201026,27 for “groundbreaking experiments regarding the two-dimensional material 

graphene”.28 Previously only few layer thick sheets of graphite had been isolated and studied29 and the 

isolation of a single layer of graphene was thought to be impossible as two dimensional crystals were 

believed to be thermodynamically unstable.30 The two dimensional single layer graphene sheets were 

isolated by micromechanical exfoliation; this technique involves peeling a single layer of graphene from 

highly oriented pyrolytic graphite (HOPG) using Scotch tape. The isolation of graphene using this method 

allowed for chemists and physicists alike to experimentally confirm the remarkable properties of this 

material that were predicted by theory. Graphene has exceeded expectations displaying many important 

properties, such as, transparency, mechanical strength, quantum effects and thermal conductivity.31 As 

such, many reviews have been published on graphene and its emerging applications in a variety of 

fields.32 Despite the many favorable properties that single layers of graphene display, and the predicted 

application of these single layer sheets in a variety of different fields, the large scale synthesis of high 

quality single layers of graphene sheets remains an obstacle.33 

 

1.1.2 Routes towards the synthesis of graphene sheets 

There are many different routes for the synthesis of graphene sheets. Preparation of graphene oxide by the 

oxidation and exfoliation of graphite sheets, followed by reduction of the graphene oxide is a common 

technique for the large scale preparation of graphene.34 The individual sheets isolated from this 

exfoliation process are not pure and show significant variation in their properties. Chemical vapor 

deposition (CVD),35 thermal decomposition of SiC,36 and preparation of graphite intercalation 
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compounds37 are also common techniques employed in the synthesis of graphene.30,38 Each method has 

advantages and disadvantages, with large scale preparations resulting in less than perfect sp2 

delocalisation in the graphene sheets due to defects, while preparation techniques where pure graphene 

can be achieved are usually difficult or impossible to scale up to industrial demands.39 Recently the 

unzipping of carbon nanotubes with KMnO4 and H2SO4 to form graphene sheets has also been reported.40 

 

Another possibility for the synthesis of pristine graphene sheets is organic synthesis.30,32d,41 This bottom 

up approach using controlled, rational, organic synthesis allows for total control over the size and shape 

of the graphene sheet formed. All-benzenoid polycyclic aromatic hydrocarbons (PAH’s) can be 

considered as subunits of graphene, and are sometimes referred to as ‘nano-gaphene’,39a owing to their 

small size in comparison to the graphene sheets produced by other methods. Polycyclic aromatic 

hydrocarbons typically range in size from 1 – 3 nm, and they are one of the most investigated class of 

compounds since their discovery as a component of coal tar nearly a century ago.42 

 

1.2 Polycyclic aromatic hydrocarbons 

1.2.1 Types of polycyclic aromatic hydrocarbons 

The polycyclic aromatic hydrocarbons are a large class of molecules, of which the all-benzenoid PAH’s 

are only a small group.43 Graphene can be considered an infinite member of this all-benzenoid class, 

while triphenylene, 1.1, is the smallest. The all-benzenoid PAH’s differentiate themselves from other 

PAH’s due to the ability of the π-electrons to be assigned into to only Clar aromatic sextets. Triphenylene, 

1.1, can then be represented as three individual benzene rings joined by carbon-carbon single bonds, as 

shown in figure 1.1. The four fused isomers of 1.1 are also shown in figure 1.1, and in each case 1.2 – 1.5 

cannot be drawn using only Clar sextets. Compounds 1.2, 1.3 and 1.4 possess two Clar sextets, while 1.5 

has only one Clar sextet. 

 

The distribution of the π-electrons of triphenylene into only Clar sextets results in higher stability and 

lower reactivity compared to other fused isomers where only some of the π electrons can be assigned to a 

Clar sextet. This stability and low reactivity is the case for all all-benzoid hydrocarbons when compared 

to their non-benzenoid isomers and as a result the all-benzenoid PAH’s have played an important role in 

the development of the theory of PAH’s and aromaticity.44  
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Figure 1.1. Triphenylene, 1.1, the smallest member of the all benzenoid class and its four isomers.  

 

The all-benzenoid PAH’s, as well as other planar disc-like molecules, have become the subject of 

intensive interest as materials for organic electronics due to their ability to form highly ordered columnar 

liquid crystalline phases when substituted with peripheral alkyl groups,45 shown in figure 1.2. Charge 

transport can along the column, while the alkyl groups help to prevent intercolumnar hopping of the 

charge carriers, increasing their lifetime and allowing the alkyl chains to act as insulators between the 

columns.45b,46 Hexaalkylthio substituted triphenylene was one of the first discotic compounds to be 

studied using TOF measurements.47 The charge carrier mobility of the liquid crystal was dependent on 

both the supramolecular order48 and the thermotropic state of the molecules.  

 

 

 

 

 

 

 

 

Figure 1.2 Schematic illustration of the columnar ordering and overall supramolecular organisation of 

discotic liquid crystalline materials.49 

 

The charge carrier mobility is dependent not only on the molecular order and thermotropic state but also 

the size and π overlap of the discotic aromatic core.50 Many discotic aromatic cores have been 

 

 

1.1 
triphenylene 

1.2 
benzo[c]phenanthrene 

1.3 
chrysene 

1.4 
benzo[a]anthracene 

1.5 
tetracene 

6 
 



investigated for their ability to form discotic liquid crystalline compounds and some of the most 

successful are shown in figure 1.3. Porphyrin, 1.6,51 phthalocyanine, 1.7,51d,52 perylene diimide, 1.8,53 and 

hexa-peri-hexabenzocoronene (HBC), 1.9,49,54 all display charge carrier mobilities greater than that of 

triphenylene, 1.1. 

 

 

 

 

 

 

 

 

 

Figure 1.3. Aromatic cores for the formation of discotic liquid crystalline compounds. 

 

All-benzenoid PAH’s with larger core sizes than triphenylene have been the subject of intensive 

investigation, not only as potential materials for organic electronics, but for fundamental study on the 

mechanism of charge transport between molecules in columnar liquid crystal phases. HBC, 1.9, is a D6h 

symmetric all-benzenoid PAH, sometimes referred to as ‘super-benzene’ due to its shape and extensive π-

delocalised system, and it has been at the forefront of investigations into the formation of discotic liquid 

crystalline compounds as charge carrier transporting materials for organic electronic devices.49,54a,b 

 

1.2.2 Routes towards the synthesis of all benzenoid polycyclic aromatic hydrocarbons 

HBC was first synthesised in 1958 by Clar et al.,55 and subsequently both Halleaux et al.56 and Schmidt et 

al.57 also reported syntheses of HBC. Clar’s synthetic strategy, shown in scheme 1.1, employed the 

dimerisation of 2:3–7:8-dibenzo-peri-naphthene, 1.10, to form tetrabenzoperopyrene, 1.11. 

Tetrabenzoperopyrene was then heated to 400˚ and HBC was formed in low yield after recrystallisation 

from boiling pyrene. Unfortunately all of these methods use very harsh conditions and produced the 

desired HBC molecule in low yields. The difficult preparation of HBC hindered further investigation into 

its properties and application until the development of a milder, general route to HBC and derivatives by 

Müllen and co-workers in 1995.58 
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Scheme 1.1. The first reported synthesis of HBC, 1.9, by Clar et al. in 1958.55 

 

The route to HBC taken by Müllen and co-workers utilises oxidative cyclodehydrogenation between 

suitable branched oligophenylene precursors,59 as shown in scheme 1.2a. Initially, cobalt catalysed 

cyclotrimerisation of diphenylacetylene derivatives, 1.12, was used to synthesise the required 

hexaphenylbenzene derivatives, 1.13, for oxidative cyclodehydrogenation into HBC.58,60 Another method 

to hexaphenylbenzene derivatives, shown in scheme 1.2b, is now commonly employed, the Diels-Alder 

reaction between tetraphenylcyclopentadienone derivatives, 1.14, and diphenylacteylene derivatives.61 

This route has the advantage of allowing different symmetry in the substitution pattern around the HBC 

core. 

 

Organic synthesis gives intimate control of the size and shape of the HBC derivative. The size and shape 

of the HBC core has a significant effect on the optoelectronic properties of the resulting compound.45f,62 

The greater the size of the aromatic core the greater the π-delocalisation of electrons and subsequently a 

bathochromic shift is seen in the UV/vis spectra. A colour change is also observed as the size of the 

aromatic core increases, HBC is a yellow powder, while the largest graphite fragment (with 222 carbon 

atoms) isolated using rational organic synthesis is black.63 A range of compounds closely related to the 

HBC core, but possessing different symmetries in their aromatic core, and not fully benzenoid, were 

synthesised and studied through UV/vis and photoluminescence spectroscopy.62c A reduction in the 

symmetry of the aromatic core leads to more symmetry forbidden transitions that are now allowed, and 

subsequently broadening of the absorption peaks in the UV/vis spectrum is observed. The molecular 

absorption coefficients of all compounds were within the same range and differences in the peripheral 

alkyl substitution of the aromatic core does not affect the electronic spectra. 
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Scheme 1.2. General routes to substituted HBC’s, (a) cobalt catalysed trimerisation of diphenylacetylenes 

followed by oxidative cyclodehydrogenation to give 6 fold symmetric HBC’s,58,59,60 (b) Diels-Alder 

reaction between diphenylacteylenes and tetraphenylcyclopentadienones to give HBC’s of lower 

symmetry.61 

 

Fully benzenoid aromatic cores with lower symmetries than that of HBC have also been synthesised and 

studied, through simple modification of the diphenylacetylene precursor for the Diels-Alder reaction with 

tetraphenylcyclopentadienones.61b These oligiophenylene derivatives are then cyclodehydrogenated to 

form the HBC derivative. Again, the optical properties are different to HBC, with similar trends seen in 

the UV/vis spectra as those discussed above. 

 

HBC and larger derivatives are generally insoluble in common organic solvents; this complicates the 

isolation and purification of these compounds, and hinders their characterisation by general methods. 

MALDI – TOF mass spectroscopy is commonly used to characterize large HBC derivatives insoluble in 

common organic solvents.64 The addition of peripheral solubilising groups around the aromatic core can 

overcome this solubility problem in many cases. The length and branching of the solubilising alkyl 

groups can be used to control the properties of the resultant discotic liquid crystals.49 
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1.2.3 Supramolecular organisation of all benzenoid polycyclic aromatic hydrocarbons 

 Rational organic synthesis also allows for direct control of the functional groups at the periphery and 

their substitution pattern around the aromatic core. This allows for the supramolecular assembly and 

electronic properties of the molecules to be controlled.65 Simple six fold alkylphenyl substitution on to the 

HBC core induces a helical columnar packing arrangement,66 while the degree of branching in peripheral 

alkyl chains can control the aggregation of the molecules.67 The pitch of the helical arrangement can be 

controlled by exploiting hydrophilic/hydrophobic interactions, due to the varying substitution pattern of 

the hydrophilic and hydrophobic groups around the aromatic core.65b,68 Hydrogen bonding functionality 

has been introduced with amido or urea functionality close to the aromatic core to promote closer, more 

ordered interactions between molecules within a self assembled column.69 Hydrogen bonding within 

columns, by addition of a carboxylic acid group at the end of a long alkyl spacer, can change the overall 

packing arrangement of the columnar assembly.70 Furthermore, water soluble HBC assemblies with 

peripheral negatively charged side chains were recently synthesised, the columnar assembly can then 

recruit biological molecules through electrostatic interactions with the negatively charged side chains.71  

 

HBC molecules that do not self assemble into columnar packing arrangements and instead assemble into 

discrete tubular nanostructures up to 10 μm long, were synthesised in 2004.72 The gemini shaped HBC 

molecule was peripherally substituted with dodecyl and triethylene glycol chains. The pitch of the tubular 

nanostructure could be controlled by the solvent present during the self assembly process.72-73 By 

appending allylic functionalities to the termini of the triethylene glycol chains the HBC molecules 

spontaneously form tubular structures when acyclic diene metathesis is performed with Grubbs catalyst in 

DCM. Without the addition of Grubbs catalyst the tubular structures do not form in DCM.74 The 

solubility of the tubular structures can also be controlled by photochemistry. Coumarin units appended on 

the end of the triethylene glycol chains form dimers when irradiated at λ > 300 nm, rendering the tubular 

structure insoluble, this reaction can also be reversed by irradiation at lower wavelengths.75 A range of 

HBC molecules with this general gemini structure have now been synthesised to provide greater 

understanding of the structural requirement for the self assembly process.75 

 

The peripheral functional groups appended to the HBC core can also be charge transport materials in their 

own right, creating a columnar supramolecular assembly where a coaxial double cable is formed for 

efficient hole transport.76 Dipole interactions can also be exploited to increase the aggregation between 

molecules in a column,77 and also to determine the overall nature of the packing arrangement.78 
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Peripheral halide functionalisation of HBC allows for the implementation of transitional metal coupling 

reactions. Insoluble six fold symmetric compound 1.15, shown in figure 1.4, is used as key building block 

to functional HBC derivatives through Pd-catalysed coupling reactions. When reacted with solubilising 

acetylenes in a Sonogashira coupling reaction79 a series of soluble HBC derivatives were obtained. A 

series of mono-(1.16a), di-(1.16b – d), and tri-bromo (1.16e) substituted HBC molecules, shown in figure 

1.4, have also been prepared for further functionalisation through transition metal coupling.61c,80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. HBC precursor molecules 1.15 and 1.16 that undergo transition metal coupling reactions to 

form functional HBC derivatives.61c,79,80 

 

A closely related compound to HBC is hexa-cata-hexabenzocoronene, 1.17, shown in figure 1.5, which  

was prepared in 2005 by Nuckolls and co-workers.81 The synthesis was based around the high yielding 

final step, in which bis olefins, 1.18, undergo stilbene type photocyclisation to form 1.17 in 83% yield. 

Unlike HBC, 1.17 is not planar. Steric congestion from the peripheral carbon atoms twists the outer 

phenyl rings out of plane by ~ 20˚. The non-planar cores of 1.17 do not prevent the aggregation of 1.17 

when the periphery is substituted by four alkoxy chains, and 1.17 forms columnar liquid crystalline 

phases and displays high charge carrier mobility. When eight alkoxy chains are substituted around the 

periphery of 1.17, the crystalline fibers formed can be transferred into field effect transistors with an 

elastomer stamp.82  
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The curved nature of 1.17 allows for different molecular interactions than the flat HBC molecules 

described above. Interactions with fullerene molecules are possible due to the nature of the curvature in 

1.17. This fullerene interaction allows for the synthesis of efficient photovoltaic cells, where 1.17 acts as 

the donor molecule and fullerene as the acceptor.83 An improved methodology towards the synthesis of 

the bis olefins, 1.18, was reported in 2009,84 enabling a range of substitution patterns and oxidative 

cyclodehydrogenation can also be employed on the bis olefin precursors, 1.18, as some functional groups 

are not tolerant to the photocyclisation conditions.84 

 

 

 

 

 

 

 

 

Figure 1.5. Synthesis of hexa-cata-hexabenzocoronene, 1.17, in high yield by photocyclisation of 

precursor 1.18.81 

 

1.2.4 Applications of polycyclic aromatic hydrocarbons in devices 

For applications in devices precise control over the supramolecular order during processing is essential. If 

the supramolecular order cannot be controlled the charge carrying ability of the material, and the 

performance of the device, suffers. Discotic liquid crystals posses many desirable properties for 

implementation in devices as they spontaneously self assemble into columns allowing charge to be carried 

through the column, they are soluble in common organic solvents, and they are dynamic materials 

allowing for self healing of defects present in the columnar liquid crystal.45c,49 Columnar liquid crystals 

can align in one of two directions on the electrode surface in the device. For applications in field effect 

transistors an edge-on organisation is desired, whilst a face on arrangement is desired for photovoltaic 

cells and light emitting diodes. Control of the supramolecular order and alignment is determined during 

the processing of these materials into thin films on the surface electrode of the device. For HBC liquid 

crystals a variety of techniques have been used to control both the alignment and increase the 

supramolecular order of the resultant thin film.45c Zone casting has been used to align molecules of HBC 

with sixfold dodecyl alkyl substitution edge on to the surface electrode, and the resulting field effect 

transistor displayed high mobility of charge carriers.85 Magnetic alignment of a sixfold phenyldodecyl 

alkyl substituted HBC increased the charge carrier mobility even further.86 Lagmuir – Blodgett techniques 

I2, hv
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have been used to form thin films of amphiphilic HBC derivatives. Two distinct phases resulted from this 

processing technique, with distinct differences in their electronic properties.87  

 

For photovoltaic devices both a donor and an acceptor molecule are required. HBC (donor) and perylene 

tetracarboxy diimide (PDI) (acceptor) have been blended together by simple solution processing for 

application in devices. Simple spin coating of a HBC/PDI mix from solution was first employed in 2001, 

and the resulting field effect transistor displayed a high external quantum efficiency of 34% at 490 nm, 

corresponding to an overall power conversion efficiency of 2%.88 The high efficiency is attributed to the 

charge transfer between the donor and acceptor molecules through the conjugated π systems. The length 

and branching of the alkyl chains of the donor HBC molecules influences the amount of light that can be 

absorbed by these molecules, decreasing the device efficiency.89 Solution processing of blends of donor 

and acceptor molecules lacks any control over the overall ordering of the material, allowing no way to 

decrease the amount of defects that lead to low device performance. 

 

The donor and acceptor molecules can also be covalently linked together to provide defined pathways for 

the charge transport of electrons and holes. Initially, one PDI molecule was covalently attached to an 

HBC core through an acetylene linker.90 The donor/acceptor dyad formed self assembled into coaxial 

columns, allowing for possible separate pathways for electron and hole transport. Initial measurements 

indicated that the material exhibited ambipolar transport.90-91 Further covalently linked HBC/PDI 

molecules have also appeared in the literature,92 most recently a six fold covalent attachment of PDI 

molecules around an HBC molecule has been reported, as part of a series of HBC/PDI dyads. These dyad 

molecules were synthesised in order to determine the interactions between the HBC and PDI molecules 

and how this affects their overall supramolecular organisation.93 The sixfold substituted HBC/PDI 

compounds assembled in a coaxial column fashion for dual hole and electron transport, but did not 

display photoinduced electron transfer between the HBC and PDI, essential for the operation of a solar 

cell. The lack of electron transfer was ascribed to the distance of greater than 1 mm between the donor 

and acceptor parts of the molecule. The other HBC/PDI molecules in the series did not assemble into 

coaxial columns and instead formed a column where the HBC and PDI molecules are alternating. This 

direct overlap of donor and acceptor molecules allowed for photoinduced electron transfer to occur.93  

 

The use of HBC and other discotic aromatic cores that form columnar liquid crystals for applications in 

organic electronic devices still needs to overcome some hurdles. The charge carrier mobility of the 

processed thin films does not yet match those of the parent aromatic core, possibly due to the inability to 

prevent defects in the long range order during processing. Synthetic and purification hurdles prevent large 
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amounts of these materials from being synthesised and fabrication of the devices needs to be suitable for 

industry procedures. 

 

1.3 Oxidative cyclodehydrogenation and the Scholl reaction 

Oxidative cyclodehydrogenation of branched oligiophenylene compounds is the final and key reaction 

step for the synthesis of many polycyclic aromatic compounds.54b The Scholl reaction has been defined as 

the intramolecular cyclodehydrogenation of aromatic nuclei resulting in the formation of a condensed ring 

system, under the influence of aluminium chloride. A broader definition of the Scholl reaction in recent 

times is “the elimination of two aryl bonded hydrogens accompanied by the formation of an aryl-aryl 

bond under the influence of Friedel – Crafts catalysts”.94 It is named as such for the pioneering work of 

Scholl, who first reported in 1910 that 1,1’-binaphthyl, 1.19, could be condensed to form perylene, 1.20, 

in an aluminium chloride melt,95 shown in scheme 1.3. The harsh conditions employed and the sometimes 

complex product mixtures prevented the widespread application of the Scholl reaction in organic 

synthesis, until milder conditions were developed by Kovacic in the 1960’s for the polymerisation of 

benzene,96 an intermolecular Scholl-type reaction. These milder conditions use aluminium chloride, with 

copper chloride was employed as the oxidant, rather than air. The final polyphenylbenzene products 

depended upon the catalyst:oxidant ratio, the amount of water present and the length of the reaction. The 

presence of a trace amount of water, or the presence of hydrogen chloride is necessary for the reaction to 

proceed.97 

 

 

 

 

 

 

Scheme 1.3. Oxidative cyclodehydrogenation of 1,1’-binaphthyl, 1.19, to form perylene, 1.20, an early 

example of the Scholl reaction.95 

 

The development of milder conditions for the Scholl reaction allowed the study of this reaction to extend 

to more complicated systems, where more than one carbon-carbon bond is formed. The room temperature 

reaction of diphenyltriphenylene, 1.21, with AlCl3, CuCl2 in CS2 for 2 days, formed the fully 

cyclodehydrogenated product tribenzo[b, n, pqr]perylene, 1.22, in 77% yield,98 shown in scheme 1.4. 

Two carbon-carbon bonds have been formed during the course of this reaction from unsubstituted and 

unactivated aryl rings. Not long after the report of the formation of 1.22 from 1.21, the same group, lead 

AlCl3 melt

 

1.20 1.19 
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by Müllen, reported the formation six new carbon-carbon bonds to form HBC from hexaphenylbenzene.58 

Since this time an increasing number of carbon-carbon bonds have been formed through oxidative 

cyclodehydrogenation of suitable oligophenylene derivatives using AlCl3 with either CuCl2 or Cu(OTf)2 

as an oxidant.99 The use of a milder Lewis acid, iron (III) chloride, rendered the presence of additional 

oxidants unnecessary,60d,61a and iron (III) chloride is well known to catalyse oxidative carbon-carbon bond 

forming reactions.100 

 

 

 

 

 

 

 

 

Scheme 1.4. The formation of two carbon-carbon bonds using oxidative cyclodehydrogenation under mild 

conditions.98 

 

1.3.1 Reagents for oxidative cyclodehydrogenation 

Since these initial reports Müllen and coworkers have pioneered the development of AlCl3/oxidant and 

FeCl3 as reagents for the planarisation of suitable oligophenylene derivatives to all planar all benzenoid 

PAH’s.49 A variety of other reagents and conditions have also been employed to carry out various other 

oxidative cyclodehydrogenation reactions. The use of heavy metal Lewis acidic catalysts has been 

popular, with MoCl5, Tl(CF3CO2)3  and CoF3 employed as reagents for oxidative cyclodehydrogenation. 

MoCl5 can polymerise benzene under Kovacic type conditions,101 and it has also been used alongside 

other Lewis acid catalysts such as TiCl4, SnCl4 and SiCl4 for intramolecular aryl coupling reactions.102 

Oxidative coupling using Tl(CF3CO2) has also been reported, although the presence of CF3CO2H is 

usually required.103 Oxidative dimerisation of a novel fluoranthene based PAH has been achieved using 

MoCl5
104. Various vanadium oxides and chlorides have also been employed.101,103c,105 The reaction of 

Pb(OAc)4 with BF3.OEt2 has been investigation for the intermolecular coupling of benzene molecules.106 

Potassium melts have recently been used for the synthesis of perylene from 1,1’-binapthyl, the same 

reaction reported by Scholl in 1910. Pressure and heat are also required, but the reaction proceeds in 

greater than 95% yield.107 
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Heavy metal Lewis acidic catalysts are not required to carry out oxidative cyclodehydrogenation 

reactions, and a variety of organic acidic catalysts and oxidants have been used. Hypervalent iodine, 

(CF3COO)2IIIIC6H5, with BF3.Et2O in dichloromethane cyclises various biaryl compounds linked by a 

heteratom resulting in the formation of various heterocycles.108 DDQ/CH3SO3H has recently been 

employed by Zhai et al. for the six fold oxidative cyclodehydrogenation of hexaphenylbenzene, forming 

HBC.109 This reagent system has proven useful for the successful oxidative cyclodehydrogenation of 

electron poor hexaphenylbenzene precursors, the use of FeCl3 was not successful in this case.110 The 

DDQ/CH3SO3H reagent system has also been employed for the final oxidative cyclodehydrogenation of 

precursors for the formation of PAH’s with low numbers of Clar sextets.111 

 

Photocyclisation conditions can also be employed to carry out oxidative cyclodehydrogenation. The 

photocyclisation of stillbene-type precursors to form more complex aromatic systems has been well 

studied.84,112,113 Usually I2 and propylene oxide are used as oxidants,114 although early reports of these 

photocyclisation reactions used air as the oxidant.115 The formation of hexa-cata-hexabenzocoronene, 

1.17, employed photocyclisation conditions for the final oxidative cyclodehydrogenation step,81 see figure 

1.5. Photocyclisation and FeCl3 have been used in a two step procedure for the complete 

cyclodehydrogenation of a tetrabenzocoronene.116 

 

1.3.2 Unexpected products from cyclodehydrogenation reactions 

Despite the attractiveness of the Scholl reaction in organic chemistry, allowing the formation of multiple 

carbon-carbon bonds in a single step from unactivated aryl rings, up to 54 new carbon-carbon bonds has 

been reported,63 it does suffer from some inherent drawbacks. The conditions employed for oxidative 

cyclodehydrogenation often result in formation of chlorinated side products,42,117 and some functional 

groups are intolerant to the reaction conditions employed.60c If rotational isomers exist the regioselectivity 

of the Scholl reaction is unpredictable, and in a few cases partially cyclodehydrogenated and rearranged 

compounds have been observed. 

 

Recently, Müllen and coworkers synthesised a tetra dodecyl substituted quinquephenyl, 1.23,118 that 

possesses rotational conformers to determine the regioselectivity of the Scholl reaction. Surprisingly, only 

one of the two possible products was formed from oxidative cyclodehydrogenation, a tribenzoperylene. 

The tribenzoperylene formed arises from the cyclodehydrogenation of the slightly more sterically 

hindered isomer. Another group subsequently synthesised a more sterically encumbered compound, tetra 

tertbutyl substituted quinquephenyl, 1.24,119 and subjected this compound to oxidative 

cyclodehydrogenation, shown in scheme 1.5.  It was expected that the tertbutyl groups would provide 
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enough steric hinderance to prefer the formation the tetrabenzanthracene, 1.25, arising from 1.24 in the 

trans orientation. Instead dibenzopicene, 1.26, was preferentially formed in 80% yield, arising from 1.24 

in the more sterically hindered cis orientation, and only 8% of 1.25 was isolated. Other attempts to use 

blocking groups to direct the regioselectivity of this reaction have also been reported.120 

 

As well as rotational isomerisation, unexpected products can arise from the 1,2 phenyl shift of 

oligiophenylene precursors during cyclodehydroegnation.117a,121 The rearrangement of these precursors to 

form unexpected cyclodehydrogenated products is difficult to control and prevents the rational organic 

synthesis of some desired molecular architectures, as well as the formation of complex reaction mixtures 

that are difficult to purify and separate when the rearrangement products are not degenerate.121b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.5. Surprising regioselectivity of the Scholl reaction, the more sterically hindered 

oligiophenylene precursor is preferred for the oxidative cyclodehydrogenation.118,119  

 

The addition of peripheral heteroatom substitutents on HBC and derivatives is desirable, as this allows 

another method to tune the electronic nature of the aromatic core. Six fold alkoxy substituted 

hexaphenylbenzene, 1.27, was employed as a precursor to six fold alkoxy substituted HBC, 1.28. Initial 
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attempts to cyclodehydrogenate 1.27 were met with the apparent formation of an extended quinonoid 

system, 1.29.60c This was not entirely unsurprising as alkoxy groups are well known to undergo both ether 

cleavage and oxidations to quinonoid aromatic structures.60c,122 A much later paper by Wadumethrige and 

Rathore,60e disproved the assignment of the product of the cyclodehydrogenation of 1.27, and the 

formation of an bis spirocyclic dienone structure, 1.30 was assigned as the correct product, determined by 

X-ray crystallography (shown in scheme 1.6). This was not the first observation of the formation of a 

spirocyclic product from the oxidative cyclodehydrogenation of alkoxy substituted hexaphenylbenzene 

precursors.121a,123  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.6. Formation of an bis spirocyclic dienone structure, 1.30, from oxidative 

cyclodehydrogenation of a six fold alkoxy substituted hexaphenylbenzene, 1.27, and subsequent 

formation of sixfold alkoxy substituted HBC, 1.28, using a 1,3,5-trisbiphenylbenzene, 1.31.60c,e 
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The formation of a hexa alkoxy substituted HBC was first reported in 2005, by Zhang et al.124 The 

synthesis was achieved by employing a hexaphenylbenzene precursor where electron withdrawing 

fluorine groups were substituted ortho to the alkoxy groups, and the subsequent cyclodehydrogenation 

proceeded in low yields. In 2008 the synthesis of 1.28 was finally achieved,60e using an alternative 

precursor to hexaphenylbenzenes. A 1,3,5-trisbiphenylbenzene precursor, 1.31, was subjected to oxidative 

cyclodehydrogenation and 1.28 was formed in nearly quantitative yield. 

 

The synthesis of alkoxy substituted HBC derivatives by the cyclodehydrogenation of hexaphenylbenzene 

precursors is often met with difficulty and spirocyclic products are often formed preferentially. The 

synthesis of a para disubstituted alkoxy hexaphenylbenzene and subsequent cyclodehydrogenation121a 

forms a bis spirocyclic dienone much like 1.30, as well as the desired HBC derivative. Mechanistic 

considerations lead to the conclusion that the ortho, para directing nature of the methoxy groups promote 

the formation of the spirocyclic product, the mechanism of the Scholl reaction is discussed further in 

section 1.3.3.121a,123b 

 

The isolation of some partially cyclised products from the Scholl reaction gives some insight into the 

possible mechanism of this reaction, and suggests that the formation of each carbon-carbon bond 

proceeds in a stepwise rather than concerted manner.125 The first partially cyclised intermediate, 1.32, was 

isolated from the Scholl reaction of hexaphenylbenzene in 2000,60a and is shown in figure 1.6. It was 

identified by 1H-NMR spectroscopy and assigned as the product arising from the formation of four new 

carbon-carbon bonds, with one phenyl ring untouched by cyclodehydrogenation. The presence of other 

partially cyclodehydrogenated compounds were also identified but not able to be isolated, and the 

addition of more catalyst and oxidant (AlCl3 and CuCl2) to 1.32 lead to complete formation of HBC. 

 

 

 

 

 

 

 

 

 

Figure 1.6. Partially cyclodehydrogenated compounds formed during the oxidative cyclodehydrogenation 

of oligophenylene precursors.60a,126,128 
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The use of 1,3,5-trisbiphenylbenzene precursors and the related 1,4-diphenyl-2,5-biphenylbenzene 

precursors has also lead to the isolation of partially cyclodehydrogenated products, 1.33 and 1.34,126 

shown in figure 1.6. Unlike the case where 1.32 could be further reacted on to form HBC, partially 

cyclodehydrogenated compound 1.34 could not be further cyclodehydrogenated to form the related three 

fold iodo substituted HBC derivative.126a Compound 1.34 is highly insoluble in common organic solvents, 

including the solvent (DCM) the cyclodehydrogenation is performed in, and the authors ascribe the 

inability of 1.34 to undergo any further cyclodehydrogenation to this insolubility and the steric hinderance 

of the free biphenyl unit.126a In contrast, compound 1.33, will undergo further oxidative 

cyclodehydrogenation to form the remaining three carbon-carbon bonds and the corresponding para 

ditertbutyl substituted HBC derivative, but only when 1.33 was isolated and resubjected to oxidative 

cyclodehydrogenation conditions. The presence of the two tertbutyl groups were hypothesized to stabilise 

the radical cations127 formed during oxidative cyclodehydrogenation, requiring two independent 

cyclodehydrogenation reactions.126a Crystal structures of 1.33 and a soluble derivative of 1.34 were also 

obtained to support the assigned structures. 

 

Another semi-fused intermediate, 1.35, from the Scholl reaction of hexaphenylbenzene precursors was 

isolated in 2009 by Lu and Moore.128 Compound 1.35 was produced in the same reaction mixture that also 

contained the corresponding HBC derivative, and subjecting isolated 1.35 to further 

cyclodehydrogenation forms the expected HBC derivative. The time that the cyclodehydrogenation 

reaction was allowed to proceed impacted the yield of 1.35 that was produced. Only 20 minutes 

difference in reaction time (from 70 min to 90 min) allowed the transformation of 1.35, as the main 

reaction product at 70 min, to the full cyclodehydrogenated HBC precursor at 90 min. This indicates that 

the formation of 1.35 is a kinetically favoured reaction intermediate, rather than a thermodynamically 

favoured reaction product.128 

 

The cyclodehydrogenation reaction reaches limitations when applied to large oligophenylene systems. 

Full cyclodehydrogenation of large oligiophenylene systems where over 120 hydrogen atoms need to be 

removed to form over 60 new carbon-carbon bonds, requires a conversion of 99% for each carbon-carbon 

bond, leading to only a total yield of 28% for the final product.129 Partial cyclodehydrogenation to form 3-

dimensional propeller systems rather than planarised 2-dimensional graphite systems is usually observed 

in these cases.129 

 

In some cases, the choice of Lewis acid catalyst for the Scholl reaction will control the 

cyclodehydrogenation product formed. In 2002, Draper et al. reported the formation of a nitrogen 
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containing HBC derivative, 1.37,130 and later the coordination chemistry of 1.37 was investigated.131 

Compound 1.37 was formed in 49% yield by the oxidative cyclodehydrogenation of the appropriate 

hexaphenylbenzene, 1.36, using AlCl3 and CuCl2, shown in scheme 1.7. In 2005 the same group isolated 

a related half cyclised compound, 1.38,132 in 32% yield by the oxidative cyclodehydrogenation of the 

same hexaphenylbenzene precursor, 1.36. In this case FeCl3 was used for the oxidative 

cyclodehydrogenation reaction, and a 35% yield of 1.37 was isolated from the same reaction mixture. No 

evidence for the formation of 1.38 was seen when AlCl3/CuCl2 was used to form 1.37 from 1.36. 

 

Surprisingly, further cyclodehydrogenation of 1.38 was not successful using either AlCl3/CuCl2 or FeCl3. 

The authors conclude that 1.38 is a thermodynamically stable product in its own right, and they speculate 

that the mechanism of the formation of 1.38 may be different to that of 1.37.132 Further examples of 

partially cyclodehydrogenated products have been reported with the incorporation of only one pyrimidyl 

ring into the hexaphenylbenzene precursor.133 Full cyclodehydrogenation only occurs when the 2-position 

of the pyrimidine ring is substituted, in this case by a tertbutyl group. When the 2-position of the 

pyrimidine ring is unsubstituted cyclodehydrogenation only affords two carbon-carbon bonds, ortho to the 

two pyrimidine nitrogen atoms. The resultant partially cyclodehydrogenated product could not be 

cyclodehydrogenated further, just like compound 1.38. The reason for this difference in reactivity towards 

cyclodehydrogenation by substitution in the 2-position could be a result of many factors, the authors 

suggest that hindering coordination by a metal ion to the pyrimidyl nitrogen atoms by the tertbutyl group 

increases the reactivity of the precursor towards full cyclodehydrogenation. 

 

This difference in reactivity between AlCl3/CuCl2 and FeCl3 as reagents for oxidative 

cyclodehydrogenation has also been exploited for an all carbon system, where only one bond was 

required to be formed by cyclodehydrogenation. The precursor 3-(1-naphthyl)perylene, 1.39, was 

subjected to oxidative cyclodehydrogenation and depending on the system used the desired terrylene, 

1.40, was formed or its isomer possessing a five membered ring, 1.41,134 shown in scheme 1.8. 
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Scheme 1.7. Differences in products obtained using different oxidative cyclodehydrogenation reagents 

from the same precursor, 1.36.130,132 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.8. Two different cyclodehydrogenated products, 1.40 and 1.41, obtained using different 

reagents with the same precursor, 1.39.134 

N

N

N N

N

N

N N

N

N

N N

AlCl3, CuCl2
49%

FeCl3 35%

FeCl3 32%

 

1.37 1.36 

1.38 

FeCl3
46%

AlCl3, C6H5Cl
43%

 

1.39 

1.40 1.41 

22 
 



1.3.3 Mechanism of the Scholl reaction 

The isolation of partially cyclodehydrogenated products, unexpectedly rearranged products and the 

formation of different products when different reagents are used to carry out the Scholl reaction requires 

the reaction mechanism of the Scholl reaction to be studied. In recent years a series of papers has emerged 

in the literature from the groups of King,125,135 Müllen121a,127 and Rathore136 concerning the reaction 

mechanism of the Scholl reaction for the cyclodehydrogenation of hexaphenylbenzene to HBC. There are 

currently two proposed possibilities for the carbon-carbon bond formation, radical cation and arenium 

cation pathways.94 

 

Shown in figure 1.7 is the arenium ion mechanism (proton transfer), favoured by the group of King, and 

the radical cation mechanism (electron transfer), favoured by the groups of Müllen and Rathore. Both 

mechanisms lead to the formation of the same product, and distinguishing between acid and electron – 

transfer based catalysis is extremely difficult.137 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Arenium cation (top) and radial cation (bottom) mechanisms for the Scholl reaction. 

 

King and co-workers favour the arenium ion (proton transfer) mechanism for the Scholl reaction because 

calculation of the carbon-carbon bond forming transition states, 1.42 and 1.43, indicate that the transition 

state arising from the arenium ion pathway, 1.42, is lower in energy.125,135a The requirement of water or 

HCl in order for the Scholl reaction to proceed97 implicates the presence of Brønstead acids for the 

protonation, but Lewis acids could also be responsible. The formation of multiple carbon-carbon bonds is 

also predicted by King to increase the speed of the reaction as the energy of the transition state decreases 

in each contiguous carbon-carbon bond forming reaction. The radical cation mechanism is discounted by 

King as calculations demonstrate that it requires a strong oxidant for radical generation, stronger than 
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those employed in the Scholl reaction, and that the Scholl reaction can occur in acidic media that do not 

promote radical cation formation.135a 

 

The groups of Müllen127 and Rathore136 separately conducted theoretical and experimental studies on the 

mechanism of the Scholl reaction, and both groups support the radical cation mechanism for the Scholl 

reaction. The preference for the radical cation mechanism in both groups is result of experimental 

observations that polynuclear hydrocarbons form radical cations when exposed to aluminium halides,138 

that dehydrogenation can occur with electrochemical oxidation,139 and that the oxidants employed in the 

Scholl reaction are strong enough to effect the initial one electron oxidation. The group lead by Rathore, 

also determined experimentally that cyclodehydrogenation does not occur when an oligiophenylene 

precursor is exposed to a strong Brønstead acid or Lewis acid, but when exposed to DDQ/H+, a well 

known oxidant system which oxidizes aromatic electron donors to radical cations, cyclodehydrogenation 

does occur.136  

 

The arenium ion mechanism is discounted by these groups owing to the necessary protonation of a carbon 

atom meta to an electron donating phenyl group, which is strongly disfavoured. The role of the oxidant in 

the arenium ion mechanism is relegated to the as yet unknown oxidation steps to convert the 

dihydroaromatic intermediate to triphenylene. Rathore and co-workers argue that weak oxidants like I2 

and O2 are known to perform this oxidation, yet with the arenium cation mechanism strong oxidants such 

as FeCl3 and CuCl2 are required. All groups acknowledge that the presence, however small, of the 

possibility of the other competing mechanism, due to the known interconversion of the carbocations and 

cation radicals under the conditions of the Scholl reaction. 

 

Oxidative cyclodehydrogenation reactions are not the only way in which to form carbon-carbon bonds 

between aryl rings. Many transition metal catalysed routes towards the formation of carbon-carbon bonds 

and in particular, carbon-carbon bonds between aryl rings,140 exist. Unfortunately, these transition metal 

catalysed reactions usually require some kind of functionalisation on one or both of the carbon atoms to 

be joined. In the synthesis of PAH’s like HBC this functionalisation can be difficult to achieve. The 

functional groups required are not always tolerant to the reaction conditions required for the synthesis of 

the precursor molecules and the extra functional groups can provide too much steric hinderance to form 

the precursor molecules. Fluorine atoms have recently been employed to activate polycyclic aromatic 

precursors towards forming carbon-carbon bonds across cove regions forming curved polycyclic aromatic 

compounds by the formation of five-membered rings, by solid state catalysis with γ-Al2O3.141 Recently, 
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ring closing metathesis has been employed for the synthesis of some smaller PAH’s.142 Ring closing 

metathesis allows for complete control over the regioselectivity of the reaction. 

 

1.4 Curved aromatic compounds 

PAH’s comprised of entirely of fused benzene rings will strive to adopt a planar conformation. All of the 

examples of PAH’s discussed above form planar graphitic sheets after oxidative cyclodehydrogenation. 

Only the example of hexa-cata-hexabenzocoronene, 1.17 discussed above is distorted from planarity, due 

to the steric congestion caused by some of the peripheral carbon atoms. Enforcing non planarity onto 

PAH’s has become a topic of increasing interest of the last few decades,143 and is usually achieved by 

steric congestion on the outside of the aromatic core, or by embedding non six membered rings in the 

aromatic core, 1.17 is an example of the former. 

 

1.4.1 Strategies for enforcing curvature 

Simple steric congestion in the form of halide substitution at every available carbon atom was used to 

synthesise a non-planar triphenylene, 1.44, in 1994.144 Compound 1.44 could not be prepared by direct 

chlorination of triphenylene, and a low yielding (2%) cyclotrimerisation strategy proved successful. 

Enough sample was obtained for recrystallisation and subsequent analysis by X-ray crystallography, 

which revealed an overall end to end twist of one naphthalene unit of 56.6˚. Pascal has synthesised many 

acene units that exhibit significant twisting due to phenyl substitution around the acene core.145 The 

largest end to end twist reported to date is 144˚, observed in a pentacene unit, 1.45, first synthesised in 

2004,146 and shown in figure 1.8. The anthracene daughter to this pentancene unit, 1.46,147 has a 65.7˚ 

twist from end to end. 

 

 

 

 

 

 

 

 

 

Figure 1.8. Twisted polycyclic aromatic compounds synthesised by Pascal and coworkers.144,146,147 
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Very recently Nuckolls and co-workers described the synthesis and performance in solar cells and thin 

film transistors of three large disorted PAH’s, octabenzocircumbiphenyls, 1.47,148 closely related to hexa-

cata-hexabenzocoronene, 1.17, and shown in figure 1.9. The synthesis of 1.47 was achieved in a similar 

manner to that of 1.17, where in this case photocyclisation of a tris olefin precursor was the key final step. 

The tetra and octa dodecyloxy substituted compounds are soluble in common organic solvents. The 

contorted nature of 1.47 again allowed close molecular contact with a fullerene derivative and power 

conversion efficiencies of up to 2.9% were observed in a photovoltaic device. 

 

The planar core of HBC can also be disorted from planarity if enough peripheral substitution is present 

around the aromatic core of the molecule. Compound 1.48 was synthesised in 2005149 by the oxidative 

cyclodehydrogenation of the corresponding hexaphenylbenzene precursor. An X-ray crystal structure 

revealed that although the central benzene core was almost planar (all six carbon atoms were coplanar to 

within 0.014Å) the outer benzene rings were flipped up and down in an alternating manner to reduce the 

steric congestion imparted by the methoxy groups, and 1.48 was in a centrosymmetric conformation. X-

ray crystal structures were also obtained with hexafluorobenzene and fullerene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Contorted PAH’s closely related to hexabenzocoronenes.148,149 

 

1.4.2 Rational organic synthesis of curved aromatic compounds 

The synthesis of curved PAH’s by embedding a non six membered ring into the core of the molecule has 

captured the imagination of many organic chemists due to the possibility of the rational chemical 
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synthesis of fullerenes and other curved molecules. The first rational organic synthesis of a curved 

geodesic shaped PAH was of corannulene, 1.49, in 1965 by Bath and Lawton,150 outlined in scheme 1.9. 

Although the synthetic route was low yielding (> 1% overall yield from acenaphthalene, 1.50), the 

interest generated from the synthesis of this molecule set the tone for the rational organic synthesis of 

curved PAH molecules. 

 

 

 

 

 

Scheme 1.9. Barth and Lawtons route to corannulene.150 

 

In 1991, Scott and co workers published a short synthesis to corannulene using flash vacuum pyrolysis 

(FVP).151 A bis acetylene fluoranthene, 1.51, undergoes cyclisation to corannulene, 1.49, in ~10% yield. 

The low yield could not be increased as polymerisation of the bis acetylene occurs before sublimation and 

cyclisation. Tetrabromo bis acetylene fluoranthene, 1.52, also undergoes cyclisation under FVP 

conditions to produce 1.49 in a higher yield (~40%).151 The synthesis was improved even further in 1997 

by the same group, using a three step synthesis from acenaphthalenequinone, 1.53, via the key 

chlorovinyl compound, 1.54, in an overall 26% yield.152 Figure 1.10 outlines the synthetic strategies used 

by Scott in the 1990’s for the synthesis of corannulene. 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Various synthetic routes to corannulene using FVP by Scott and co workers.151,152 
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to form a dimethylated corannulene derivative, 1.56, as shown in scheme 1.10. The purely solution phase 

synthesis allows for the introduction of substituents on the corannulene core that are not compatible with 

the harsh conditions required for FVP. 

 

 

 

 

 

Scheme 1.10. First solution phase synthesis of a corannulene derivative.153 

 

According to Euler’s rule, 12 isolated pentagons embedded in a planar hexagonal sheet will yield a closed 

surface, and the chemical equivalent of this is fullerene. Fullerene, formally known as 

buckminsterfullerene, was first isolated in 198517 by the vaporisation of graphite, and isolatable quantities 

were first synthesised through this method in 1990.154 The Nobel Prize was awarded to Curl,155 Kroto156 

and Smalley157 for “their discovery of fullerenes”.158 It would be another 11 years before the first rational 

organic chemical synthesis of fullerenes was reported by Scott and co workers,22a,159 using an aldol 

trimerisation and FVP as the two key final steps, outlined below in scheme 1.11. 

 

 

 

 

 

 

 

 

 

Scheme 1.11. First rational organic synthesis of fullerene, C60.159 

 

The development of FVP techniques143c and solution phase synthesises of corannulene allows for further 

development of the curved PAH’s. The groups of Scott,143c,143d,160 Siegel,143b Sygula161 and Rabideau143a 

have all pioneered extensions and derivatisations to the corannulene core. Corannulene derivatives162 such 

as those shown in figure 1.11 stack into one dimensional columnar array. One of these derivatives, 

1.57,162c has greater pyrimidalisation of the central carbon atoms than that seen in fullerene. The 

systematic study of all indenocorannules found that the greater the strain in the curved PAH the more 

BrBr

BrBr (i) TiCl3/LiAlH4

(ii) DDQ

 

1.55 1.56 

O

Cl
Cl

Cl

Cl

Cl
6 steps

TiCl4,
o-dichlorobenzene FVP

C60

 

18% 

~1% 

28 
 



ordered the one dimensional columns are.162c Liquid crystalline corannulene derivatives have also been 

prepared.163 Very recently, the synthesis of coraunulene derivatives was extended to the synthesis of an 

endcap unit of a single walled carbon nanotube,21h and it is envisaged that these end cap units can be used 

to template the formation of single walled carbon nanotubes of controlled size and shape. 

 

 

 

 

 

 

 

 

 

Figure 1.11. Corannulene derivatives that pack into one dimensional columnar arrays.162 

 

Four and seven membered rings have also recently been incorporated into the core of PAH’s. 

Tetrabenzoquadrannulene, 1.60, shown in figure 1.12, has recently been synthesised, its crystal structure 

and a crystal structure of 1.60 with fullerene has also been described.164 Although the synthesis is low 

yielding, enough 1.60 was isolated to determine that it is stable under a variety of conditions, including 

exposure to light, brief treatment with acid (TsOH) or base (tBuOK), and air. The key step in the synthesis 

of 1.60 was cyclotrimerisation by a tetraalkyne precursor with the four membered core already introduced 

into the molecule. The co-crystal of 1.60 with fullerene reveals the close interaction of the two 

components, due to the complementary curved π systems of 1.60 and fullerene. 

 

A seven membered ring has recently been incorporated into an HBC core by the addition of an additional 

carbon atom on the periphery of the aromatic core, 1.61.165 The additional carbon atom, making up the 

seven membered ring, imparts a rare saddle shaped geometry onto the molecule. The only other π-systems 

to display this saddle shape are [7]circulene,166 1.62, and [7.7]circulene.167 Curved compound 1.61 is 

synthesised through oxidative cyclodehydrogenation of hexaphenylbenzene type precursor, the heptagon 

ring is pre built into this precursor, so only five carbon-carbon bonds need to be formed in the final step. 

Compound 1.61 has similar emission and absorption to alkylated HBC’s but its visible light absorption is 

much more intense, attributed to the lower symmetry of 1.61. 

 

 

Br

Br

Br

Br

Ph

Ph

MeO2C

MeO2C

CO2Me

CO2Me

 1.57 

1.58 1.59 

29 
 



 

 

 

 

 

 

 

 

 

Figure 1.12. Two recent examples of curved PAH’s with four and seven membered rings embedded in the 

aromatic core.164a,165,166 

 

1.5 Heteroatom containing polycyclic aromatic compounds 

1.5.1 Nitrogen containing polycyclic aromatic compounds 

Incorporation of heteroatoms into the core of PAH’s provides an opportunity for modification of the 

electronic properties of the PAH core. The first example of a HBC derivative with heteroatoms embedded 

in the periphery of the aromatic HBC core was 1.37, shown in scheme 1.7. The incorporation of 

electronegative nitrogen atoms into the periphery of the HBC core depletes the π electron density 

allowing 1.37 to be electron accepting and increases the charge carrier ability. The dipole created by the 

addition of nitrogen atoms allows 1.37 to be soluble in common organic solvents, and its optical 

properties can be measured. The UV/vis displays the expected bands of the HBC core with the presence 

of two additional bands, while the strong fluorescence of 1.37 is quenched by the addition of acid, 

showing the effect the π electron distribution has on the optical properties. 

 

Careful design of the precursor hexaphenylbenzene derivative allows for placement of nitrogen atoms 

around the HBC periphery of 1.37 to facilitate the coordination of metal ions. The coordination of Ru(II) 

and Pd(II) to 1.37 and 1.38 has been investigated.131,132,168 Metal coordination alters the photophysical 

properties169 so that the complex formed between Ru(II) and 1.37 is both a near IR emitter170 and a black 

MLCT absorber,171 as is the case for the complex between Ru(II) and 1.38.  

 

The incorporation of terpyridine (terpy) units into π conjugated systems is an area of developing 

interest,172 and the incorporation of terpy units to the HBC core is a recent achievement.173 Initially, an 

acetylene linker or direct peripheral substitution, 1.63, was used to bridge the terpy unit to the HBC core, 

although no complexes with Ru(terpy) were reported.173a More recently terpy has been incorporated 
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directly into the HBC core,173b forming 1.64, as shown in figure 1.13. The cyclodehydrogenation of 1.64 

suffers from low yields due to the activation of the carbon atoms ortho and para to the nitrogen atom of 

the central pyridine ring, rather than the desired meta activation. Only small quantities of 1.64 were able 

to be prepared, not enough to study its photophysical properties upon complexation with ruthenium. 

Partially cyclised compound 1.65 is the major product from the cyclodehydrogenation to form 1.64, and 

complexes of 1.65 and its precursor with Ru(terpy) have been prepared. They show similar properties to 

that of Ru(terpy)2 due to the minimal interactions from the non planar arrangement of the terpy and 

PAH/phenylene core. 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. Recently prepared HBC derivatives incorporating terpyridine units.173 

 

Nitrogen containing heteroaromatic rings have also been employed to bridge two HBC units. The reaction 

of an α diketone HBC derivative with benzenetetramine produced a tetraazaanthracene bridge between 

the two HBC cores.174 The preparation of a large copper phthalocyanine derivative was also possible from 

the α diketone HBC derivative.174 

 

1.5.2 Other heteroatom containing polycyclic aromatic compounds 

The incorporation of π excessive heteroaromatic rings into the core of HBC derivatives is not well 

explored. The oxidative cyclodehydrogenation of hexapyrrolylbenzene produces a planar PAH with six 

interior nitrogen atoms, and is the only reported example of a pyrrole containing HBC-like derivative, 

having 13 fused aromatic rings and a planar structure. Thiophene rings have recently received attention 

for incorporation into HBC derivatives. Three benzothiophene rings have been attached to the periphery 

of an HBC core, 1.66,175 while more recently one thiophene ring has been incorporated directly into the 

periphery of HBC forming 1.67, shown in figure 1.14 and a dimer.176 The optical and electrochemical 

properties of 1.67 are similar to those of the alkylated HBC derivatives. 
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Curved hexa-cata-hexabenzocoronenes have also been synthesised with four thiophene rings incorporated 

directly into the periphery, 1.68.177 The curved structure allows for formation of one dimensional 

columnar arrays and when combined with an acceptor fullerene molecule the fullerene is guided into 

spaces between the columns, forming a ball and socket motif.177,178 The resulting solar cells show promise 

for organic electronic applications, with power conversion efficiencies of up to 2.7%.178 

 

 

 

 

 

 

 

 

 

 

Figure 1.14. Thiophene containing HBC derivatives that have recently been prepared.175,176.177 

 

A PAH containing a central thiophene core, 1.69, shown in figure 1.15, has also been prepared by the 

oxidative cyclodehydrogenation of the tetraphenylthiophene precursor.179 Compound 1.69 forms a 

dianion and the sulphur atom can be extruded from 1.69 with a series of C-S bond cleavages. Phosphole 

containing π conjugated compounds are gaining attention as functional materials owing to the reactivity 

of the phosphorus to tune the properties of compounds for different applications.180 A planar PAH with a 

central phosphole core was recently prepared, 1.70, shown in figure 1.15.181 The PAH has a similar 

structure to that of 1.69, but was prepared through photocyclisation of a tetraarylphosphole, the phosphole 

was too reactive for the Scholl reaction to be employed. The tetraaryl phosphole precursor had a carbon-

carbon bond between the two phenyl rings in the 3- and 4-position of the phosphole already formed. The 

reactive σ3,λ3-P allows for direct tuning of the photophysical properties. A coordination complex with Au 

coordinating to two molecules of 1.70 was also prepared and the crystal structure of the complex shows 

packing of the complex into one dimensional columns through π – π interactions. 
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Figure 1.15. Planar phosphorus containing PAH.179,181 

 

1.6 Scope of thesis 

This thesis aims to explore the incorporation of π excessive pyrrole rings into the core of PAH’s, using 

appropriate indole and pyrrole precursors with peripheral aryl substitution and their subsequent oxidative 

cyclodehydrogenation and/or photocyclisation. The routes taken towards the appropriately substituted 

indole and pyrrole precursors are such that the substitution around the heterocyclic core can be controlled 

and easily varied to probe the effect of different functionalisation on the aryl rings where the carbon-

carbon bond forming reactions take place. Known literature methods were applied for the carbon-carbon 

bond forming reactions, with the change from indole to tetraarylpyrrole to pentaarylpyrrole cores 

allowing control over the number of expected carbon-carbon bond forming reactions.  

 

Chapter Two investigates the use of 2,3-diarylindole compounds in Scholl reactions to form a 

dibenzo[a,c]carbazole core by the formation of a carbon-carbon bond between the aryl rings in the 2- and 

3-positions of the indole core. Eight different 2,3-diarylindoles were used, with the substitution on the 

nitrogen atom and the substitution at the 4-position of the aryl rings systematically varied. 

Photocyclisation to form the desired bond between the aryl rings 2- and 3-positions was also carried out. 

 

Chapter Three uses tetraarylpyrrole compounds with the opportunity for the formation of three new 

carbon-carbon bonds between the peripheral aryl rings. Six different tetraarylpyrroles were used to 

investigate carbon-carbon bond forming reactions, and again the substitution on the nitrogen atom and the 

4-position of the peripheral aryl rings were systematically varied. Both the Scholl reaction and 

photocyclisation reaction conditions were used, with the difference in the substitution on the nitrogen 

atom allowing the formation of different heterocyclic cores from these carbon-carbon bond forming 

reactions. 

 

Chapter Four investigates different routes towards the synthesis of pentaarylpyrrole compounds. The 

ability to systematically vary the peripheral aryl groups by the changing the substitution at the 4-position 
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of the aryl rings was a key requirement for the synthesis of these pentaarylpyrroles. Once a route had been 

established to pentaarylpyrroles three new compounds, and two known compounds, were synthesised, and 

the Scholl reaction and photocyclisation reaction investigated with pentaphenylpyrrole. 

 

Chapter Five uses a heterocyclic five membered ring system, imidazole, as the base for exploring the 

metallosupramolecular chemistry of two backbone linked biimidazole ligands with a range of metal salts. 

A variety of different coordination modes were observed with these ligands. The coordination to silver 

salts produced a range of coordination modes forming discrete or polymeric species depending on the 

coordinating strength of the anion used, while the coordination to copper (I) salts produced discrete 

dinuclear species. The coordination to copper (II) salts also produced discrete species with the two 

different ligands producing two different coordination modes, monodenate or chelating, due to the 

difference in the restrictiveness of the tethering backbone 

 

Characterisation of the previously unknown precursor compounds and products obtained from the 

formation of carbon-carbon bonds studied in Chapters Two – Four were carried out using 1H-NMR 

spectroscopy, UV/visible spectroscopy, fluorometry and X-ray crystallography where possible. 

Characterisation of the complexes formed in Chapter Five relied mainly on X-ray crystallography and 

where appropriate 1H-NMR spectroscopy.  
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2.1 Introduction 

The indole ring system is a biologically privileged moiety, and is one of the most ubiquitous heterocyclic 

ring structures found in nature.1,2 The amino acid tryptophan, one of the twenty proteinogenic amino 

acids, contains an indole ring, as shown in figure 2.1a. Due to its fluorescence properties, tryptophan acts 

as a fluorescent probe in the study of protein conformations, as the fluorescence signal of the tryptophan 

molecule changes depending on the environment around the protein.3 Indole moieties are commonly 

found in natural products and biological molecules. Serotonin, shown in figure 2.1b, a monoamine 

neurotransmitter derived from tryptophan, has been implicated in the regulation of mood, sleep and also 

memory.4 

 

Many drug molecules available today contain an indole moiety, and are used to treat a wide range of 

conditions.5 Triptans are an important class of drugs containing an indole ring6 and are used in the 

treatment of headaches and migranes. Sumatriptan, shown in figure 2.1c, is a first generation triptan drug 

and was the first member of the triptan family to be introduced on the drug market. Indomethacin, shown 

in figure 2.1c, is a non-steroidal anti-inflammatory drug containing an indole ring.7 There are many other 

classes of drugs that also contain indole moieties.  

 

 

 

 

 

 

 

Figure 2.1 Biologically relevant molecules containing an indole ring system, (a) tryptophan, (b) serotonin, 

and (c) two pharmaceuticals. 

 

Due to the biological importance of the indole functional group many methods exist for the synthesis of 

the indole ring and variously substituted derivatives.2,5,8,9 The Fischer indole synthesis10 is one of the 

oldest and most commonly used methods for the preparation of the indole ring. It utilises an appropriately 

substituted phenyl hydrazine and enolisable ketone to produce the desired indole ring under acidic 

conditions,2,5,8a as shown in scheme 2.1. The availability of the desired hydrazine precursor can impose 

limitations on the use of this reaction in some instances.  
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Scheme 2.1. General scheme for the Fischer indole synthesis. 

 

More recently, the transitional metal mediated synthesis of indole rings has been widely employed2,8b,9 

due the tolerance of these catalysts to a wide range of functional groups, and the range of precursors that 

can be employed. The formation of the indole ring is often achieved by palladium catalysis using ortho-

substituted anilines and substituted alkynes, preparation of the indole is often achieved in a one-pot 

reaction. The Larock indole synthesis, shown in scheme 2.2, utilises an appropriately substituted 

acetylene and ortho substituted iodoaniline to form an indole ring via heteroannulation, with substitution 

in the 2- and 3-positions resulting from substitution on the acetylene.5 This synthesis was successfully 

employed in the total synthesis of psychotrimine in 2008,11 where gram quantities of the 2-iodoaniline 

precursor was isolated before formation of the indole ring with the protected acetylene. 

 

 

 

Scheme 2.2. General scheme for the Larock indole synthesis. 

 

A series of 2,3-diarylindoles were targeted in this project as simple model systems for a series of 

pentarylpyrrole compounds to undergo oxidative cyclodehydrogenation using a variety of conditions. The 

2,3-diarylindole model system simplifies the number of possible carbon-carbon bonds that can be formed 

by oxidative cyclodehydrogenation reactions. Five possible carbon-carbon bonds can be formed by 

oxidative cyclodehydrogenation of pentaarylpyrrole compounds, yet only one carbon-carbon bond should 

be formed by the oxidative cyclodehydrogenation of 2,3-diarylindole compounds. Two carbon-carbon 

bonds can be formed by the oxidative cyclodehydrogenation of 1,2,3-triarylindole compounds. The 

reduction in the number of possible carbon-carbon bonds able to be formed through oxidative 

cyclodehydrogenation reactions should allow for ease of determination of the resulting products from the 

reaction. Oxidative cyclodehydrogenation of a series of 2,3-diarylindole compounds will produce a family 

of dibenzo[a,c]carbazole compounds, some of these desired dibenzo[a,c]carbazole compounds have 

already been synthesised,12,13 allowing for simple identification of the desired products.  
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2.2 Synthesis of N-substituted-2,3-diarylindoles 

2.2.1 Synthesis of NH-2,3-diarylindoles, 2.1 – 2.4 

Although there are many methods available for the synthesis of indole scaffolds, a synthesis was required 

for the formation of NH-2,3-diarylindoles where variation in the substitution of the aryl groups in the 4-

position could be easily achieved. To this end, four NH-2,3-diarylindoles, 2.1, 2.2, 2.3 and 2.4, were 

synthesised following the method of Szmuszkovicz et al.14 The condensation of aniline and the 

appropriate benzoin derivative under acidic conditions gave the corresponding indoles in moderate yields 

(~ 50%), as shown in scheme 2.3. Benzoin, 2.1a, and anisoin, 2.2a, were commercially available, whilst 

4,4’-dimethylbenzoin, 2.3a, and 4,4’-ditertbutylbenzoin, 2.4a, were synthesised via a benzoin 

condensation with one equivalent of potassium cyanide and two equivalents of the appropriately 

substituted benzaldehyde precursor, in good yields (~ 85%). 

 

 

 

 

 

 

 

 

Scheme 2.3. Synthesis of NH-2,3-diarylindoles. 

 

NH-2,3-diphenylindole, 2.1, and NH-2,3-bis(4-methoxyphenyl)indole, 2.2, have both been previously 

synthesised. Due to intense interest from both the chemical and biological communities in synthetic 

methodologies towards the indole core, both 2.115 and 2.216 have been the target of various synthetic 

routes. Both compounds have also been investigated for their biological properties, with 2.2 prepared by 

Szmuszkovicz et al. as an anti-inflammatory agent.14 

 

NH-2,3-bis(4-methylphenyl)indole, 2.3, was prepared during the course of this study by Chen et al., using 

a Pd catalysed intermolecular coupling between aniline and 1,2-bis(4-methylphenyl)acetylene.17 Before 

this study Zhang et al. prepared 2.3 using solid phase synthesis, whereby 2.3 was synthesised via a one-

pot Suzuki cross coupling of a 2,3-dibromoindole derivative with 4-methylphenyl boronic acid.18  

The determination of a structure by X-ray crystallography allows the three-dimensional nature of the 

molecule to be examined. The structural information obtained from X-ray crystallography was analysed 
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during the course of this study as it allows the distance between the ortho carbon atoms of the phenyl 

rings that are to undergo oxidative cyclodehydrogenation to be determined.  

 

 A single crystal of 2.3 suitable for X-ray diffraction was grown by the recrystallisation of 2.3 from ethyl 

acetate and hexane. The crystal structure solved in the monoclinic space group P21/c, with three 

crystallographically independent molecules of 2.3 present in the asymmetric unit, one molecule of 2.3 is 

shown in figure 2.2a. The three crystallographically independent molecules of 2.3 differ only in the twist 

of the phenyl rings in the 2- and 3-position of the indole core. The phenyl ring in the 3-position of the 

indole is twisted out of plane more than 15˚ relative to the phenyl ring in the 2-position (twist angles are 

26.7(1)˚, 32.3(1)˚ and 32.7(1)˚ for the phenyl ring in the 2-position, 47.6(1)˚, 47.7(1)˚ and 49.1(1)˚ for the 

phenyl ring in the 3-position). The distance between the ortho carbon atoms of the phenyl rings are 

3.223(2) Å, 3.224(2) Å, 3.257(2) Å, and this is comparable to the distance between the ortho carbon 

atoms of hexaphenyl benzene (smallest distance = 3.343 Å),19 which has been successfully 

cyclodehydrogenated to form HBC using a variety of techniques.20 Molecules of 2.3 pack together in a 

herringbone arrangement, shown in figure 2.2b. Each molecule of 2.3 displays face-to-face and edge-to-

face π − π interactions with adjacent molecules through both the indole core and both phenyl rings. The 

nitrogen hydrogen atoms are involved in N−H…π hydrogen bonding interactions with the six-membered 

ring of the indole core in an adjacent unit (N…centroid distances = 3.406(1) Å, 3.469(2) Å and 3.700(2) 

Å). These interactions help to stabilise the herringbone arrangement of molecules. 

 

NH-2,3-bis(4-tertbutylphenyl)indole, 2.4, prepared in two steps from 4-tertbutylbenzaldehyde (43%), has 

not been previously reported in the literature and was fully characterised during the course of this study. 

The 1H-NMR spectrum is as expected from the other substituted NH-2,3-diarylindoles prepared, with a 

broad NH peak observed at 8.19 ppm, and two peaks for the tertbutyl groups (integrating for nine protons 

each) observed at 1.38 ppm and 1.33 ppm. The remaining 12 aromatic protons are observed between 7.68 

ppm and 7.11 ppm. 
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Figure 2.2. (a) One molecule of 2.3, (b) herringbone packing of molecules of 2.3, hydrogen atoms have 

been removed for clarity. 

 

2.2.2 Synthesis of N-ethyl and N-benzyl-2,3-diarylindoles, 2.5 – 2.12 

To prevent reaction with the lewis acids required for the Scholl-type cyclodehydrogenation in the 

following section, the ability of the lewis basic nitrogen functionality of each NH-2,3-diarylindole, 2.1 – 

2.4, to coordinate to the lewis acid needs to be removed. Substitution on the nitrogen atoms by ethyl and 

benzyl groups removes the NH functionality and gives protected indoles 2.5 – 2.12, in reasonable yields 

(65% to 84%). Following a modified literature procedure,14,21 sodium hydride was used to deprotonate the 

NH-2,3-diarylindoles before the addition of ethyl bromide or benzyl bromide, as shown in scheme 2.4. 

 

Indoles 2.5, 2.6 and 2.9 have all been previously prepared by other groups. N-ethyl-2,3-diphenylindole, 

2.5, was first synthesised in 1910 by the reaction of benzoin with N-ethylaniline in the presence of zinc 

chloride.22 Very little has appeared in the literature since this time, although 2.5 has been used for 

quantitative 13C-NMR studies detailing the shifts in the phenyl carbon in the 2- and 3-position of the 

indole ring.23 N-benzyl-2,3-diphenylindole, 2.9, has been synthesised by a variety of methods,24 but not 

by the method used here, and no further studies were reported.  
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Scheme 2.4. Ethylation and benzylation of NH-2,3-diarylindoles. 

 

Crystals of 2.5 were grown by the slow diffusion of methanol into a dichloromethane solution of 2.5. The 

crystal structure was solved in the monoclinic space group P21/c, with one molecule of 2.5 present in the 

asymmetric unit, shown in figure 2.3a. Much like the crystal structure of 2.3 described above, the phenyl 

rings in the 2- and 3-positions are twisted out of plane from the central indole core (55.5(1)˚ and 52.8(1)˚ 

respectively). The large difference in twist angles from the indole core between the 2- and 3-positions 

seen in the crystal structure of 2.3 are not present in this structure, the phenyl ring in the 2-position is 

twisted out of plane by just over 3˚ more than the phenyl ring in the 3-position, this is presumably due to 

differences in crystal packing of the two molecules. The distance between the two ortho carbon atoms, 

C15 and C17, of the phenyl rings is 3.571(1) Å, a slightly larger distance (~ 0.3 Å) than that observed for 

2.3 above. Again the molecules adopt a herringbone packing arrangement, shown in figure 2.3b, due to 

the N-ethyl substitution there are no N−H…π interactions to further stabilise this packing. 

 

N-ethyl-2,3-bis(4-methoxyphenyl)indole, 2.6, has been investigated for its potential as an anti-

inflammatory agent,14 and also has been used as fluorescent probe for the estrogen receptor.25 Surprisingly 

there has been no report of the synthesis of N-benzyl-2,3-bis(4-methoxyphenyl)indole, 2.10, despite its 

ease of synthesis in a reasonable yield (35%) through only two steps from commercially available starting 

materials. 
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Figure 2.3. (a) Asymmetric unit of 2.5, (b) herringbone packing of molecules of 2.5, hydrogen atoms have 

been removed for clarity. 

 

N-ethyl-2,3-bis(4-methylphenyl)indole, 2.7, and N-benzyl-2,3-bis(4-methylphenyl)indole, 2.11, have not 

been previously reported in the literature. In this study both 2.7 and 2.11 were synthesised in three steps 

in reasonable overall yield (44% and 41%) from 4-methylbenzaldehyde, and fully characterised. A crystal 

of 2.11 was obtained by recrystallisation of the bulk material using ethyl acetate and hexane. The crystal 

structure was solved in the monoclinic space group P21/n, with one molecule of 2.11 and half a solvent 

hexane molecule present in the unit cell, as shown in figure 2.4a. As expected the 4-methylphenyl rings at 

the 2- and 3-position are twisted out of plane relative to the indole core by 48.1(1)˚ and 42.9(1)˚, 

respectively. The hexane solvent molecule is slightly disordered and does not have any strong interactions 

with the molecules of 2.11. The distance between the ortho carbons atoms, C15 and C18, is 3.298(1) Å. 

The bulky benzyl group prevents the molecules from adopting a herringbone packing arrangement, and 

adjacent units of 2.11 form only weak face-to-face and edge-to-face π – π interactions through the six 

membered ring of the indole core and the methylphenyl rings in the 2- and 3-positions of the indole core. 

The benzyl phenyl ring displays edge-to-face interactions with the five membered ring of the indole core 

and the 2-methylphenyl ring of adjacent units. The edge-to-face π – π interactions of the benzyl ring of 

2.11 are shown in figure 2.4b. 

 

N-ethyl-2,3-bis(4-tertbutylphenyl)indole, 2.8, and N-benzyl-2,3-bis(4-tertbutylphenyl)indole, 2.12, have 

not been previously reported in the literature and were fully characterised during the course of this study. 

Both 2.8 and 2.12 were prepared in three steps in a reasonable overall yield (29% and 28%, respectively) 

from 4-tertbutylbenzaldehyde.  
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Figure 2.4. (a) Asymmetric unit of 2.11, (b) π – π interactions between adjacent molecules of 2.11, 

solvent molecules and hydrogen atoms have been removed for clarity. 

 

Crystals suitable for X-ray crystallography were grown for both 2.8 and 2.12 by recrystallisation of bulk 

material from ethyl actetate and hexane. The crystal structures of both 2.8 and 2.12 solved in the 

monoclinic space group P21/c, with one molecule present in the asymmetric unit, shown in figure 2.5a 

and figure 2.5b, respectively. The phenyl rings in the 2- and 3-positions of 2.8 twist out of plane relative 

to the indole core by 50.3(1)˚ and 48.1(1)˚. The tertbutyl group of the aryl group in the 3-position of the 

indole core of compound 2.8 is disordered over two positions because of rotation of this tertbutyl group, 

one position has 67% occupancy, and the other 33% occupancy. The twist in the phenyl groups of 2.12 

relative to the indole core are similar to 2.8, 66.2(1)˚ and 39.2(1)˚, respectively, and there is no disorder in 

the tertbutyl groups. The distance between the ortho carbon atoms, C15 and C21, are 3.414(1) Å for 2.8, 

and 3.616(1) Å for 2.12. These distances are slightly larger than those observed in the previous crystal 

structures collected for the 2,3-diarylindoles, 2.3, 2.5, and 2.11, this may be a result of the presence of the 

bulky tertbutyl group decorating the periphery of both phenyl rings, crystal packing effects may also be 

playing a role in the increased distance. 

 

The molecules of 2.8 display edge-to-face π – π interactions between the indole core and phenyl ring in 

the 2-position (C…centroid distance = 3.527(1) Å), while the ethyl group and tertbutyl groups have C–

H…π interactions with the indole core (C…centroid = 3.415(1) Å and 3.635(1) Å, respectively). The 

packing of 2.8 is shown in figure 2.6. 
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Figure 2.5. (a) asymmetric unit of 2.8, (b) asymmetric unit of 2.12, tertbutyl group disorder not shown 

and hydrogen atoms have been removed for clarity. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Packing of 2.8, hydrogen atoms have been removed for clarity. 

 

The benzyl substitution has a considerable effect on the packing of 2.12, in comparison to 2.8. The bulk 

of the benzyl group causes molecules of 2.12 to pack in layers, with edge-to-face π – π interactions 

between the indole core and the 2-phenyl group (C – plane distance = 3.562(1) Å) and weak C – H…π 

interactions between the tertbutyl group and the benzyl group (C – plane distance = 4.042(1) Å) are still 

present in the packing arrangement, shown in figure 2.7. 
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Figure 2.7 Packing of 2.12, hydrogen atoms have been removed for clarity. 

 

2.2.3 Synthesis of N-phenyl-2,3-diphenylindole, 2.13 

There are several methods for the synthesis of N-phenyl-substituted indoles, including that of N-phenyl-

2,3-diphenylindole. The first report of the synthesis of 2.13 came in 1910,22 by the condensation of 

diphenyl amine and benzoin in the presence of ZnCl2. The same paper also reported that 2.13 could also 

be prepared by the reaction of benzoin with the diphenyl amine hydrochloride salt. More recently 

transition metals have been employed to form N-substituted indoles, including 2.13, in one pot.26,27 

Titanium tetrachloride and tertbutyl amine were used to catalyse a hydroamination based Fischer indole 

synthesis between aryl hydrazines and alkynes,26 whilst palladium acetate has been used to catalyse direct 

and decarboxylative arylations of N-substituted-2-carboxyindoles.27 

 

Attempts were made to synthesise 2.13 using diphenyl amine and benzoin in the presence of zinc 

chloride, but unfortunately only starting materials were recovered, even after refluxing for extended 

periods. An alternative method to formation of N-substituted-2,3-diphenyl indoles like 2.13 is an 

Ullmann-type reaction, where a copper catalyst catalyses the reaction between an NH indole with the 

appropriate halosubstituted phenyl group. The Buchwald-Hartwig amination28,29 is also commonly 

employed to form carbon-nitrogen bonds between various heterocycles and appropriately halogenated 

aromatic groups. Many transition metals and conditions have been reported for the direct arylation of the 

nitrogen atom of the indole ring,30,31 as well as various other nucleophilic heterocycles.31,32 Transition 

metals are not always necessary to catalyse the direct arylation of the nitrogen atom of the indole ring, the 

use of a only a strong base can also be sufficient, although the subsequent SNAr reaction often proceeds in 

low yields.33 Formation of the appropriate N-substituted indole and then direct arylation at the 2- and 3-

positions of the indole core by phenyl boronic acids, catalysed by copper trifluoroactetate, has also been 

reported.34  
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Transition metal catalyzed Ullmann − type coupling between a halosubstituted benzene and an NH indole 

derivative was the preferred method as a range of NH-2,3-diaryl substituted indoles had already been 

prepared (2.1 – 2.4). With bromobenzene and iodobenzene employed as the haloarene, various reaction 

conditions were trialled with NH-2,3-diphenylindole 2.1. Both copper oxide and copper iodide were 

trialled as catalysts for the reaction, with potassium carbonate employed as the base, but in all cases 

mainly starting material was returned, along with a small amount of unidentified products, none of which 

corresponded to 2.13, as judged by mass spectrometry and 1H-NMR spectroscopy. 

 

The transition metal free route of Cano et al.33 was then attempted, using indole as a model for the more 

sterically hindered NH-2,3-diarylindoles. The reaction between iodobenzene and indole in the presence of 

potassium hydroxide gave N-phenylindole in reasonable yield (43%) after column chromatography. With 

this encouraging result, 2.1 and iodobenzene were reacted together in the presence of potassium 

hydroxide, and after column chromatography 2.13 was isolated in low yield (25%). Mass spectrometry 

confirmed the presence of 2.13 (observed as [2.13 + Na]+), but the 1H-NMR spectrum, shown in figure 

2.8, did not match the various, differing spectra reported in the literature.26,27,35 Although the expected 

number of protons were present with the expected chemical shift (~ 7.0 – 8.0 ppm) in the 1H-NMR 

spectrum of 2. 13, the presence of 2 separate downfield shifted doublets (7.81 ppm and 7.70 ppm) was not 

reported in the literature, instead one doublet, integrating to one proton, is most commonly reported at ~ 

7.95 ppm. The multiplet from 7.40 – 7.05 ppm is normally reported from 7.60 – 7.15 ppm. 

 

 

 

 

 

 

 

 

Figure 2.8. 1H-NMR spectrum of the aromatic region of 2.13. 

 

To confirm the structure of the obtained product crystals suitable for X-ray crystallography were grown 

from the slow evaporation of a dichloromethane solution. As hoped, the crystal structure confirmed that 

2.13 had indeed been synthesised. The structure of 2.13 was solved in the monoclinic space group P21/n, 

with one 2.13 molecule present in the asymmetric unit, as shown in figure 2.9a. As might be expected, 

due to the symmetric nature of the indole ring, the nitrogen atom is disordered over two positions, with 
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both the 1- and 3-positions occupied by a nitrogen atom 50% of the time, and a carbon atom the other 

50% of the time. Like the crystal structures of all NH and N-substituted indoles obtained, the three phenyl 

rings are twisted out of the plane of the indole core by 50.5(1)˚, 48.6(1)˚ and 68.5(1)˚, respectively. The 

phenyl rings in the 3-position display edge-to-face π – π interactions with an indole core of an adjacent 

molecule of 2.13 (C to plane distance = 3.542(4) Å and 3.665(5) Å). All three phenyl rings also display 

edge-to-face π – π interactions with other phenyl rings of adjacent molecules of 2.13, as shown in figure 

2.9b. The 1H-NMR spectrum of the crystals isolated match the 1H-NMR spectrum of the bulk material 

shown in figure 2.8. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. (a) Asymmetric unit of 2.13, (b) packing of 2.13, showing edge-to-face π – π interactions 

between adjacent phenyl rings, only one nitrogen atom position is shown and hydrogen atoms have been 

omitted for clarity. 

 

Compound 2.2 was also used as a starting material, employing the reaction conditions described above in 

an attempt to produce N-phenyl-2,3-bis(4-methoxyphenyl)indole, 2.14. After quenching of the reaction 

2.14 was detected with mass spectrometry, but could not be isolated cleanly with column 

chromatography. 

 

2.3 Attempted synthetic routes for the at oxidative cyclodehydrogenation of N-substituted-2,3-

diarylindoles using Lewis acidic transition metals 

With the protected 2,3-diarylindoles, 2.5 – 2.12, in hand oxidative cyclodehydrogenation could be 

investigated. The 2,3-diarylindoles are expected to form only one bond by oxidative 

cyclodehydrogenation, ie formation of a carbon-carbon bond between the ortho carbons on the phenyl 

rings in the 2- and 3-position of the indole core, to give the corresponding dibenzo[a,c]carbazole, as 

shown in scheme 2.5. 
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Scheme 2.5. General scheme and common reagents employed for the formation of dibenzo[a,c]carbazoles 

from 2,3-diarylindoles by oxidative cyclodehydrogenation. 

 

The formation of dibenzo[a,c]carbazole scaffolds from 2,3-diarylindoles is not unprecedented. 

Photocyclisation of various NH-2,3-diphenylindoles with a single methyl substitution at the 5-, 6- or 7-

position to produce the corresponding dibenzo[a,c]carbazole has been previously reported.12 The 

conversion of 2,3-diarylindoles to dibenzo[a,c]carbazoles was reported as early as 1969 by 

Szmuszkovicz,13 with the photocyclisation of NH-2,3-bis(4-methoxyphenyl)indole, 2.2, to 3,6-

dimethoxy-dibenzo[a,c]carbazole, 2.24, outlined in scheme 2.6.  

 

 

 

 

 

 

Scheme 2.6. First reported synthesis of a dibenzo[a,c]carbazole scaffold from a 2,3-diarylindole.13 

 

Although the photocyclisation of the indole core to the corresponding dibenzo[a,c]carbazole looked to be 

a facile route for the formation of the desired carbon-carbon bond, the 2,3-diarylindole scaffold was 

synthesised in this study primarily as a simple model to develop a set of conditions that could be used for 

the oxidative cyclodehydrogenation of more complex aryl substituted pyrrole architectures using 

chemical means. Furthermore, there is no literature precedent for the formation of dibenzo[a,c]carbazoles 

from 2,3-diarylindoles using oxidative cyclodehydrogenation. 

 

Various reagents have been used for the intramolecular Scholl reaction, with transition metal catalysed 

reactions using FeCl3, AlCl3/CuCl2 and AlCl3/Cu(OTf)2 the most commonly employed. While various 
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other transition metals, organic reagents and oxidants have been used in the intramolecular oxidative 

cyclodehydrogenation of all carbon containing precursors,20 only FeCl3 and CuCl2/AlCl3 have been used 

for the successful oxidative cyclodehydrogenation of nitrogen containing precursors.36, 37 Using these two 

reagents appeared the natural place to start developing reaction conditions for indole precursors 2.5 – 

2.12. Electron donating substituents, such as methoxy groups and disubstituted amines, have been used to 

activate precursor molecules towards intramolecular cyclodehydrogenation,38 and as a result attention was 

initially focused on the intramolecular oxidative cyclodehydrogenation of compounds 2.6 and 2.10 with 

FeCl3. 

 

2.3.1 Attempted synthetic routes for oxidative cyclodehydrogenation using FeCl3 

The most common literature conditions employed for oxidative cyclodehydrogenation of oligophenylenes 

involves addition of a nitromethane solution of anhydrous FeCl3 in a large excess (typically eight to 15  

times excess of FeCl3 for each carbon-carbon bond to be formed) to an anhydrous dichloromethane 

solution of the appropriate precursor, with a constant stream of argon bubbling through the solution for 

the duration of the reaction, typically thirty minutes – four hours.  

 

 

 

 

 

 

 

Scheme 2.7. Attempted conversion of 2.6 into 2.16 using standard literature conditions. 

 

This approach was used as a first attempt for the conversion of 2.6 to 9-ethyl-3,6-dimethoxy-dibenzo[a,c] 

carbazole, 2.16, as shown in scheme 2.7, with an eight times excess of FeCl3 used. The reaction was 

monitored by TLC, and quenched after 24 hours. 1H-NMR spectroscopy indicates the formation of a 

mixture of cyclodehydrogenated products, as evidenced by the downfield movement of some protons. 

Oxidative intramolecular cyclodehydrogenation between two phenyl groups possessing a para substituted 

methoxy group have been shown to form spirocyclic enone compounds as well as the expected 

cyclodehydrogenated product. This could be the reason for multiple products being observed in the 1H-

NMR spectrum of the crude reaction mixture. Unfortunately, none of the various products could be 

isolated by purification with column chromatography and the crude reaction mixture was not stable when 

stored in air and exposed to light, taking on a deep brown colour after 12 hours. The 1H-NMR spectrum 
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of the brown, oily material showed significant broadening of peaks, perhaps due to stacking of the 

products and the mixture of products present in the crude product. 

 

The FeCl3 does not need to be added to the reaction as a solution and can instead be introduced to the 

reaction as a solid.39 This approach was trialled, in this case a 15 times excess of FeCl3 was used and after 

24 hours the reaction was quenched. After purification with column chromatography the 1H-NMR 

spectrum indicates the isolation of only one cyclodehydrogenated product, albeit in poor yield (12%). The 

cyclodehydrogenated product was assigned as the expected 2.16, and the 1H-NMR spectrum of the 

product is shown in figure 2.10, along with the 1H-NMR spectrum of the precursor indole 2.6 for 

comparison. As expected the formation of a carbon-carbon bond between the two phenyl rings in the 2- 

and 3-position has deshielded the adjacent protons moving them significantly downfield, and the 

appearance of two deshielded singlets also indicates the formation of 2.16. The protons belonging to the 

ethyl group and methoxy groups have also moved downfield relative to parent compound 2.6 (ethyl 

group: 4.75 ppm from 4.13 ppm and 1.66 ppm from 1.28 ppm, methoxy groups: 4.04 ppm and 4.03 ppm 

from 3.85 ppm and 3.80 ppm). Unfortunately, the light yellow solid isolated decomposes to a dark brown 

oil when stored in air and exposed to light after 12 hours. Again broadening of the peaks in the 1H-NMR 

spectrum is observed for this dark brown oil, extra proton peaks are also observed suggesting that the 

product is possibly decomposing into a less symmetrical product. Attempts to crystallize 2.16 were also 

unsuccessful, as 2.16 decomposes in solution over the course of 12 hours from a lightly coloured solution 

to a dark brown solution. Mass spectrometry is consistent with the formation of 2.16, observed as a 

radical cation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. 1H-NMR spectrum of the aromatic region of 2.16 and 2.6, showing the downfield shift of 

protons in the spectrum of 2.16. Top spectrum is 2.16, bottom spectrum is 2.6. 

 
7.0 7.5 8.0 8.5 

N

O

O
N

O

O

 
2.6 2.16 

63 
 



Despite the instability of 2.16, FeCl3 has been sucessfully used for the first time to cyclodehydrogenate an 

N-substituted-2,3-diarylindole to form a dibenzo[a,c]carbazole. With this result in hand, 2.10 was 

subjected to the same conditions as above. Pleasingly after purification with column chromatography 9-

benzyl-3,6-dimethoxy-dibenzo[a,c]carbazole, 2.20, was isolated albeit in low yield (23%). This is the first 

report of 2.20, and accordingly the molecule was fully characterised. The aromatic region of the 1H-NMR 

spectrum of 2.20 is, as expected, similar to 2.16. The singlet arising from the methylene benzyl group has 

been shifted considerably downfield from the starting indole 2.10 (~ 0.7 ppm). Like 2.16, compound 2.20 

was also observed to decompose when stored in the presence of air and light, as well as in solution. 

Decomposition of 2.20 did not happen as rapidly, and as result crystals suitable for X-ray crystallography 

were able to be grown from the slow diffusion of diisopropyl ether into a benzene solution of 2.20. 

Compound 2.20 crystallises in the triclinc space group P-1, with one molecule of 2.20 present in the 

asymmetric unit, as shown in figure 2.11a. The formation of a carbon-carbon bond between the ortho 

carbons of the phenyl rings in the 2- and 3-positions of the indole (C15…C19 = 1.468(2) Å) has formed 

the carbazole core and as a result the phenyl groups are forced into planarity. This is in contrast to the 

considerable twist of the phenyl rings in the 2- and 3-positions out of the plane of the indole core, 

observed in all parent indole molecules where crystal structures where able to be collected. 

 

 

 

 

 

 

 

 

 

Figure 2.11. (a) Asymmetric unit of 2.20, (b) packing between adjacent units of 2.20, hydrogen atoms 

have been removed for clarity. 

 

As expected from the increased π conjugation molecules of 2.20 pack together with extensive face-to-face 

π – π interactions, as shown in figure 2.11b. The dibenzo[a,c]carbazole core displays face-to-face π – π 

interactions with an adjacent dibenzo[a,c]carbazole core (centroid…centroid distances range from 

3.341(1) Å to 3.498(1) Å) and edge-to-face π – π interactions with a benzyl group of a different molecule 

(C…centroid distance = 3.732(2) Å). The benzyl groups also interact with the peripheral methoxy groups 

in an egde on fashion (C…centroid distances range from 3.569(1) Å to 4.041(2) Å).  
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The set of conditions described above was then used to investigate the oxidative cyclodehydrogenation of 

the remaining benzyl protected 2,3-diarylindoles 2.9, 2.11 and 2.12, as 2.10 appeared to be more stable 

than 2.6 once isolated. Unfortunately, in each case low yields of cyclodehydrogenated products (as judged 

by the integrals of downfield shifts of protons relative to the precursor indole in the 1H-NMR spectra of 

the crude reaction mixture) and the formation of multiple products prevented the isolation of any of the 

corresponding dibenzo[a,c]carbazoles. The use of FeCl3 in the Scholl reaction of oligophenylenes to form 

all carbon planar structures is often reported to suffer from undesirable chlorination on the periphery of 

the molecules.40 This may be the cause of the multiple products found in the 1H-NMR spectrum of these 

reactions. Adding FeCl3 as a solid may also lower the yield of the reactions, as FeCl3 has a low solubility 

in dichloromethane, although as mentioned above, dissolving the FeCl3 in nitromethane prior to addition 

into the reaction mixture did not lead to any products that were able to be isolated.  

 

The reaction of compound 2.11 with FeCl3 dissolved in nitromethane was attempted, two 

cyclodehydrogenated products were observed with 1H-NMR spectroscopy, but they could not be 

seperated by column chromatography. Mass spectroscopy did not show any formation of the expected 

dibenzo[a,c]carbazole and the peaks present in the mass spectrum could not be assigned to any 

cyclodehydrogenated products, despite the observation of downfield shifted protons and the appearance 

of downfield shifted singlets consistent with the formation of dibenzo[a,c]carbazoles. This could be due 

to decompostion of the material in solution before the mass spectrum could be measured, and the 

seperation was not further persued. 

 

Despite being unable to isolate any more dibenzo[a,c]carbazoles from the corresponding benzyl protected 

2,3-diarylindole precursors, attempts were made at the formation of dibenzo[a,c]carbazoles from the 

prepared ethyl protected 2,3-diarylindole precursors 2.5, 2.7 and 2.8. Again FeCl3 was used, both as a 

solid, and dissolved in nitromethane before addition to the reaction mixture. Unfortunately, in the case of 

2.5 and 2.7 no cyclodehydrogenated products could be isolated from either of the reaction conditions. 

Compound 2.8 was reacted with 15 times equivalence of solid FeCl3. After quenching the reaction and 

purification with column chromatography the 1H-NMR spectrum of the isolated solid appears to be 9-

ethyl-3,6-ditertbutyl-dibenzo[a,c]carbazole, 2.18, and peaks corresponding to [M·]+ and [MH]+ are 

observed in the mass spectrum. Decolouration of 2.18 to a brown oil occurs over 24 hours, as observed 

with 2.16 again suggesting that the ethyl substituted dibenzo[a,c]carbazoles formed through oxidative 

cyclodehydrogenation with FeCl3 are not stable when isolated. 
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To further investigate the use of FeCl3 for the cyclodehydrogenation of 2,3-diarylindole molecules 2.2 

and 2.4 were subjected to the successful cyclodehydrogenation conditions (i.e. 15x equivalents of FeCl3 

added as a solid to the reaction mixture) described above. The 1H-NMR spectrum and mass spectroscopy 

for both of the crude reaction mixtures did not indicate any cyclodehydrogenation, although mass 

spectroscopy does show a peak close to the expected mass for the dimerisation of starting materials. 

Unfortunately, this peak could not be assigned to a reasonable dimer product and purification did not lead 

to any clean product. Very recently a product corresponding to dimerisation and cyclodehydrogenation of 

a NH pyrrole compound has been isolated in good yield (71%) using similar conditions for the Scholl 

reaction.41 Four equivalents of FeCl3 were used to form three carbon-carbon bonds (two 

cyclodehydrogenation reactions and one dimerisation).  

 

2.3.2 Attempted synthetic routes for oxidative cyclodehydrogenation using AlCl3/oxidant 

Clearly, low yields, the formation of multiple products, problematic separation, isolation of 

cyclodehydrogenated products and decomposition of the isolated products indicates that the 

cyclodehydrogenation of N-substituted-2,3-diarylindoles using FeCl3 is not ideal. Use of AlCl3 with either 

CuCl2 or Cu(OTf)2 as the terminal oxidant is also a route known to produce polycyclic aromatic 

molecules from oligophenylene precursors,20 and also heterocyclic precursors.37 Both AlCl3/CuCl2 and 

AlCl3/Cu(OTf)2 were used in attempts to form 2.16 from precursor 2.6. In both cases the reactions were 

run in degassed CS2, monitored with TLC and quenched after 4 days, as the TLC did not show any 

changes after this time. In each case no products could be isolated from the reaction mixture and 1H-NMR 

spectroscopy indicated little to no formation of cyclodehydrogenated product in each case. 

 

Attempts at oxidative intramolecular cyclodehydrogenation with transition metal lewis acids and oxidants 

using 2,3-diarylindoles as model systems for arylsubstituted pyrrole molecules has illustrated the 

difficulty in the control of the Scholl reaction often alluded to in the literature.38 Despite the successful 

formation of three dibenzo[a,c]carbazoles from 2,3-diarylindoles the reaction is not high yielding and 

purification of products is difficult. Subsequent chapters will detail attempts at oxidative 

cyclodehydrogenation through various chemical means of other heterocyclic model systems. 

 

2.4 Photocyclisation of 2,3-diarylindole derivatives 

Despite reports on the formation of dibenzo[a,c]carbazoles from NH-2,3-diarylindoles in the late 1960’s 

and early 1970’s using photochemical techniques, no further reports on the photocyclisation of 2,3-

diarylindoles have appeared. There are only two cases where N-substituted-2,3-diarylindoles have been 

used to form the corresponding 9-substituted-dibenzo[a,c]carbazoles, both cases were reported by Mudry 

66 
 



and Frasca in the same 1974 paper,12 9-phenyl-dibenzo[a,c]carbazole, 2.28, and 9-methyl-

dibenzo[a,c]carbazole, 2.29, were obtained in 77% and 65% yield respectively from the photocyclisation 

of the corresponding N-substituted-2,3-diphenylindoles 2.13 and 2.27.  

 

Interestingly, two minor products are also observed when 2.27 and 2.13 were subjected to 

photocyclisation conditions, as shown in scheme 2.8. For both cases Mudry and Frasca hypothesise that 

that the photooxidation to form 2.32 and 2.33, and the photooxidation and bond cleavage to form 2.30 and 

2.31 is a result of the substitution on the nitrogen atom of the 2,3-diarylindole. The photocyclisation to 

form 2.28 and 2.29 occurs in the singlet state, whilst Mudry and Frasca speculate that N-substitution 

facilitates intersystem crossing to the triplet state, allowing photooxidation with ground state oxygen 

(rather than photooxidation arising from the reaction of singlet oxygen with ground state indole 

molecules) to occur. These photooxidation products are not observed when the nitrogen atom of the 

indole is unsubstituted. It is also interesting to note that in the case of 2.13 only one carbon-carbon bond 

is formed between the ortho carbon atoms of the phenyl rings in the 2- and 3-position. It appears that 

there is no interaction with the ortho carbon of the phenyl group substituted on the nitrogen atom. No 

explanation is given in the text, although the lack of carbon-carbon bond formation could be a result of 

electronic effects, spin states resulting from the nitrogen substitution or that the there is not enough 

stillbene character between the nitrogen atom and C2 to facilitate another photocyclisation. 

 

 

 

 

 

 

 

Scheme 2.8. Photocyclisation products of 2.13 and 2.27 as reported by Mudry and Frasca.12 

 

As well as photocyclisation of 2,3-diarylindoles, dibenzo[a,c]carbazoles have previously been synthesised 

through a variety of methods. Larock has pioneered the synthesis of fused polycyclic aromatics by 

palladium catalysed annulations of arynes and 2-halobiaryls.42 When the biaryl used is a 3-(2-

iodophenyl)indole, the resulting product is a dibenzo[a,c]carbazole, obtained in high yields. Palladium 

catalysis is also used for the intramolecular cyclisation of 2-(2-bromoaryl)-3-arylindole compounds into 

the corresponding dibenzo[a,c]carbazoles.43 Photomediated cyclisation of diarylamide anions has also 

been used to synthesise dibenzo[a,c]carbazoles.44 
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With 2,3-diarylindoles 2.3 – 2.12 already in hand, photocyclisation of these precursors was carried out. 

The photocyclisation of 2.1 and 2.2 is already known.12,13 All photocyclisation reactions were carried out 

in a Rayonet photoreactor irradiating with 300nm light over 12 hours. All reactions were performed in a 

quartz tube with toluene as the solvent, 1.1 equivalents of I2 and 5mL of propylene oxide were used in 

each case.45 A constant stream of argon was bubbled through the reaction solution for the duration of the 

reaction to remove oxygen. 

 

2.4.1 Photocyclisation of NH-2,3-diarylindoles 2.3 and 2.4 

Initially, NH-2,3-diarylindoles 2.3 and 2.4 were subjected to the photocyclisation conditions described 

above. Pleasingly, after washing the reaction mixture with a solution of sodium thiosulfate to remove the 

excess I2, and purification with column chromatography, the previously unreported 3,6-dimethyl-

dibenzo[a,c]carbazole, 2.25, and 3,6-ditertbutyl-dibenzo[a,c]carbazole, 2.26, were isolated in reasonable 

yields of 58% and 40%, respectively. Both compounds were fully characterised, and each 1H-NMR 

spectrum displayed significant downfield shifting of protons. 

 

Crystals of 2.26 suitable for X-ray crystallography were obtained by recrystallisation from ethyl actetate 

and hexanes. Compound 2.26 crystallises in the monoclinic space group P21/c, with one molecule of 2.26 

present in the asymmetric unit, as shown in figure 2.12a. Like the crystal structure of 2.20, the formation 

of a dibenzo[a,c]carbazole core by forming a carbon-carbon bond between the ortho carbon atoms of the 

phenyl rings in the 2- and 3-positions (C15…C21 = 1.465(2) Å) has planarised these phenyl groups with 

respect to the original indole core. The molecules of 2.26 pack together in layers, displaying extensive 

face-to-face (centroid to centroid distances = range from 3.335(2) Å to 3.505(2) Å) π – π interactions with 

one adjacent dibenzo[a,c]carbazole core, much like those observed in the packing of 2.20, and shown in 

figure 2.12b. The NH group of the carbazole core is prevented from participating in any hydrogen 

bonding interactions due to the bulkiness of the two peripheral tertbutyl groups, preventing close contacts 

with another moiety. The bulky tertbutyl groups participate in C–H…π interactions with two adjacent 

molecules (C…centroid distances = 3.483(1) Å and 3.689(1) Å). 
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Figure 2.12. (a) Asymmetric unit of 2.26, (b) crystal packing of 2.26, hydrogen atoms have been removed 

for clarity. 

 

2.4.2 Photocyclisation of N-ethyl-2,3-diarylindoles 2.5 – 2.8 

With the successful photocyclisation of NH-2,3-diarylindoles 2.3 and 2.4 the N-ethyl-2,3-diarylindoles 

2.5 – 2.8 were then subjected to the standard photocyclisation conditions described above. With argon 

used to degass the reaction mixture before and during irradiation it was hoped that no photooxidation 

products would be isolated as products, and indeed this was the case. All 9-ethyl-dibenzo[a,c]carbazoles, 

2.15 – 2.18, were isolated in moderate to good yields after column chromatography (64%, 60%, 87% and 

89% respectively). All four compounds 2.15 – 2.18 have not previously appeared in the literature and 

were fully characterised during the course of this study.  

 

The 1H-NMR spectra of the aromatic region for all four compounds are shown in figure 2.13a − d, the 1H-

NMR spectrum of 2.16 formed by photocyclisation matched the 1H-NMR spectrum of 2.16 formed by 

oxidative cyclodehydrogenation with solid FeCl3. The three compounds 2.16 − 2.18 have methoxy, 

methyl and tertbutyl substitution at the 3- and 6-position of the dibenzo[a,c]carbazole core, respectively. 

This substitution gives rise to a recognizable pattern of the proton environments in the 1H-NMR spectrum 

from 8 ppm downfield. In each case two downfield shifted singlets and three down field shifted doublets 

are observed. The two ethyl resonances observed at ~ 4.1 ppm and ~ 1.3 ppm in the starting indole 

compounds also shift downfield to ~ 4.9 ppm and ~ 1.7 ppm respectively. All proton peaks in all four 

spectra are able to be assigned through 2-dimensional COSY and TOCSY experiments. A high resolution 

mass spectrum was measured for all four compounds, with [MH]+ and [M·]+ peaks observed in all cases 

apart from 2.16, where only [MH]+ is observed. All data is consistent with the formation of 2.15 – 2.18.  
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Figure 2.13. 1H-NMR spectra of the aromatic region of 9-ethyl-dibenzo[a,c]carbazoles, (a) 2.15, (b), 2.16, 

(c) 2.17, (d) 2.18. 

 

Crystals of 2.15 suitable for X-ray crystallography were obtained by recrystallisation with ethyl actetate 

and hexanes. Compound 2.15 crystallises in the monoclinic space group P21/c, with one molecule of 2.15 

present in the asymmetric unit, as shown in figure 2.14a. The carbon-carbon bond formed (C15…C17 = 

1.465(2) Å) is comparable to the corresponding carbon-carbon bond lengths in the crystal structures of 

2.20 and 2.26. Comparison to the crystal structure obtained for the precursor 2,3-diarylindole 2.5 reveals 

that the carbon-carbon distance between C15 and C17 for 2.5 is 3.571(1) Å due to the twisting of the 

phenyl rings out of the plane of the indole core. The photocyclisation to form a carbon-carbon bond 

between these two atoms has brought C15 and C17 over 2.1 Å closer together, and twist angles between 

the phenyl groups and the indole core have reduced from 124.5(1)˚ and 127.2(1)˚ in compound 2.5 to 

2.4(1)˚ and 5.0(1)˚ respectively in compound 2.15. 
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Figure 2.14. (a) Asymmetric unit of 2.15, (b) edge-to-face and face-to-face π – π crystal packing 

interactions between molecules of 2.15, hydrogen atoms have been removed for clarity. 

 

Again each molecule of 2.15 displays face-to-face π – π interactions with one other molecule of 2.15 

(centroid to centroid distances range from 3.412(1) Å and 3.518(1) Å). Each molecule of 2.14 also 

displays edge-to-face π – π interactions with two other adjacent molecules of 2.15 (carbon to centroid 

distances range from 3.670(1) Å to 3.877(1) Å). These packing interactions are shown in figure 2.14b. 

The ethyl group does not have any strong interactions with adjacent molecules. 

 

Crystals suitable for X-ray diffraction were also obtained by the recrystallisation of 2.17 from ethyl 

acetate and hexanes. Compound 2.17 crystallises in the orthorhombic space group Pbca, with one 

molecule of 2.17 present in the asymmetric unit, shown in figure 2.15a. As expected the newly formed 

carbon-carbon bond (C15…C18 = 1.465(2) Å) is comparable to bond lengths of the newly formed bond in 

the crystal structures obtained for compounds 2.15, 2.20 and 2.26. The crystal packing is dominated by 

edge-to-face π – π interactions (C to centroid distances range from 3.752(2) Å to 3.795(2) Å) and C–H…π 

interactions involving the peripheral methyl groups of compound 2.17 (C to centroid interactions range 

from 3.467(2) Å to 3.681(2) Å), shown in figure 2.15b. Slipped face-to-face π – π interactions are also 

present between adjacent dibenzo[a,c]carbazole cores (centroid to centroid distances range from 3.487(2) 

Å to 3.535(2) Å). 
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Figure 2.15. (a) Asymmetric unit of 2.17, (b) crystal packing of 2.17, hydrogen atoms have been removed 

for clarity. 

 

2.4.3 Photocyclisation of N-benzyl-2,3-diarylindoles 2.9 – 2.12 

With the successful isolation of compounds 2.15 – 2.18 from the corresponding 2,3-diarylindoles 2.5 – 

2.8 in good yields without formation of any undesirable photooxidation products, the photocyclisation of 

N-benzyl-2,3-diarylindoles 2.9, 2.11 and 2.12 was carried out under the standard photocyclisation 

conditions. Each of the three 2,3-diarylindole precursors, 2.9, 2.11 and 2.12, produced the corresponding 

9-benzyl-dibenzo[a,c]carbazoles, 2.19, 2.21 and 2.22 in 84%, 56% and 78% respectively. Although 2.20 

was already been prepared from 2.10 by oxidative cyclodehydrogenation in low yields (23%) using FeCl3, 

2.20 was also prepared by photocyclisation of 2.10 in a considerably higher yield of 62%. Again all four 

compounds 2.19 – 2.22 have not been previously reported in the literature and accordingly they were fully 

characterised during the course of this study.  

 

Shown in figure 2.16a – d is the aromatic region of the 1H-NMR spectra for all four compounds. In each 

case the singlet arising from the methylene benzyl protons is shifted downfield (observed at ~ 6.0 ppm) 

from the precursor 2,3-diarylindole (observed at ~ 5.3 ppm). As in the case of the 9-ethyl-3,6-

disubstitued-dibenzo[a,c]carbazoles, 2.16 – 2.18, the three 9-benzyl-3,6-disubstituted-

dibenzo[a,c]carbazoles, 2.20 – 2.22, all display two newly formed singlets and three additional doublets 

significantly shifted downfield. The 1H-NMR spectra of 2.19 – 2.22 were considerably harder to assign 

than the 9-ethyl-dibenzo[a,c]carbazoles due to the presence of additional proton resonances from the 

benzyl group overlapping with the remaining carbazole peaks. A high resolution mass spectrum was 

measured for all four compounds, with [MH]+ and [M·]+ peaks observed in all cases apart from 2.19, 

where only [MH]+ is observed. All data is consistent with the formation of 2.19 – 2.22. 

 

 

 

(a) (b) 

72 
 



 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 2.16. 1H-NMR spectra of the aromatic region of 9-benzyl-dibenzo[a,c]carbazoles, (a) 2.19,        

(b), 2.20, (c) 2.21, (d) 2.22. 

 

Crystals of 2.21 were isolated by recrystallisation using ethyl acetate and hexanes. The crystal structure 

was solved in the triclinic space group P-1, with one molecule of 2.21 present in the asymmetric unit, 

shown in figure 2.17a. The carbon-carbon bond formed during the course of the reaction (C15…C18 = 

1.461(3) Å) is a similar distance to the other four crystal structures of dibenzo[a,c]carbazoles obtained, 

2.15, 2.17, 2.20 and 2.26. In comparison to the crystal structure of 2.11, the distance between C15 and 

C18 has decreased by ~ 1.8 Å (C15 … C18 = 3.298(1) Å for 2.11), this is comparable to the ~ 2.1 Å 

difference in the distance between C15 and C17 seen in the crystal structures of 2.5 and 2.15. The 

molecules of 2.21 pack together with slipped face-to-face (centroid to centroid distances = 3.536(1) Å and 

3.551(1) Å) and C–H…π (C to centroid distances = 3.642(2) Å and 3.892(3) Å) interactions dominating. 

These interactions form layers of 2.21, with the benzyl group displaying edge-to-face π – π interactions 

(C to centroid distance = 3.778(2) Å) with a molecule of 2.21 in a neighbouring stack, as shown in figure 

2.17b. This packing arrangement is different from both the corresponding 9-ethyl-dibenzo[a,c] carbazole, 

2.17, and the precursor 2,3-diarylindole, 2.11, possibly due to a combination of the bulkiness of the 

benzyl group and the more extended π system resulting from the formation of the carbon-carbon bond 

between C15 and C18. 
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Figure 2.17. (a) Asymmetric unit of 2.21, (b) packing of 2.21 showing the face-to-face and C–H …π 

interactions between the molecules, hydrogen atoms have been removed for clarity. 

 

2.4.5 Analysis of intramolecular distances from X-ray crystallography 

Shown below in table 2.1 and 2.2 are the distances between the ortho carbon atoms in the crystal 

structures of the 2,3-diarylindoles both before and after cyclodehydrogenation. As expected the distances 

decrease considerably (~ 1.8 Å) with the formation of a carbon-carbon bond between these atoms in the 

dibenzo[a,c]carbazoles. The distance between the ortho carbon atoms in the 2,3-diarylindoles 2.3, 2.5, 

2.8, 2.11, 2.12 and 2.13 varies from 3.223(2) Å to 3.616(1) Å, most likely due to the different crystal 

packing seen in the various crystal structures. The carbon-carbon bond distance in the 

dibenzo[a,c]carbazoles is typical of a single bond between two sp2 hybridised carbon atoms. The bond 

distances range from 1.461(3) Å – 1.468(2) Å. 

Compound R group N-substitution Distance 

2.3 Methyl Hydrogen 3.223(2), 3.224(2), 3.257(2) 

2.5 Hydrogen Ethyl 3.571(1) 

2.8 Tertbutyl Ethyl 3.414(1) 

2.11 Methyl Benzyl 3.298(1) 

2.12 Tertbutyl Benzyl 3.616(1) 

2.13 Hydrogen Phenyl 3.381(5), 3.680(6) 

Table 2.1. Distances between ortho carbon atoms in X-ray structures of 2,3-diarylindoles. 
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Compound R group N-substitution Distance 

2.15 Hydrogen Ethyl 1.465(2) 

2.17 Methyl Ethyl 1.465(2) 

2.20 Methoxy Benzyl 1.468(2) 

2.21 Methyl Benzyl 1.461(3) 

2.26 Tertbutyl Hydrogen 1.465(2) 

Table 2.2. Bond distances between ortho carbon atoms in X-ray structures of dibenzo[a,c]carbazoles. 

 

2.4.6 Analysis of change in NMR shifts resulting from cyclodehydrogenation 

Shown below in table 2.3 is the change in chemical shift as a direct result of a carbon-carbon bond being 

formed between the peripheral aryl rings of the 2,3-diarylindole compounds, 2.5 – 2.12, to form the 

corresponding dibenzo[a,c]carbazoles, 2.15 – 2.22. In each case the increase in π conjugation to form the 

dibenzo[a,c]carbazoles has resulted in a downfield shift of the functional groups directly attached to the 

nitrogen atom by ~ 0.73 ppm. These groups were used to measure the difference in chemical shift as they 

are not crowded by other peaks in the 1H-NMR spectrum of both the 2,3-diarylindole and the 

dibenzo[a,c]carbazoles. The compounds with methoxy substitution in the 4-position of the peripheral aryl 

rings are not as affected by the increase in π conjugation due to the strong electron donating nature of this 

group. 

Compound functional group 

measured 

difference in 

chemical shift 

compared to ( ) 

Compound functional group 

measured 

difference in 

chemical shift 

compared to ( ) 

2.15 ethyl CH2 0.76 ppm (2.5) 2.19 benzyl CH2 0.73 ppm (2.9) 

2.16 ethyl CH2 0.60 ppm (2.6) 2.20 benzyl CH2 0.68 ppm (2.10) 

2.17 ethyl CH2 0.75 ppm (2.7) 2.21 benzyl CH2 0.71 ppm (2.11) 

2.18 ethyl CH2 0.76 ppm (2.8) 2.22 benzyl CH2 0.72 ppm (2.12) 

Table 2.3. Change in chemical shift as a result of carbon-carbon bond forming reactions. 

 

2.5 Optical properties 

The formation of a carbon-carbon bond between the ortho carbon atoms of the phenyl rings in the 2,3-

diarylindoles, 2.3 – 2.12, extends the π conjugation of the system to form dibenzo[a,c]carbazoles, 2.15 − 

2.22, 2.25 and 2.26. Emission and excitation spectra were measured for each 2,3-diarylindole and 

corresponding dibenzo[a,c]carbazole. The difference in absorption and emission spectra of incompletely 

and completely fused aromatic compounds has previously been observed in the literature for both carbon 

derivatives40,46 and heterocyclic derivatives.36a,37,47 With each carbon-carbon bond formed between the 
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external aryl rings, the planarity and rigidity of the fused compounds is increased, allowing the fine 

structure and vibronic coupling of the absorption and emission bands to be observed.48 The increased π 

conjugation of the completely cyclised, fused compounds is responsible for a bathochromic shift and 

increase in ε observed in the UV/visible spectra in comparison to the incompletely cyclised 

derivatives.36a,46b The 2,3-diarylindole precursor compounds can be considered to be incompletely 

cyclised when compared to their corresponding dibenzo[a,c]carbazole compounds, and as a result the 

change in emission and excitation spectra would be expected to follow the trends outlined above for 

incompletely and completely cyclised HBC derivatives. 

 

Figure 2.18a shows the absorption spectra for all N-substituted-2,3-diarylindoles, 2.5 – 2.12, figure 2.18b 

shows the absorption spectra for the corresponding 9-substituted-dibenzo[a,c]carbazoles, 2.15 – 2.22, and 

figure 2.18c shows the absorption spectra for the NH-2,3-diarylindoles, 2.3 and 2.4 and the corresponding 

dibenzo[a,c]carbazoles, 2.25 and 2.26. The general shape of the absorption spectra remains consistent for 

the 2,3-diarylindoles, 2.3 – 2.12 and the dibenzo[a,c]carbazoles, 2.15 – 2.22, 2.25 and 2.26. The shape of 

the absorbance and emission spectra are not affected by peripheral substitution around the 2,3-

diarylindole or dibenzo[a,c]carbazole core, or by the type of substitution on the nitrogen atom. As 

expected due to the increase in π conjugation the λmax of the dibenzo[a,c]derivatives is redshifted by ~ 

6200 cm-1. The λmax of the 2,3-diarylindoles is observed at ~ 235 nm and λmax of the 

dibenzo[a,c]carbazoles is observed at ~ 275 nm. The increase in π conjugation also leads to a significantly 

larger εmax of the dibenzo[a,c]carbazole derivatives than their corresponding 2,3-diarylindole derivatives, 

in most cases εmax is almost doubled. 

 

The rigidity and planarity of the dibenzo[a,c]carbazoles allows for the fine structure in the UV/visible 

bands to be observed, particularly for the bands present at ~ 300 nm and ~ 360 nm. In contrast the fine 

structure in the absorption bands of the 2,3-diarylindoles is lost due to the flexibility of these compounds. 

The λmax of the strongly electron donating, methoxy substituted 2,3-diarylindoles, 2.6 and 2.10, are 

redshifted by 1059 cm-1 and 2067 cm-1 respectively, compared to 2.5 and 2.9, and the λmax of the two 

lowest energy absorption bands of the dibenzo[a,c]carbazoles, 2.16 and 2.20, are redshifted by 1412 cm-1 

and 1539 cm-1 (2.16) and 1536 cm-1 and 1556 cm-1 (2.20) compared to their unsubstituted derivatives, 2.5, 

2.9, 2.15 and 2.19. This bathochromic shift is most likely due to an increase in the HOMO of the ground 

state of the methoxy substituted compounds. In the case of the dibenzo[a,c]carbazoles the strongest 

absorption band at ~ 277 nm does not show any bathochromic shift, possibly due the methoxy groups 

donating into orbitals not affected by this transition. The weaker electron donating compounds, having 

either methyl or tertbutyl substitution, have smaller bathochromic shifts. 
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Figure 2.18. UV/visible spectra of (a) 2.5 – 2.12, (b) 2.15 – 2.22, (c) 2.3, 2.4, 2.25 and 2.26, all spectra 

were measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1, R = H, OMe, Me, 
tBu, R’ = Et, Bn. 

 

Figure 2.19 shows the normalised absorption and emission spectra for the precursor 2,3-diarylindole 

compounds, figure 2.19a shows the N-ethyl-2,3-diarylindoles, 2.5 – 2.8, figure 2.19b shows the N-benzyl-

2,3-diarylindoles, 2.9 – 2.12, and figure 2.19c shows the NH-2,3-diarylindoles, 2.3 and 2.2. Like the 

absorption spectrum, the fine structure in the emission bands of the 2,3-diarylindole compounds cannot be 

seen because of the flexibility of these compounds. This means that all 2,3-diarylindole compounds have 

a broad emission spectrum with λmax ~ 417 nm. Again, the methoxy substituted 2,3-diarylindoles 2.6 and 

2.10 have a slight redshift in the emission spectra compared to their unsubstituted derivatives, the redshift 

in the emission spectra is much smaller compared to the redshift in the absorption spectra, 112 cm-1 for 

2.6 and 173 cm-1 for 2.10. 
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Figure 2.19. UV/visible and photoluminescence spectra of (a) 2.5 – 2.8, (b) 2.9 – 2.12, (c) 2.3 and 2.4, all 

measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1, R = H, OMe, Me, tBu. 

 

Figure 2.20 shows the normalised absorption and emission spectra for the photocyclised 

dibenzo[a,c]carbazole compounds, figure 2.20a shows the 9-ethyl-dibenzo[a,c]carbazoles, 2.15 – 2.18, 

figure 2.20b shows the 9-benzyl-dibenzo[a,c]carbazoles, 2.19 – 2.22, and figure 2.20c shows the 

dibenzo[a,c]carbazoles, 2.25 and 2.26. Because of the rigidity and planarity imposed on the 

dibenzo[a,c]carbazoles by the formation of the carbon-carbon bond some fine structure and vibronic 

coupling can be observed in the emission spectra of these compounds. The dibenzo[a,c]compounds emit 

at a slightly higher energy (blueshifted) than their precursor 2,3-diarylindole compounds, ~ 1660 cm-1. 

The emission of the methoxy substituted compounds, 2.16 and 2.20, is redshifted compared to the 

emission of the unsubstituted compounds, 2.15 and 2.19. The bathochromic shifts are larger than those 

observed in the emission spectra of the corresponding 2,3-diarylindoles, 2.6 and 2.10, compound 2.16 is 

bathochromically shifted 1897 cm-1 and 2.20 is bathochromically shifted 1876 cm-1, whereas the 

bathochromic shifts in the emission of 2.6 and 2.10 were only ~ 150 cm-1. 
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Figure 2.20. UV/visible and photoluminescence spectra of (a) 2.15 – 2.18, (b) 2.19 – 2.22, (c) 2.25 and 

2.26, all measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1. 

 

Table 2.4 summarises the main features of the absorption and emission spectra of the 2,3-diarylindole 

compounds 2.3 – 2.12, shown in figures 2.18a, 2.18c and 2.19. Table 2.5 summarises the main features of 

the absorption and emission spectra of the dibenzo[a,c]carbazoles shown in figures 2.18b, 2.18c and 2.20. 

Extinction coefficients are given for the absorption bands. 

 

 absorption fluorescence  Absorption fluorescence 

λmax (nm) ε (L.mol-1cm-1) λmax (nm) λmax (nm) ε (L.mol-1cm-1) λmax (nm) 

2.5 235, 289 27519, 14503 421 2.9 235, 290 28781, 16042 414 

2.6 241, 287 20856, 10467 423 2.10 247, 290 18433, 10363 417 

2.7 240, 289 18386, 10658 420 2.11 242, 291 20729, 13050 415 

2.8 235, 288 30065, 14707 421 2.12 233, 290 27928, 14247 416 

2.3 248, 308 22605, 16726 416 2.4 249, 310 31542, 20477 417 

Table 2.4 Summary of the absorption and fluorescence maxima of 2.3 – 2.12. 
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 absorption fluorescence  absorption fluorescence 

λmax (nm) ε (L.mol-1cm-1) λmax (nm) λmax (nm) ε (L.mol-1cm-1) λmax (nm) 

 

2.15 

275, 297, 

326, 359, 

378 

52363, 15472, 

17219, 4877, 

4659 

389, 407  

2.19 

274, 295, 

324, 357, 

375 

56103, 16745, 

19190, 5568, 

5247 

385, 402 

 

2.16 

277, 310, 

329, 380, 

400 

59286, 23439, 

18347, 4693, 

5080 

420, 435  

2.20 

276, 309, 

327, 378, 

398 

49464, 19528, 

16030, 3900, 

4416 

415, 431 

 

2.17 

277, 302, 

327, 365, 

384 

61425, 19026, 

19612, 5226, 

5212 

397, 414   

2.21 

276, 300, 

326, 363, 

382 

65698, 19672, 

21264, 5463, 

5570 

394, 411 

 

2.18 

277, 299, 

327, 362, 

381 

63644, 18444, 

19505, 5523, 

5688 

392, 410   

2.22 

276, 297, 

325, 360, 

379 

66433, 19674, 

20986, 6390, 

6227 

389, 407  

 

2.25 

272, 299, 

325, 357, 

377 

72416, 22763, 

21116, 4836, 

4956 

390, 407  

2.26 

272, 297, 

321, 355, 

373 

74773, 22095, 

22128, 5805, 

5599 

384, 401 

Table 2.5 Summary of the absorption and fluorescence maxima of 2.15 – 2.22, 2.25 and 2.26. 

 

Shown in figure 2.21a are the normalised absorption and emission spectra of the unsubstituted precursor 

2,3-diarylindole compounds, 2.5 and 2.9, and the corresponding dibenzo[a,c]carbazoles, 2.15 and 2.19. 

Figure 2.21b shows the normalised absorption and emission methoxy substituted precursor 2,3-

diarylindole compounds 2.6 and 2.10, along with their corresponding dibenzo[a,c]carbazoles, 2.16 and 

2.20. Figure 2.21a and 2.21b show the effect on the optical properties by enforced planarization and 

rigidity resulting from the formation of one carbon-carbon bond. The difference in λmax resulting from 

increased π conjugation is clearly shown, and a comparison between figures 2.21a and 2.21b illustrates 

the pronounced bathochromic shift in the emission spectra of the methoxy substituted compounds. 
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Figure 2.21 UV/visible and photoluminescence spectra of (a) 2.5, 2.9, 2.15 and 2.19, and (b) 2.6, 2.10, 

2.16, 2.20, all measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1. 

 

2.6 Attempted synthesis of metal coordinating 2,3-diarylindoles 

The incorporation of a terpyridine (terpy) group directly to the 2,3,-diarylindole scaffold allowing the 

formation of a metal complex was also explored. Incorporating a metal coordinating group to the NH-2,3-

diarylindoles, 2.1 – 2.4, already prepared also allows for incorporation of a terpy group to the 

corresponding dibenzo[a,c]carbazoles, through photocyclisation. This will give a platform to compare the 

different optical properties between the metal complexes formed from these two compounds. The metal 

complexes formed will hopefully incorporate the desirable optical properties from the metal and the 

appended 2,3-diarylindole enables the π conjugation of the complex to be controlled by photocyclisation. 

This should allow control of the bathochromic shift and extinction coefficient, as discussed for the 

differences in optical properties of the 2,3-diarylindoles and corresponding dibenzo[a,c]carbazoles above. 

To the best of our knowledge terpy has never been directly attached to an indole ring before, and the route 

taken to the desired terpy appended indole compounds, 2.27, is shown in figure 2.22. 

 

The synthetic strategy for appending the terpy group onto the indole core is shown in scheme 2.9. The key 

4-chloro terpy molecule, 2.28, has previously been prepared by Constable and Ward49 and was targeted 

for substitution directly onto the indole. There is some literature precedence for the substitution of 2.28 

onto NH heterocyclic rings. Accorsi et al.50 recently prepared a terpy appended carbazole ligand by 

deprotonation of the carbazole with KOtBu, followed by electrophilic substitution of 2.28. Synthesis of 

2.28 following the method of Ward and Constable proceeded in good yields, from ethyl pyridine-2-

carboxylate and acetone. 
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Figure 2.22. The key step in the preparation of the desired terpy appended 2,3-diarylindoles, 2.27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.9. Synthetic route for the formation of key intermediate 4.28 and desired compounds 4.27.49 

 

Initially, the substitution of 2.28 onto the nitrogen atom of 2.2 was attempted using the conditions for 

substitution onto the nitrogen atom of NH-2,3-diarylindoles outlined in section 2.2.2. Unfortunately the 

only products isolated from this reaction are starting materials, even when the reaction is heated. The 

conditions for substitution outlined by Accorsi et al. also resulted in the isolation of only starting 

materials from the reaction. It would appear that the steric hindrance encountered by peripheral aryl 

substitution in the 2- and 3-position of the indole core is not able to be overcome using these conditions 

for substitution. 
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Another synthetic strategy, also incorporating compound 2.28, was used in another attempt to form the 

desired terpy appended 2,3-diarylindoles. Compound 2.28 can be used to form a terpy ruthenium 

complex, 2.29, and the coordination of 2.28 to a metal ion activates the 4-position of the central pyridine 

ring towards nucleophilic attack. Various examples of nucelophilic attack at the 4-position of the central 

pyridine ring of complex 2.29 have been reported in the literature,51 and it was hoped this activation 

would allow for the formation of the desired terpy appended 2,3-diarylindole ruthenium complexes, 2.30, 

as outlined in scheme 2.10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.10. Synthesis of desired terpy appended 2,3-diarylindole ruthenium complexes, 2.30, by 

employing a terpy ruthenium complex, 2.29.51 

 

The synthesis of complex 2.29 from readily available Ru(terpy)Cl3
 has previously been reported52 and the 

synthesis of 2.29 proceeded in good yields, as did a crude reaction where the formation of the desired 

complex using indole as the nucelophile was attempted, but unfortunately the use of 2.2 in scheme 2.10 

did not produce any of the desired complex 2.30. The difficulty in carrying out the desired substitution 

reaction meant that efforts toward metal coordinating versions of 2,3-diarylindoles were not pursued 

further. 

 

2.7 Summary 

The synthesis and characterisation of five new N-susbtituted-2,3-diarylindole compounds with ethyl and 

benzyl substitution on the nitrogen atom of the indole ring system has been carried out along with the 

synthesis of three known N-substituted-2,3-diarylindole compounds to form a family of compounds to act 
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as model system for investigation into oxidative cyclodehydrogenation of heterocyclic ring systems. 

Attempts at oxidative cyclodehydrogenation with various reagents were carried out with the family of 

model compounds, resulting in the isolation of only one stable dibenzo[a,c]carbazole, 9-benzyl-3,6-

dimethoxy-dibenzo[a,c]carbazole, 2.20, in low yields. Photocyclisation was also investiagted as an 

alternative method to forming the desired carbon-carbon bond between the peripheral aryl rings. Each N-

substituted-2,3-diarylindole underwent photocyclisation to form the corresponding dibenzo[a,c]carbazole, 

in good yields. Two precursor NH-2,3-diarylindoles not previously photocyclised also underwent 

photocyclisation forming the corresponding dibenzo[a,c]carbazole. 

 

The change in optical properties as the result of the formation of a carbon-carbon bond was investigated 

using UV/vis spectroscopy and fluorometry. The rigidity imposed by the carbon-carbon bond formation 

allows for the fine structure and some vibronic coupling to be seen the spectra of the 

dibenzo[a,c]carbazoles, while the more flexible 2,3-diarylindoles have broad absorbance and emission 

spectra. 

 

Two different synthetic strategies were also investigated in an attempt to form N-substituted-2,3-

diarylindole compounds that could coordinate to metal atoms. Metal coordination to the 2,3-diarylindole 

scaffold would offer the ability to change the optical properties of the ligand through photocyclisation but 

both strategies failed to substitute the required terpyridine unit onto the nitrogen atom of the indole ring.  

84 
 



2.8 References 

(1) (a) Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 103, 893, (b) Sundberg, R. J. 

Indoles; Academic Press: London, 1996. 

(2) Humphrey, G. R.; Kuethe, J. T. Chem. Rev. 2006, 106, 2875. 

(3) (a) Vivian, J. T.; Callis, P. R. Biophys. J. 2001, 80, 2093, (b) Kim, J. E.; Arjara, G.; Richards, J. 

H.; Gray, H. B.; Winkler, J. R. J. Phys. Chem. B. 2006, 110, 17656, (c) Royer, C. A. Chem. Rev. 

2006, 106, 1769(d) Lackowicz, J. Principles of Fluorescence Spectroscopy; 2nd ed.; Plenum: 

New York, 1999. 

(4) (a) Berger, M.; Gray, J. A.; Roth, B. L. Annu. Rev. Med. 2009, 60, 355, (b) Williams, E.; Stewart-

Knox, B.; Helander, A.; McConville, C.; Bradbury, I.; Rowland, I. Biol. Psych. 2006, 71, 171. 

(5) Inman, M.; Moody, C. J. Chem. Sci. 2013, 4, 29. 

(6) Kochanowska-Karamyan, A. J.; Hamann, M. T. Chem. Rev. 2010, 110, 4489. 

(7) Hart, F. D.; Boardman, P. L. Br. Med. J. 1963, 5363, 965  

(8) (a) Gribble, G. W. J. Chem. Soc., Perkin Trans. 1 2000, 1045, (b) Cacchi, S.; Fabrizi, G. Chem. 

Rev. 2011, 111, PR215, (c) Taber, D. F.; Tirunahari, P. K. Tetrahedron 2011, 67, 7195. 

(9) (a) Hegedus, L. S. Angew. Chem. Int. Ed. 1988, 27, 1113(b) Cacchi, S.; Fabrizi, G. Chem. Rev. 

2005, 105, 2873. 

(10) Robinson, B. Chem. Rev. 1963, 63, 373. 

(11) Newhouse, T.; Baran, P. S. J. Am. Chem. Soc. 2008, 130, 10886. 

(12) Mudry, C. A.; Frasca, A. R. Tetrahedron 1974, 30, 2983. 

(13) Szmuszkovicz, J. Org. Prep. & Procedures 1969, 1, 105. 

(14) Szmuszkovicz, J.; Glenn, E. M.; Heinzelman, R. V.; Hester, J. B.; Youngdale, G. A. J. Med. 

Chem. 1966, 9, 527. 

(15) (a) Nakamura, Y.; Ukita, T. Org. Lett. 2002, 4, 2317, (b) Smith, A. L.; Stevenson, G. I.; Swain, 

C. J.; Castro, J. Tetrahedron Lett. 1998, 39, 8317, (c) Fuerstner, A.; Hupperts, A.; Ptock, A.; 

Janssen, E. J. Org. Chem. 1994, 59, 5215, (d) Shen, M.; Leslie, B. E.; Driver, T. G. Angew. 

Chem. Int. Ed. 2008, 47, 5056, (e) Lu, B. Z.; Zhao, W.; Wei, H.-X.; Dufour, M.; Farina, V.; 

Senanayake, C. H. Org. Lett. 2006, 8, 3271, (f) Shen, M.; Li, G.; Lu, B. Z.; Hossain, A.; 

Roschangar, F.; Farina, V.; Senanayake, C. H. Org. Lett. 2004, 6, 4129. 

(16) (a) Cacchi, S.; Fabrizi, G.; Goggiamani, A. Adv. Synth. Catal. 2006, 348, 1301, (b) Liu, Y.; 

Gribble, G. W. Tetrahedron Lett. 2000, 41, 8717. 

(17) Chen, X.; Li, X.; Wang, N.; Jin, J.; Lu, P.; Wang, Y. Eur. J. Org. Chem. 2012, 2012, 4380. 

(18) Zhang, H.-C.; Ye, H.; White, K. B.; Maryanoff, B. E. Tetrahedron Lett. 2001, 42, 4751. 

(19) Bart, J. C. J. Acta. Cryst. B 1968, 24, 1277  

85 
 



(20) (a) Simpson, C. D.; Wu, J.; Watson, M. D.; Mullen, K. J. Mater. Chem. 2004, 14, 494, (b) Wu, J.; 

Pisula, W.; Müllen, K. Chem. Rev. 2007, 107, 718, (c) Müller, M.; Kübel, C.; Müllen, K. Chem. 

Eur. J. 1998, 4, 2099. 

(21) Kuo, W.-J.; Chen, Y.-H.; Jeng, R.-J.; Chan, L.-H.; Lin, W.-P.; Yang, Z.-M. Tetrahedron 2007, 

63, 7086. 

(22) Richards, M. B. J. Chem. Soc., Trans. 1910, 97, 977. 

(23) Biswas, K. M.; Dhara, R. N.; Mallik, H.; Halder, S.; Sinha-Chaudhuri, A.; Saha, A.; Ganguly, D.; 

De, P.; Brahmachari, A. S. Monatsh Chem 1996, 127, 111. 

(24) (a) Baccolini, G.; Dalpozzo, R.; Todesco, P. E. J. Chem. Soc., Perkin Trans. 1 1988, 971, (b) 

Wagner, P. J.; Cao, Q. Tetrahedron Lett. 1991, 32, 3915. 

(25) Koulocheri, Sophia D.; Haroutounian, Serkos A. Eur. J. Org. Chem. 2001, 2001, 1723. 

(26) Ackermann, L.; Born, R. Tetrahedron Lett. 2004, 45, 9541. 

(27) Miyasaka, M.; Fukushima, A.; Satoh, T.; Hirano, K.; Miura, M. Chem. Eur. J. 2009, 15, 3674. 

(28) Hartwig, J. F. Angew. Chem. Int. Ed. 1998, 37, 2046. 

(29) (a) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, S. L. Acc. Chem. Res. 1998, 31, 805, (b) 

Hartwig, J. F. Acc. Chem. Res. 1998, 31, 852. 

(30) (a) Bellina, F.; Calandri, C.; Cauteruccio, S.; Rossi, R. Eur. J. Org. Chem. 2007, 2007, 2147, (b) 

Antilla, J. C.; Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124, 11684, (c) Haneda, S.; 

Adachi, Y.; Hayashi, M. Tetrahedron 2009, 65, 10459, (d) Rao, R. K.; Naidu, A. B.; Jaseer, E. 

A.; Sekar, G. Tetrahedron 2009, 65, 4619, (e) Jocula, L.; Djakovitch, L. Adv. Synth. Catal. 2009, 

351, 673. 

(31) Swapna, K.; Murthy, S. N.; Nageswar, Y. V. D. Eur. J. Org. Chem. 2010, 2010, 6678. 

(32) (a) Cristau, H.-J.; Cellier, P. P.; Spindler, J.-F.; Taillefer, M. Chem. Eur. J. 2004, 10, 5607, (b) 

Zhang, H.; Cai, Q.; Ma, D. J. Org. Chem. 2005, 70, 5164, (c) Klapars, A.; Antilla, J. C.; Huang, 

X.; Buchwald, S. L. J. Am. Chem. Soc. 2001, 123, 7727, (d) Xu, Z.-L.; Li, H.-X.; Ren, Z.-G.; Du, 

W.-Y.; Xu, W.-C.; Lang, J.-P. Tetrahedron 2011, 67, 5282. 

(33) , D. J.; Yus, M. J. Org. Chem. 2011, 76, 654. 

(34) Ban, I.; Sudo, T.; Taniguchi, T.; Itami, K. Org. Lett. 2008, 10, 3607. 

(35) Cao, C.; Shi, Y.; Odom, A. L. Org. Lett. 2002, 4, 2853. 

(36) (a) Gregg, D. J.; Bothe, E.; Höfer, P.; Passaniti, P.; Draper, S. M. Inorg. Chem. 2005, 44, 5654, 

(b) Takase, M.; Enkelmann, V.; Sebastiani, D.; Baumgarten, M.; Müllen, K. Angew. Chem. Int. 

Ed. 2007, 46, 5524. 

(37) Draper, S. M.; Gregg, D. J.; Madathil, R. J. Am. Chem. Soc. 2002, 124, 3486. 

86 
 



(38) King, B. T.; Kroulík, J.; Robertson, C. R.; Rempala, P.; Hilton, C. L.; Korinek, J. D.; Gortari, L. 

M. J. Org. Chem. 2007, 72, 2279. 

(39) Herwig, P. T.; Enkelmann, V.; Schmelz, O.; Müllen, K. Chem. Eur. J. 2000, 6, 1834. 

(40) Luo, J.; Xu, X.; Mao, R.; Miao, Q. J. Am. Chem. Soc. 2012, 134, 13796. 

(41) Gońka, E.; Myśliwiec, D.; Lis, T.; Chmielewski, P. J.; Stępień, M. J. Org. Chem. 2013, 78, 1260. 

(42) (a) Liu, Z.; Zhang, X.; Larock, R. C. J. Am. Chem. Soc. 2005, 127, 15716, (b) Liu, Z.; Larock, R. 

C. J. Org. Chem. 2007, 72, 223, (c) Dubrovskiy, A. V.; Markina, N. A.; Larock, R. C. Org. & 

Biomol. Chem. 2013, 11, 191. 

(43) Cacchi, S.; Fabrizi, G.; Goggiamani, A.; Iazzetti, A. Org. & Biomol. Chem. 2012, 10, 9142. 

(44) , M. a. E.; Vaillard, V. A.; Martin, S. E.; Rossi, R. A. J. Org. Chem. 2009, 74, 4490. 

(45) Liu, L.; Yang, B.; Katz, T. J.; Poindexter, M. K. J. Org. Chem. 1991, 56, 3769. 

(46) (a) Rieger, R.; Müllen, K. J. Phys. Org. Chem. 2010, 23, 315, (b) Lu, Y.; Moore, J. S. 

Tetrahedron Lett. 2009, 50, 4071. 

(47) (a) Tovar, J. D.; Rose, A.; Swager, T. M. J. Am. Chem. Soc. 2002, 124, 7762, (b) Behof, W. J.; 

Wang, D.; Niu, W.; Gorman, C. B. Org. Lett. 2010, 12, 2146. 

(48) (a) Nijegorodov, N. I.; Downey, W. S. J. Phys. Chem. 1994, 98, 5639, (b) Nijegorodov, N.; 

Zvolinsky, V.; Luhanga, P. V. C. J. Photochem. & Photobiol. A. 2008, 196, 219, (c) Wu, J.; 

Watson, M. D.; Tchebotareva, N.; Wang, Z.; Müllen, K. J. Org. Chem. 2004, 69, 8194. 

(49) Constable, E. C.; Ward, M. D. J. Chem. Soc., Dalton Trans. 1990, 1405. 

(50) Accorsi, G.; Armaroli, N.; Cardinali, F.; Wang, D.; Zheng, Y. J. Alloy Compd. 2009, 485, 119. 

(51) (a) Constable, E. C.; Thompson, A. M. W. C.; Harveson, P.; Macko, L.; Zehnder, M. Chem. Eur. 

J. 1995, 1, 360, (b) Constable, E. C.; Housecroft, C. E.; Neuburger, M.; Poleschak, I.; Zehnder, 

M. Polyhedron 2003, 22, 93. 

(52) Constable, E. C.; Harverson, P.; Housecroft, C. E.; Nordlander, E.; Olsson, J. Polyhedron 2006, 

25, 437. 

 

 

 

 

 

 

 

 

 

87 
 



 

88 
 



 
 
 
 
 

Chapter Three: 
 
 

2,3,4,5-Tetraarylpyrrole compounds 
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3.1 Introduction 

Pyrrole, a π-excessive five-membered heterocyclic ring, plays an important role in biology and chemistry. 

For example, porphyrins are π-conjugated macrocyclic ring systems made up of four pyrrole rings 

bridged by a methylene spacer, as shown in figure 3.1. Some porphyrins are naturally occurring; heme is 

a biologically relevant porphyrin that coordinates to iron and is incorporated into many enzymes, 

including the cytochrome P450’s,1 the group of enzymes responsible for oxidation of organic substrates. 

Due to their conjugated aromatic systems porphyrins are also of interest as new materials for applications 

in organic electronics.2 Porphyrins can form coordination complexes with a range of different metals, and 

have been used as the basis of many supramolecular structures.3 

 

The pyrrole ring is also found in a wide range of natural products and is a key structural component in 

many drug molecules. Atorvastatin,4 a cholesterol lowering drug sold under the trade name of Lipitor, 

shown in figure 3.1, is one of the top selling drugs worldwide and consists of a pyrrole core substituted 

with various aryl, amide and alkyl groups. Pyrrole is also the key component in some antibacterial 

compounds and marine natural products. The marinopyrroles,5 marinopyrrole A is shown in figure 3.1, 

are metabolites isolated from a Streptomyces species, with a unique N,C2 link between the bis pyrrole 

moieties not seen previously in the isolation of natural products. They show good inhibitory activity 

against the metacillin resistant Staphylococcus-aureus. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Examples of the pyrrole core in biology, drug molecules and marine natural products. 

 

Recently attention has turned to pyrroles and their derivatives for their application in materials chemistry. 

Porphyrins and their derivatives can self assemble into one dimensional columns in liquid crystalline 

compounds with the correct substitution on the periphery of the porphyrin core.6 Another class of 

compounds, the BODIPY dyes have also recently become the subject of attention for their possible 
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application as chemosensors and biological probes due to their intense fluorescence and strong UV 

absorption.7  

 

Pyrroles are also used as key structural platforms in organic chemistry and as such there exist many 

methods for their formation.8 Classically the pyrrole ring was synthesised using the Paal – Knorr reaction, 

the condensation of 1,4-butadiones and a primary or secondary amine to form the pyrrole core. Paal and 

Knorr first reported this reaction independently in 1884,9 and this method is still used widely for the 

synthesis of pyrrole compounds. The diketone and amine compounds allow for the incorporation of a 

wide range of functional groups onto the pyrrole core, simple 2,5-dimethyl substituted pyrroles can be 

formed by the reaction of hexane-2,5-diones with a variety of alkyl and aryl substituted amines.10,11 The 

synthesis of a variety of tetraaryl substituted pyrrole compounds for applications in organic LED’s was 

achieved using the Paal – Knorr condensation of a 1,2,3,4-tetraaryl-1,4-butadione compound, and 

subsequent substitution of the nitrogen atom of the pyrrole ring gave the desired compounds.12 

 

There are a wide variety of methods available for the formation of multisubstituted pyrrole cores due to 

the requirement for their synthesis in both chemistry and biology. The use of multicomponent reactions 

for pyrrole synthesis allows for the incorporation of a broad range of substituents onto the pyrrole core, 

and the method used for synthesis depends on the type of functional group required.8a A brief discussion 

of multicomponent reactions for the synthesis of pentaarylsubstituted pyrrole cores will follow in Chapter 

4. The π-excessive pyrrole core means that it is more activated than benzene towards electrophilic 

aromatic substitution reactions, usually these occur at the 2- or 5-position on the pyrrole ring.10,13 

 

The formation of a family of N-substituted-2,3,4,5-tetraarylpyrrole compounds was targeted as a more 

complex model system for studying the oxidative cyclodehydrogenation reaction. The presence of four 

peripheral aryl groups positioned around the pyrrole core allows for up to three carbon-carbon bond 

forming reactions to occur from oxidative cyclodehydrogenation. Increasing the number of carbon-carbon 

bonds able to be formed through oxidative cyclodehydrogenation increases the possibility of a complex 

mixture of compounds, if one product is not thermodynamically favoured over the other possible reaction 

products. Formation of only one carbon-carbon bond can now occur in two different places around the 

pyrrole core, as can the formation of only two carbon-carbon bonds. The oxidative cyclodehydrogenation 

of aryl rings attached to a pyrrole core has not been previously reported in the literature, although carbon-

carbon bond forming reactions between the ortho carbon atoms attached to other π-excessive 

heterocycles, i.e. thiophene, have been studied.14 
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3.2 Synthesis of N-substituted-2,3,4,5-tetraarylpyrroles 

3.2.1 Synthesis of NH-2,3,4,5-tetraarylpyrroles, 3.1 – 3.4 

In order to prepare a family of 2,3,4,5-tetraarylpyrrole compounds as model compounds for exploring 

different oxidative cyclodehydrogenation reaction conditions, a synthesis was required that allowed the 

substitution at the 4-position of the aryl ring to be easily varied. In 2008, MacLean et al. published a 

synthesis of NH-2,3,4,5-tetraphenylpyrrole, 3.1, by the condensation of 2 equivalents of benzoin with 

ammonium acetate,15 as shown in Scheme 3.1. Despite the numerous other methods available to prepare 

NH-2,3,4,5-tetraphenylpyrrole, this method appealed because the starting benzoin compound lends itself 

easily to variation in the substitution at the 4-position of the aryl rings. Additionally, four different 

benzoin derivatives had already been prepared in the course of this study for the preparation of a family of 

2,3-diarylindole compounds, also used as models for oxidative cyclodehydrogenation in Chapter 2. The 

synthesis of 3.1, 3.3 and 3.4 proceeded as expected in moderate yields (56%, 3.1, 52%, 3.3, 53%, 3.4). 

The low yields were not problematic as all benzoin compounds were readily available through 

commercial sources (benzoin and anisoin) or condensation of the appropriate aldehyde (4,4’-

dimethylbenzoin and 4,4’-ditertbutylbenzoin). 

 

 

 

 

 

 

Scheme 3.1. Synthesis of NH-2,3,4,5-tetraarylpyrroles, 3.1 – 3.4. 

 

Compound 3.1 is commonly prepared using classical Paal – Knorr conditions by the condensation of 

1,2,3,4-tetraphenyl-1,4-butadione with an ammonium salt.12a This method is high yielding (76%)12a but 

systematic variation of the 4-position of the aryl groups requires the synthesis of the appropriate 1,2,3,4-

tetraaryl-1,4-butadione in each case, which is much more synthetically challenging than the one step 

preparation of benzoin derivatives from the appropriate benzaldehyde. Desylamine and desoxybenzoin 

have also been employed to form 3.1.16 A variation on the Paal – Knorr synthesis of 3.1 was recently 

reported using 1,2,3,4-tetraphenylbut-2-ene and ammonium formate under microwave irradiation, and is 

catalysed by Pd/C.17 Compound 3.1 has been investigated for its use as an antioxidant in comparison to a 

phenolic antioxidant di-tertbutylhydroxyanisole along with a range of other pyrrole derivatives.15 The 

dielectric constant of 3.1 has also been measured, along with a variety of other pyrrole derivatives, in 

different solvents to determine the conformation and rotation of the substituents in solution.18 
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Surprisingly, despite their preparation in only two steps from the readily available appropriately 

substituted benzaldehyde, NH-2,3,4,5-tetra(4-methylphenyl)pyrrole, 3.3 and NH-2,3,4,5-tetra(4-

tertbutylphenyl)pyrrole, 3.4, have not been previously prepared in the literature. Each compound was 

characterised and all data was consistent with the formation of 3.3 and 3.4. The 1H NMR spectrum of 

each compound is as expected when compared to the known compound 3.1.  

 

MacLean et al. also report the synthesis of NH-2,3,4,5-tetra(4-methoxyphenyl)pyrrole, 3.2, but in a much 

lower yield (23%) compared to the formation of 3.1.15 Unfortunately, despite repeated attempts the 

synthesis of 3.2 was unsuccessful in this case. The carbonyl carbon atom of anisoin is less nucleophilic 

than benzoin due to the electron donating methoxy groups of anisoin, making electrophilic attack at this 

carbonyl carbon atom by the ammonium acetate much more difficult. Apart from this report there are 

only few other references in the literature to the preparation of 3.2,19 and most reports are concerned with 

the electrochemical oxidation of 3.2.20 

 

3.2.2 Attempts at the synthesis of NH-2,3,4,5-tetra(p-methoxyphenyl)pyrrole 

In order to obtain the family of NH -2,3,4,5-tetraarylpyrrole compounds it was desirable to complete the 

synthesis of 3.2, adding to the family a more electron donating substituent to the peripheral phenyl groups 

on the pyrrole ring. After the failed condensation of anisoin and ammonium acetate mentioned in the 

previous section, another route was required for the formation of 3.2. 1,2,3,4-tetra(4-methoxyphenyl)-

buta-1,4-dione, 3.11, was synthesised in two steps from anisoin following the method of Carter et al.21 

and Kuo et al.12a shown in scheme 3.2. Anisoin was reduced with granulated tin and hydrochloric acid to 

give deoxyanisoin which was then oxidatively dimerised with iodine and sodium methoxide to give the 

desired compound 3.11 in 68% yield. With compound 3.11 in hand condensation with ammonium acetate 

was attempted, but frustratingly no 3.2 was able to be isolated from the reaction. It would appear that 

presence of four peripheral, electron donating methoxyphenyl groups greatly hinders the condensation to 

form a pyrrole ring. Although it was frustrating to not add another member to the NH-2,3,4,5-

tetraarylpyrrole family, the three compounds 3.1, 3.3 and 3.4 still allowed for sufficient exploration of 

oxidative cyclodehydrogenation conditions on aryl-substituted pyrrole compounds. 
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Scheme 3.2. Preparation of 3.11 in two steps from anisoin. 

 

3.2.3 Synthesis of N-ethyl and N-benzyl-tetraarylpyrroles, 3.5 – 3.10 

The NH-2,3,4,5-tetraarylpyrroles, 3.1, 3.3, 3.4, required protection by substitution on the nitrogen atom of 

the pyrrole ring to prevent coordination of this Lewis basic nitrogen atom with the Lewis acids employed 

in subsequent oxidative cyclodehydrogenation reactions. In a similar manner to the NH-2,3-diarylindole 

compounds prepared in Chapter 2, the nitrogen atom was substituted by both ethyl and benzyl protecting 

groups. Each NH-2,3,4,5-tetraarylpyrrole was deprotonated with sodium hydride and then either ethyl 

bromide or benzyl bromide was added to afford compounds 3.5 – 3.10 after an aqueous work up, shown 

in scheme 3.3. 

 

N-ethyl-2,3,4,5-tetraphenylpyrrole, 3.5, has been previously prepared from 3.1, using the conditions 

described above. Compound 3.5 and a range of other tetraaryl substituted pyrrole molecules were 

synthesised to evaluate their device performance in organic light emitting diodes.12a The bulky phenyl 

groups around the pyrrole core helped to restrict the packing of these molecules, preventing aggregation 

in thin films. There are no other reports of the synthesis of 3.5 or its properties in the literature. There is 

only brief mention of N-benzyl-2,3,4,5-tetraphenylpyrrole, 3.8, in the literature. In contrast to compounds 

3.5 and 3.8, the preparation of N-methyl-2,3,4,5-tetraphenylpyrrole is relatively well known in the 

literature. There are a variety of methods published to produce N-methyl-2,3,4,5-tetraphenylpyrrole.22 

Most recently a copper catalysed reaction between phenylboronic acid and N-methylpyrrole was reported 

to form N-methyl-2,3,4,5-tetraphenylpyrrole in 51% yield.22a 
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Scheme 3.3. Ethylation and benzylation of NH-2,3,4,5-tetraarylpyrroles. 

 

Surprisingly, N-ethyl-2,3,4,5-tetra(4-methylphenyl)pyrrole, 3.6, N-ethyl-2,3,4,5-tetra(4-tertbutylphenyl) 

pyrrole, 3.7, N-benzyl-2,3,4,5-tetra(4-methylphenyl)pyrrole, 3.9, and N-benzyl-2,3,4,5-tetra(4-tertbutyl 

phenyl)pyrrole, 3.10, are all unknown compounds. The synthesis of 3.6 and 3.9 from NH-pyrrole 3.3 and 

the synthesis of 3.7 and 3.10 from NH-pyrrole 3.4 all proceed in moderate yields (69% and 75% from 

pyrrole 3.3) and low yields (39% and 43% from pyrrole 3.4). Each compound was fully characterised 

during the course of this study. The 1H-NMR spectrum of each compound was as expected with the CH2 

quartet and CH3 triplet corresponding to the ethyl protection observed at ~ 3.9 ppm and ~ 0.9 ppm, while 

the characteristic methylene proton singlet from the benzyl protection of 3.9 and 3.10 observed at ~ 5.0 

ppm. Due to the symmetric nature of 3.6 – 3.10, the methyl and tertbutyl substitution of the peripheral 

aryl rings was observed as two singlets in each case, with the methyl protons present at ~ 2.3 ppm for 

compounds 3.6 and 3.9, while the tertbutyl protons were present at ~ 1.2 ppm for compounds 3.7 and 

3.10. 

 

3.3 Attempted synthetic routes for the oxidative cyclodehydrogenation of N-substituted-2,3,4,5-

tetraarylpyrroles using Lewis acidic transition metals 

The prepared N-substituted-2,3,4,5-tetraarylpyrrole compounds, 3.5 – 3.10 synthesised above provide 

another platform to study the oxidative cyclodehydrogenation reaction. As opposed to Chapter 2, there are 

five different possibilities for the oxidative cyclodehydrogenation reaction of N-substituted-2,3,4,5-

tetraarylpyrrole, all of the expected products are shown in figure 3.2. Ideally the oxidative 
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cyclodehydrogenation of N-substituted-2,3,4,5-tetraarylpyrrole compounds will form three new carbon-

carbon bonds, only two carbon-carbon bond forming reactions away from the targeted fully 

cyclodehydrogenated pentaarylpyrrole compounds. However, there is a strong possibility of only one or 

two carbon-carbon bonds forming in the oxidative cyclodehydrogenation reaction, as partially cyclised 

products have been previously observed for oxidative cyclodehydrogenation reaction of both all carbon23 

and heterocyclic precursors.24 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Possible combinations of carbon-carbon bonds that could be formed by the oxidative 

cyclodehydrogenation of N-substituted-2,3,4,5-tetraarylpyrrole compounds, 3.5 – 3.10. 

 

In 2007 Takase et al. reported the only example of a cyclodehydrogenation reaction where a pyrrole unit 

was incorporated.25 In this example pyrrole is used as a peripheral aryl group and undergoes 

cyclodehydrogenation, rather than acting as the core structural unit to which aryl groups are attached to 

undergo cyclodehydrogenation (compounds 3.5 – 3.10). Six pyrrole molecules were substituted onto a 

benzene core to form hexapyrrolylbenzene, 3.12, and cyclodehydrogenated using FeCl3 to form 

hexapyrrolohexaazacoronene, 3.13, as shown in scheme 3.4. To help with solubility and isolation 3,4-

dibromopyrrole and 3,4-di(4-trifluoromethylphenyl)pyrrole were also used a starting materials and their 

synthesis to hexapyrrolylbenzene derivatives and subsequent cyclodehydrogenation also proceeded 

successfully. A crystal structure was obtained of the cyclodehydrogenated hexa(3,4-di(4-

trifluoromethylphenyl))pyrrolylbenzene compound, demonstrating the planarity of the azacoronene core. 

The carbon-carbon bond distance formed by cyclodehydrogenation between the pyrrole rings is 1.48(1) 

Å, longer than the expected distance for a carbon-carbon bond in a conjugated aromatic system, and 

closer to that of a single bond between two separate aromatic systems, as seen for the carbon-carbon bond 
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formed between two aryl rings of 2,3-diarylindoles in Chapter 2, typically ~ 1.47 Å. This planarity of 3.13 

results from the use of a six membered ring as the core molecule, when pyrrole is used as the central core 

the five membered ring should impart non-planarity onto the resulting molecule when two or more bonds 

are formed adjacent to each other by oxidative cyclodehydrogenation. Hydrazine rather than methanol is 

used to quench the reaction, and the reason for this is unclear as problems with the quenching and 

purification of the reaction mixture are not mentioned.  

 

 

 

 

 

 

 

 

 

Scheme 3.4. Synthesis of hexapyrrolylbenzene and subsequent cyclodehydrogenation forming a 

hexaazacoronene core.25 

 

3.3.1 Attempted synthetic routes for oxidative cyclodehydrogenation using FeCl3 with N-ethyl-2,3,4,5-

tetraarylpyrroles 3.5, 3.6 and 3.7 

To investigate the cyclodehydrogenation of 2,3,4,5-tetraarylpyrrole compounds, the N-ethyl-2,3,4,5-

tetraarylpyrroles, 3.5, 3.6 and 3.7, were employed initially, with FeCl3 used as both the lewis acid and 

oxidant. As up to three carbon-carbon bonds can be formed from the oxidative cyclodehydrogenation of 

2,3,4,5-tetraarylpyrrole compounds 45 equivalents of FeCl3 were used, 15 equivalents of FeCl3 for each 

carbon-carbon bond to be formed.  

 

Firstly, 3.5 was subjected to oxidative cyclodehydrogenation, with 45 equivalents of FeCl3 dissolved in 

the minimum amount of nitromethane and added dropwise to a solution of 3.5 dissolved in anhydrous 

dichloromethane, with a constant stream of argon bubbling through the reaction mixture. After one hour 

the reaction was quenched with methanol. As well as protecting the nitrogen atom from reacting with the 

lewis acids employed in cyclodehydrogenation reactions the characteristic peaks in the 1H-NMR spectrum 

arising from both the ethyl and benzyl group allow for the observation of different cyclodehydrogenation 

products, especially when the aromatic region of the spectrum is crowded. As seen in the previous 

N
N

N
N

N

N

N
H

N
N

N
N

N

N(i) NaOMe
(ii) hexaf luorobenzene FeCl3

DCM/CH3NO2

Br Br
Br

Br

Br

Br

BrBr

Br

Br

Br

Br

BrBr Br Br

Br

Br

Br

Br

Br Br

Br

Br

Br

Br

 
83% 

3.12 3.13 

98 
 



chapter, cyclodehydrogenation deshields the protons moving their peaks downfield in the 1H-NMR 

spectrum.  

 

In this case the crude 1H-NMR spectrum indicated the presence of at least three different 

cyclodehydrogenated products, as judged by the presence of three different CH2 quartets arising from the 

ethyl groups, present from 5.2 – 5.0 ppm. The peaks in the aromatic region of the spectrum were also 

shifted downfield from the spectrum of 3.5, indicating that a cyclodehydrogenation reaction has taken 

place. Unfortunately, despite repeated attempts at purification using column chromatography and various 

solvent systems no single product could be isolated from the reaction mixture. Mass spectrometry did not 

give any clear evidence for the products that may have formed from this reaction. Identical reaction 

conditions were also employed, but the reaction mixture was left to stir under an atmosphere of argon 

overnight, in an attempt to form only the most stable cyclodehydrogenation product. This approach was 

also unsuccessful as the same three CH2 quartets arising from the ethyl groups of the different products 

were present in the 1H-NMR spectrum of the crude reaction mixture. 

 

Despite being unable to isolate any products from the cyclodehydrogenation of 3.5 with 45 equivalents of 

FeCl3 compounds 3.6 and 3.7 were also subjected to the same cyclodehydrogenation conditions. 

Unfortunately, after quenching of the reaction mixture in a similar method to the above reaction the same 

result was obtained and no products were able to be isolated using column chromatography. 

 

As demonstrated in the previous chapter, FeCl3 does not need to be added to the reaction mixture 

dropwise as solution in nitromethane, and can instead be added to the reaction directly as a solid.26 This 

approach provided the only successful cyclodehydrogenation reaction using Lewis acidic transition metal 

catalysts in the previous chapter and so it was also trialled for compounds 3.5, 3.6 and 3.7. Initially 45 

equivalents of FeCl3 were added directly to a solution of 3.5 in anhydrous dichloromethane with a 

constant stream of argon bubbling through the reaction mixture. After stirring the reaction overnight and 

quenching with methanol, purification of the reaction mixture was attempted. Upon attempting to dissolve 

the product in the minimum amount of dichloromethane to purify the crude reaction mixture by column 

chromatography, a solid formed which was filtered, washed with a small amount of dichloromethane and 

isolated in a low 8% yield. Pleasingly, the solid was soluble enough in deuterated chloroform to collect a 
1H-NMR spectrum. The 1H-NMR spectrum revealed the presence of only one cyclodehydrogenated 

product, 3.14, and its 1H-NMR spectrum is shown in figure 3.3.  
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The aromatic protons of 3.14 integrate for 12 protons, two less protons than if the desired three carbon-

carbon bonds had formed, and interestingly the aromatic region also lacks the expected triplet peaks from 

the unsubstituted peripheral phenyl rings. The spectrum also contains two unexpected singlet peaks 

present at 8.69 ppm and 8.58 ppm. This indicates both that carbon-carbon bonds have formed between the 

ortho carbon atoms on the peripheral phenyl groups from cyclodehydrogenation, and that substitution has 

occurred at the para position on all four of the peripheral aryl groups. The resulting singlets must then 

arise from the meta proton between these two positions. To explain the presence of 12 aromatic proton 

signals only two carbon-carbon bonds must have formed, along with para substitution at all four of the 

aryl groups, rather than the formation of three carbon-carbon bonds, which would give rise to 14 aromatic 

proton signals. There are two possibilities for the position of the two new carbon-carbon bonds in 3.14; 

either the carbon-carbon bonds have formed so that both ortho carbon atoms of one phenyl ring in 

position 3 or 4 on the pyrrole core are involved in cyclodehydrogenation (see figure 3.2c) creating an 

unsymmetrical product, or only one ortho carbon atom from each phenyl ring is involved in 

cyclodehydrogenation (see figure 3.2d) giving rise to a symmetrical product. The presence of only six 

peaks in the aromatic region of the 1H-NMR spectrum (four doublet peaks and two singlet peaks) indicate 

that a symmetrical product with the carbon-carbon bonds arranged like that of figure 3.2d must have 

formed. The ethyl peaks of 3.14 have also shifted downfield due to the formation of a more aromatic 

product, the CH2 quartet is now at 5.12 ppm and the CH3 triplet is at 1.70 ppm compared to 3.90 ppm and 

0.97 ppm for 3.5, respectively. 

 

 

 

 

 

 

 

 

Figure 3.3. 1H-NMR spectrum of 3.14 obtained from the reaction of 3.5 with 45 equivalents of solid 

FeCl3. 

 

The substitution at all four para positions of the peripheral phenyl groups of 3.14 is most likely by 

chlorine atoms, as chlorinated side products are often encountered when performing oxidative 

cyclodehydrogenation using FeCl3.27 If the para substitution on the peripheral phenyl groups is in fact 

chlorine then the product formed from the reaction between 3.5 and 45 equivalents of solid FeCl3 would 
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be 3,6,12,15-tetrachloro-9-ethyl-tetrabenzo[a,c,g,i]carbazole, 3.14, as shown in scheme 3.5. 

Unfortunately a mass spectrum could not be obtained of 3.14. The rest of the crude reaction mixture was 

purified, but no other products or more 3.14 were able to be isolated. It is clear from the low yield of 3.14 

that this is not the only product formed from the reaction of 3.5 and 45 equivalents of FeCl3, but it is the 

only product that was able to be isolated. 

 

 

 

 

 

 

Scheme 3.5. Formation of cyclodehydrogenation product 3.14 from 3.5. 

 

Compound 3.14 is sparingly soluble in dichloromethane and pleasingly the slow evaporation of a dilute 

dichloromethane solution formed crystals suitable for X-ray crystallography. The X-ray crystal structure 

was solved in the triclinic space group P-1 with one molecule of 3.14 present in the asymmetric unit, as 

shown in figure 3.3, confirming the chlorination at all four para positions of the peripheral phenyl groups. 

Unlike the previous chapter, where the formation of a carbon-carbon bond between the ortho carbon 

atoms of the phenyl rings in the 2- and 3-positions on the indole ring served to planarise the resulting 

dibenzo[a,c]carbazole, the formation of two carbon-carbon bonds, one between the ortho carbon atoms of 

the phenyl rings in the 2- and 3-position, and one between the ortho carbon atoms in the 4- and 5-position 

does not result in a planar structure. In fact the phenyl rings in the 3- and 4-positions are twisted at an 

angle of 38.1(1)˚ to each other, and at 20.3(1)˚ and 18.2(1)˚ to the central pyrrole core. The twisting 

present in the structure does not result in elongation of the carbon-carbon bonds formed (C11…C14 = 

1.472(3) Å and C25…C28 = 1.496(3) Å). The carbon-chlorine bonds range from 1.736(3) Å to 1.746(3) 

Å, as expected for a carbon-chlorine single bond. The twisting of 3.14 is presumably to minimise the 

steric clash between the ortho hydrogen atoms of the phenyl rings in the 3- and 4-position, as shown in 

figure 3.4. 

 

The four chlorine atoms present in compound 3.14 and the considerable twisting of the molecule both 

play a significant role in the crystal packing. The chlorine atoms in the para position of the phenyl groups 

in the 3- and 4-position on the pyrrole core of 3.14 interact with chlorine atoms in the same position of 

another molecule of 3.14. These halogen-halogen interactions between the chlorine atoms (Cl…Cl = 

3.405(1) Å) forms a dimer, with the two molecules of 3.14 related about an inversion centre, as shown in 
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figure 3.5. Halogen-halogen interactions are well documented in supramolecular assemblies and can 

control the overall crystal packing of the molecule.28 The remaining two chlorine atoms (in the para 

position of the phenyl groups in the 2- and 5-position of the pyrrole core) hydrogen bond with peripheral 

hydrogen atoms in neighbouring units (C…Cl ranges from 3.610(2) Å to 3.881(3) Å). 

 

 

 

 

 

 

 

 

Figure 3.4. Asymmetric unit of 3.14, all hydrogen atoms apart from the two contributing to the twist of 

the molecule have been removed for clarity. 

 

 

 

 

 

 

Figure 3.5. Halogen – halogen interactions between the chlorine atoms of the phenyl rings in position 3 

and 4 on the pyrrole core, hydrogen atoms have been removed for clarity. 

 

The overall packing of 3.14 in the solid state also displays weak face-to-face π – π stacking interactions 

(centroid to centroid distances range from 3.665(3) Å and 3.894(2) Å) between the peripheral phenyl 

groups and also between the pyrrole core and the peripheral phenyl rings causing the dimers to pack in 

layers, as shown in figure 3.6. 

 

With the first successful oxidative cyclodehydrogenation of a 2,3,4,5-tetraarylpyrrole molecule, identical 

reaction conditions were employed for tetraarylpyrroles 3.6 and 3.7. Unfortunately, in both cases the 1H-

NMR spectrum of the crude reaction mixture indicated three cyclodehydrogenation products present as 

well as a large amount of starting tetraarylpyrrole. Although purification was attempted no products could 

be isolated cleanly from the reaction mixture. The presence of a large amount of starting compound in the 

reactions of 3.6 and 3.7 was not observed in the crude 1H-NMR spectrum of the reaction of 3.5 to produce 
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3.14. The presence of a large amount of starting compound could indicate that chlorination in the para 

position of the peripheral aryl groups is necessary to activate the 2,3,4,5-tetraarylpyrrole molecules 

towards cyclodehydrogenation. Compounds 3.6 and 3.7 block the para position from chlorination as they 

are already substituted with methyl and tertbutyl groups, respectively. 

 

 

 

 

 

 

 

 

 

Figure 3.6. Face-to-face π – π interactions of adjacent molecules of 3.14, hydrogen atoms have been 

removed for clarity. 

 

Further attempts were made to isolate and purify cyclodehydrogenation products from the reaction of 

2,3,4,5-tetraarylpyrroles with FeCl3 that did not have chlorination of the para position of the peripheral 

aryl groups. Fewer equivalents of FeCl3 per carbon-carbon bond to be formed were employed in the 

cyclodehydrogenation of 3.5 in an attempt to isolate cyclodehydrogenation products that were not 

chlorinated. Keeping in mind that the only product isolated, 3.14, contained only two carbon-carbon 

bonds when 45 equivalents of FeCl3 was employed (22.5 equivalents formation of two carbon-carbon 

bonds and for tetra chlorination), both 24 and 15 equivalents of FeCl3 were trialled with tetraarylpyrrole 

3.5. Frustratingly, in each case a mixture of products were observed in the crude 1H-NMR spectrum and 

no products were able to be isolated by column chromatography. 

 

Tetraarylpyrroles 3.6 and 3.7 were also subjected to further cyclodehydrogenation with fewer equivalents 

of FeCl3. Both 30 and 15 equivalents of FeCl3 were trialled and added to the reaction mixture as both a 

solid and dissolved in nitromethane. In some cases a small amount of cyclodehydrogenated product was 

observed by 1H-NMR spectroscopy, but mostly only starting material was recovered. In some cases the 

products observed early on in the reaction by thin layer chromatography did not appear to be stable when 

the reaction was continued overnight. In these cases the reactions were repeated and quenched after 

product formation, unfortunately no cyclodehydrogenation products were able to be isolated successfully. 
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3.3.2 Oxidative cyclodehydrogenation using FeCl3 with N-benzyl-2,3,4,5-tetraarylpyrroles, 3.8, 3.9 and 

3.10 

With the successful isolation and purification of one cyclodehydrogenated compound, 3.14, from the 

reaction of N-ethyl-2,3,4,5-tetraarylpyrrole compounds, 3.5, 3.6 and 3.7, the cyclodehydrogenation of the 

N-benzyl-2,3,4,5-tetraarylpyrrole compounds 3.8, 3.9 and 3.10 was attempted. Despite only small 

amounts of cyclodehydrogenation products observed in the 1H-NMR spectra of 3.6 and 3.7, the 

corresponding N-benzyl-2,3,4,5-tetraarylpyrrole compounds 3.9 and 3.10 were trialled, as the benzyl 

group may play a role in the stabilisation of the final product, as observed for the cyclodehydrogenation 

using FeCl3 of the 2,3-diarylindoles in the previous chapter. 

 

The same cyclodehydrogenation conditions that were employed for the isolation of 3.14 from 3.5, were 

initially employed for the cyclodehydrogenation of 3.8. Unfortunately, after quenching the reaction, a 

mixture of cyclodehydrogenation products, as determined by the number of benzylic protons in the 1H-

NMR spectrum, were isolated. Isolation and purification of these products was attempted using column 

chromatography, but the various products could not be separated. 

 

Different ratios of FeCl3 were then employed for the cyclodehydrogenation of 3.8, 3.9 and 3.10, as 

monitoring the above reaction and the reactions of the N-ethyl-2,3,4,5-tetraarylpyrroles, 3.5, 3.6 and 3.7, 

with thin layer chromatography seemed to suggest a decomposition of products when the reactions were 

left to stir overnight despite the reactions being incomplete after eight hours. An excess of FeCl3 may be 

responsible for the observed decomposition when the reactions were left to stir overnight. Both 30 and 15 

equivalent of FeCl3 per molecule to be cyclodehydrogenated was employed, and initially the FeCl3 was 

added to the reaction as a solid as the only cyclodehydrogenated products isolated by using chemical 

means in this study have been obtained in this way. 

 

Frustratingly, the addition of 30 equivalents of solid FeCl3 to 3.8, 3.9 and 3.10 produced various 

cyclodehydrogenation products that could not be isolated. The addition of 15 equivalents of FeCl3 to 3.8, 

3.9 and 3.10, also produces various cyclodehydrogenation products, but in all three cases one 

cyclodehydrogenation product was able to be isolated by column chromatography. Further purification of 

the isolated products was achieved by recrystallisation, and the cyclodehydrogenated compounds were 

obtained in low yields (25% − 38%). Analysis of the 1H-NMR spectra, shown in figure 3.7, indicates that 

one carbon-carbon bond has been formed by oxidative cyclodehydrogenation. In each case the new 

carbon-carbon bond has formed in the same position as seen by the similarity of the 1H-NMR spectrum in 

the downfield region from 7.5 ppm to 9 ppm to the 1H-NMR spectra of the dibenzo[a,c]carbazoles 
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presented in Chapter 2. The formation of only one carbon-carbon bond is confirmed by mass 

spectrometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. 1H-NMR spectrum of the aromatic region of the N-benzyl-2,3-diphenyldibenzo[e,g]indole 

compounds, (a) 3.15, (b) 3.16, (c) 3.17. 

 

As shown in figure 3.2 the carbon-carbon bond can form in one of two positions; either between the 

peripheral aryl groups in the 2- and 3-positions of the pyrrole core (figure 3.2a), creating an 

unsymmetrical product, or between the peripheral aryl groups in the 3- and 4-positions of the pyrrole core 

(figure 3.2b), creating a symmetrical product. The 1H-NMR spectra of 3.16 and 3.17 indicate the 

formation of an unsymmetrical product (figure 3.2a) by the presence of two singlet peaks observed 

significantly upfield, rather than the presence of one upfield shifted singlet, which would be expected for 

a symmetrical product. The lack of singlet peaks from cyclodehydrogenation in the 1H-NMR spectrum of 

3.15 indicates that no para substitution has occurred during the course of the cyclodehydrogenation. The 

methylene benzyl singlet is moved considerably downfield in each case from ~ 5.1 ppm in the precursor 
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compounds 3.8, 3.9 and 3.10 to ~ 5.7 ppm in the cyclodehydrogenated products 3.15, 3.16 and 3.17. The 

aromatic region from ~ 7ppm to ~ 7.5 ppm is crowded due to the two free peripheral aryl groups and the 

proton resonances from the aromatic benzyl protons.  

 

The 1H-NMR spectra and mass spectrometry indicate that the reaction of all three N-benzyl-2,3,4,5-

tetraarylpyrrole compounds, 3.8, 3.9 and 3.10, has formed the corresponding N-benzyl-2,3-

diaryldibenzo[e,g]indole compounds, 3.15, 3.16 and 3.17, shown in figure 3.8. This is the first reported 

preparation of N-benzyl-2,3-diaryldibenzo[e,g]indole compounds, and along with the preparation of 3.14 

above, demonstrates that compounds with a pyrrole core can undergo cyclodehydrogenation reactions of 

their peripheral aryl groups to form carbon-carbon bonds. All three compounds were fully characterised 

during the course of this study. 

 

 

 

 

 

 

 

 

Figure 3.8. Cyclodehydrogenated compounds isolated from the reactions of 3.8, 3.9 and 3.10 (a) N-

benzyl-2,3-diphenyl-dibenzo[e,g]indole, 3.15, (b) N-benzyl-2,3-di(4-methylphenyl)-6,9-dimethyl-

dibenzo[e,g]indole, 3.16, (c) N-benzyl-2,3-di(4-tertbutylphenyl)-6,9-ditertbutyl-dibenzo[e,g]indole, 3.17. 

 

Despite the use of identical conditions for the oxidative cyclodehydrogenation of N-ethyl-2,3,4,5-

tetraarylpyrrole compounds, 3.5, 3.6 and 3.7, previously, no evidence was found in the 1H-NMR spectra 

for the formation of the corresponding N-ethyl-2,3-diaryl-dibenzo[e,g]indole compounds. The 

substitution at the nitrogen atom of the pyrrole core must play more of a role in the Scholl reaction than 

simply just protecting the nitrogen atom from reaction with the lewis acid. The subtle change in 

protecting group from ethyl to benzyl affects the type of products obtained from the reaction mixture, 

further demonstrating the well known difficulty in controlling the products obtained from the Scholl 

reaction.29,30 Crystals suitable for X-ray crystallography were grown of all three cyclodehydrogenation 

products, 3.15, 3.16 and 3.17, by the slow diffusion of methanol into a benzene solution of the compound 

and figure 3.9a – c are shows the asymmetric units of all three compounds. 
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Figure 3.9. Asymmetric units of (a) 3.15, (b) 3.16, (c) 3.17, hydrogen atoms and solvent benzene 

molecules have been removed for clarity. 

 

Compound 3.15 crystallised in the monoclinic space group P21/c, and the new carbon-carbon bond 

formed between C23 and C25 has a bond length of 1.467(2) Å. The formation of only one carbon-carbon 

bond allows the newly formed dibenzo[e,g]indole core to be planar, as opposed to the twisting of the 

tetrabenzo[a,c,g,i]carbazole core seen in the crystal structure of compound 3.14. The peripheral phenyl 

rings in the 2- and 3-position of the pyrrole ring that were not involved in the cyclodehydrogenation 

reaction twist at angles of 87.8(1)˚ and 77.1(1)˚, respectively to the dibenzo[e,g]indole core. Molecules of 

3.15 display extensive edge-to-face π – π stacking interactions between the dibenzo[e,g]indole core and 

the two peripheral phenyl rings (C…centroid distances range from 3.686(2) Å to 3.829(2) Å) in units of 

3.15 both above and below the compound, stacking the molecules of 3.15 into columns. The benzyl group 

displays face-to-face π – π stacking interactions with a peripheral phenyl ring (centroid to centroid 

distances = 3.330(2) Å) of a neighbouring molecule of 3.15 in the same column. The benzyl ring also 

  

 

(a) (b) 

(c) 
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displays edge-to-face π – π stacking interactions with a peripheral phenyl ring (C…centroid distance = 

3.664(2) Å) of an adjacent molecule of 3.15 in different columns, allowing interactions between the 

columns of 3.15. The π – π stacking interactions and columns formed between molecules of 3.15 are 

shown in figure 3.10. 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Edge-to-face and face-to-face π – π stacking interactions between adjacent molecules of 3.15 

to form a column of molecules linked by interactions between the benzyl groups, hydrogen atoms have 

been removed for clarity. 

 

Compound 3.16 also crystallises in the monoclinic space group P21/c, with one solvent molecule of 

benzene present in the asymmetric unit along with one molecule of 3.16. The new carbon-carbon bond 

formed between C25 and C28 has a distance of 1.466(2) Å, very similar to that of 3.15. Again the 

dibenzo[e,g]indole core is planar with the peripheral 4-methylphenyl groups at the 2- and 3-position of 

the pyrrole ring twisted at 54.1(1)˚ and 77.6(1)˚ to the dibenzo[e,g]indole core respectively. In this case 

face-to-face π – π stacking interactions between dibenzo[e,g]indole cores of molecules of 3.16 both above 

and below stack the molecules of 3.16 together in columns (centroid to centroid distances range from 

3.769(2) Å to 3.912(2) Å), and each solvent benzene molecule also participates in face-to-face π – π 

stacking interactions with the peripheral 4-methylphenyl group in the 2-position of the pyrrole core 

(centroid to centroid distance = 3.765(3) Å). The methyl groups of the phenyl rings participate in edge-to-

face π – π stacking interactions with the benzene solvent molecules (C…centroid distance = 3.762(3) Å) 

and the benzyl group of a molecule of 3.16 in an adjacent column (C…centroid = 3.567(3) Å). The benzyl 

groups also display edge-to-face π – π stacking interactions with the peripheral 4-methylphenyl group in 

the 2-position of the pyrrole core of a molecule in the same column (C…centroid distances range from 

3.628(2) Å to 3.902(2) Å). The face-to-face and edge-to-face π – π stacking interactions between 

molecules of 3.16, as well as the columns of molecules of 3.16 formed are shown in figure 3.11. 
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Figure 3.11. Edge-to-face and face-to-face π – π stacking interactions between adjacent molecules of 

3.16, hydrogen atoms have been removed for clarity. 

 

Finally, compound 3.17 crystallised in the orthorhombic space group Pbcn, with one disordered solvent 

molecule of benzene present in the asymmetric unit along with one molecule of 3.17. Two of the tertbutyl 

groups have increased thermal motion due to the freedom of movement around the central carbon atom. 

The new carbon-carbon bond formed between C31 and C37 has a distance of 1.470(4) Å and again results 

in the formation of a planar dibenzo[e,g]indole core. The two peripheral 4-tertbutylphenyl groups in the 

2- and 3-position of the pyrrole ring twist out of the plane of the dibenzo[e,g]indole core by 64.8(1)˚ and 

66.1(1)˚, respectively. Compound 3.17 displays edge-to-face π – π stacking interactions between the 

dibenzo[e,g]indole core and the 4-tertbutylphenyl groups in the 2- and 3-position of the pyrrole ring with 

molecules of 3.17 both above and below (C…centroid distances range from 3.621(3) Å to 3.924(3) Å) to 

again form columns of 3.17. The molecules in the columns are offset from each other due to the bulky 

tertbutyl groups. These columns are further supported by weak edge-to-face π – π stacking interactions 

between the benzyl group of 3.17 and the tertbutylphenyl group in the 2-position of the pyrrole ring of a 

neighbouring molecule of 3.17 in the same column (C…centroid distances = 3.964(3) Å and 3.949(3) Å). 

The bulky tertbutyl groups prevent π – π interactions between the columns. The disordered benzene 

solvent molecules do not have any strong interactions with 3.17. Figure 3.12 shows the π – π stacking 

interactions between molecules of 3.17 to form distinct columns. 

 

Because of the extended aromaticity of the dibenzo[e,g]indole core and the remaining phenyl rings, all 

three molecules are able to form columns resulting from the extensive edge-to-face and face-to-face π – π 

stacking present. The peripheral methyl and tertbutyl substitution does not affect the ability of molecules 

of 3.16 and 3.17 to form columns, but the interactions between the columns is minimised the bulkier the 

group substituted on the periphery. 

 

109 
 



 

 

 

 

 

 

 

 

 

Figure 3.12. Edge-to-face π – π stacking interactions between molecules of 3.17 to form distinct columns, 

hydrogen atoms and benzene solvent molecules have been removed for clarity. 

 

All three compounds 3.8, 3.9 and 3.10 were also subjected to oxidative cyclodehydrogenation using 15 

equivalents of FeCl3 dissolved in the minimum amount of nitromethane. Pleasingly, after quenching the 

reactions with methanol and purification with column chromatography, all three compounds 3.15, 3.16 

and 3.17 were obtained in similar yields to above. 

 

Despite the documented attempts above using 45 equivalents of FeCl3, no cyclodehydrogenation products 

were able to be isolated, but the use of 15 equivalents of FeCl3 allowed for the isolation of 

cyclodehydrogenation products where one carbon-carbon bond had been formed. This opens the 

possibility of forming each carbon-carbon bond from oxidative cyclodehydrogenation in a stepwise 

fashion over three subsequent reactions, using 15 equivalents of FeCl3 each time. Unfortunately, the low 

yields obtained for the formation of 3.15, 3.16 and 3.17 prevented enough of these compounds being 

synthesised for this route to forming a curved polycyclic heteroaromatic compound to be pursued. 

 

3.3.3 Attempted synthetic routes for oxidative cyclodehydrogenation and simultaneous Friedel-Crafts 

alkylation using FeCl3 with 2,3,4,5-tetraarylpyrrole 3.5 

The Friedel-Crafts alkylation and oxidative cyclodehydrogenation of hexaphenylbenzene 3.18 to form a 

soluble hexabenzohexacoronene derivative, 3.19, using FeCl3 as both the required strong lewis acid 

catalyst and as the oxidant was reported by Rathore et al. in 2003.31 Solubility is often an issue in the 

isolation and characterisation of polycyclic aromatic compounds, but the preparation of the appropriately 

substituted compounds before cyclodehydrogenation can also be synthetically challenging. This one pot 

reaction, shown in scheme 3.6, does not require the synthesis of the appropriately substituted precursor 
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compounds, instead cyclodehydrogenation and alkylation occur in one pot, with almost 100% conversion 

from 3.18 to 3.19. 

 

 

 

 

 

 

 

 

 

 

Scheme 3.6. Synthesis of a soluble hexabenzohexacorene derivative, 3.19, from hexaphenylbenzene, 

3.18, by Friedel-Crafts alkylation and cyclodehydrogenation in a one pot reaction.31 

 

N-ethyl-2,3,4,5-tetraphenylpyrrole, 3.5, was chosen to investigate the scope of this reaction on the 

tetraarylpyrrole model compounds, as cyclodehydrogenation and para-substitution has already been 

observed when 3.5 was reacted with FeCl3 to form 3.14. Initially, the reaction of 3.5 and tertbutylchloride 

with 12 equivalents of FeCl3 was carried out exactly as described in the literature; a few drops of FeCl3 

dissolved in nitromethane was added to 3.5 dissolved in dry dichloromethane with a constant stream of 

argon bubbling through the solution. After three hours the remainder of the FeCl3 solution was added and 

two hours later the reaction was quenched with methanol. The addition of a small amount of FeCl3 

initially is required to catalyse Friedel-Crafts alkylation, and the cyclodehydrogenation reaction proceeds 

after the addition of the remaining FeCl3 solution.31 After quenching of the reaction mixture 1H-NMR 

spectroscopy indicated the presence of cyclodehydrogenated compounds by the observation of downfield 

shifted peaks, but unfortunately no characteristic singlet peaks were observed for the meta protons if both 

para alkylation and cyclodehydrogenation had occurred, as in the case of 3.14.  

 

To determine if para alkylation was able to occur in this manner the reaction was repeated and only a few 

drops of FeCl3 dissolved in nitromethane solution was added. Thin layer chromatography indicates the 

formation of four or five products, plus the presence of 3.5 after 30 minutes of reaction time. After this 

point no change occurs in the thin layer chromatography in the remaining reaction time, suggesting that 

the reaction has consumed the catalytic FeCl3 in the first 30 minutes and no new reactions are occurring. 

Frustratingly, the 1H-NMR spectrum of the reaction mixture shows only starting material present, 

Cl

FeCl3,
DCM, CH3NO2

6

 3.18 3.19 

98% 
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indicating that only a very small amount of alkylated or cyclodehydrogenated product has formed. It 

appears that the small amount of FeCl3 is not being used as catalytic lewis acid for the Friedel-Crafts 

alkylation, so the reaction was re-run with all of the FeCl3 solution added initially in one go and the 

reaction was then monitored by thin layer chromatography. The reaction mixture almost immediately 

forms four or five products, but over the course of the reaction the amount of new product does not 

increase and 3.5 is not consumed. Addition of another 12 equivalents of FeCl3 dissolved in nitromethane 

was added but this did not increase the yield of any new products and again mainly 3.5 was isolated from 

the reaction mixture. 

 

The Friedel-Crafts alkylation and cyclodehydrogenation of 3.5 does not occur as readily, if at all, as that 

of hexaphenylbenzene, 3.18, as evidenced by the reactions above. Oxidative cyclodehydrogenation with 

N-ethyl-2,3,4,5-tetraphenylpyrroles using FeCl3 dissolved in nitromethane has already been observed in 

this study to form many products, none of which can be isolated. The addition of tertbutyl chloride may 

be complicating this already problematic reaction, producing even more products. No Friedel – Crafts 

alkylations of any phenyl substituted pyrroles have been reported where the alkylation occurs on the 

phenyl ring. It may be that tertbutyl chloride is reacting in an unexpected manner with the pyrrole ring 

that further complicates the cyclodehydrogenation reaction. 

 

3.3.4 Attempted synthetic routes for oxidative cyclodehydrogenation using AlCl3 with N-substituted-

2,3,4,5-tetraarylpyrroles, 3.5 – 3.10 

As outlined in Chapter 2 other lewis acidic transition metal catalysts besides FeCl3 have also been used to 

perform oxidative cyclodehydrogenation reactions. Various N-ethyl-2,3,4,5-tetraarylpyrroles, 3.5 – 3.7, 

and N-benzyl-2,3,4,5-tetraarylpyrroles, 3.8 – 3.10, were subjected to oxidative cyclodehydrogenation 

with AlCl3 using CuCl2 or Cu(OTf)2 as the oxidant. The reactions were monitored with thin layer 

chromatography and allowed to run for 72 hours or more, but frustratingly in each case multiple products 

were detected, that could not be separated or isolated. 1H-NMR spectroscopy and mass spectrometry did 

not help in identifying any products, although the proton integrals obtained from 1H-NMR spectroscopy 

of the reaction mixture showed that any cyclodehydrogenation products that were formed were present in 

a very low yield. Varying these reaction conditions from the literature was not pursued due to the low 

yields of products. 

 

3.4 Photocyclisation of N-substituted-2,3,4,5-tetraarylpyrroles  

After the successful photocyclisation of 2,3-diarylindoles to form dibenzo[a,c]carbazoles in the previous 

chapter, the N-substituted-2,3,4,5-tetraarylpyrroles, 3.5 – 3.10, were subjected to photocyclisation under 
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similar conditions. Unlike the 2,3-diarylindoles, successful photocyclisation reactions of 2,3,4,5-

tetraarylpyrroles have not previously been reported. A 1968 report by Laarhoven et al. investigated the 

photocyclisation of a range of compounds with five and six membered heterocyclic rings as the core of 

the compound with peripheral aryl groups.32 They report that the photocyclisation reactions of NH-

2,3,4,5-tetraphenylpyrrole, 3.20, and 2,3,4,5-tetraphenylfuran, 3.21, is confusing, with these two 

compounds undergoing rapid photolysis. Although they obtained some UV/vis evidence for the 

photocyclisation of these compounds no products were isolated from the reaction. Interestingly, they also 

report that 2,3,4,5-tetraphenylthiophene, 3.22, does not undergo any photocyclisation reaction, but 2,3-

diphenylthiophene, 3.23, and 2,3-diphenylfuran, 3.24, do undergo the expected stillbene-type 

photocyclisation reaction to the corresponding phenanthro-[9,10-b]-thiophene, 3.25, and phenanthro-

[9,10-b]-furan, 3.26.32,33 Figure 3.13 shows the discrepancy in the photocyclisation behavior of these 

similar compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Differences in reactivity of compounds containing a five – membered heterocycle at the core 

of the compound. 

 

The photocyclisation of NH-2,3-diphenylpyrrole also proceeds as expected, to form the corresponding 

dibenzo[e,g]indole,34 and 4,5-diphenylimidazole also undergoes photocyclisation to produce phenanthro-

[9,10-d]-imidazole.35 Since these first reports appeared in the literature in the 1960’s and 1970’s the 

apparent differences in reactivity to photocyclisation of aryl-substituted five-membered heterocycles has 

not been investigated. 
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3.4.1 Photocyclisation of N-ethyl-2,3,4,5-tetraarylpyrroles 3.5 – 3.7 

Initially the N-ethyl-2,3,4,5-tetraarylpyrroles 3.5 – 3.7 were subjected to the same photocyclisation 

conditions as those described in the previous chapter.36 As there are three carbon-carbon bonds that can be 

formed by photocyclisation of N-substituted-2,3,4,5-tetraarylpyrroles 3.3 equivalents of I2 were employed 

for each reaction, 1.1 equivalents of I2 for each carbon-carbon bond to be formed. 

 

All three N-ethyl-2,3,4,5-tetraphenylpyrroles formed one carbon-carbon bond when subjected to 

photocyclisation conditions, even with the presence of 3.3 equivalents of I2, as shown in figure 3.14. The 

photocyclisation proceeds in good yields (69% − 73%) forming the carbon-carbon bond in the same 

position as that observed when 3.15, 3.16 and 3.17 were formed from the oxidative cyclodehydrogenation 

of 3.8, 3.9 and 3.10 using FeCl3. The photocyclisation of N-ethyl-2,3,4,5-tetraphenylpyrroles, 3.5, 3.6 and 

3.7, forms the corresponding N-ethyl-2,3-diaryl-dibenzo[e,g]indole cores, 3.27, 3.28 and 3.29, 

complementing the series of N-benzyl-2,3- diaryl-dibenzo[e,g]indoles, 3.15, 3.16 and 3.17, previously 

prepared.  

 

 

 

 

 

 

Figure 3.14. Formation of N-ethyl-2,3-diaryl-dibenzo[e,g]indoles from their corresponding N-ethyl-

2,3,4,5-tetraarylpyrrole precursors, 3.5, 3.6 and 3.7 (a) N-ethyl-2,3-diphenyl-dibenzo[e,g]indole, 3.27, (b) 

N-ethyl-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indole, 3.28, (c) N-ethyl-2,3-di(4-

tertbutylphenyl)-6,9-ditertbutyl-dibenzo[e,g]indole, 3.29. 

 

Each compound displays the characteristic downfield shift of protons in the 1H-NMR spectrum, shown in 

figure 3.15, as a result of the additional aromaticity of the resulting compound by the formation of a 

carbon-carbon bond. The downfield shifted peaks are similar to that seen for compounds 3.15 – 3.17, due 

to the formation of the same 2,3-diaryl-dibenzo[e,g]indole core. The para substituted compounds 3.28 and 

3.29 have two singlet peaks and two doublet peaks that are observed from 9.0 ppm to 7.7 ppm, while 3.27 

has only upfield shifted doublet peaks in this region due to the lack of para substitution. As expected the 

CH2 quartet and CH3 triplet arising from the N-ethyl substitution of all three compounds is moved 

downfield due to the formation of a carbon-carbon bond. The CH2 quartet is now observed at ~ 4.5 ppm 

for all three compounds 3.27, 3.28 and 3.29, compared to the precursor compounds where the CH2 quartet 

N
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N
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R R
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3.27 R = H 
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is observed at ~3.8 ppm, and the triplet is now observed at ~ 1.4 ppm, compared to the precursor 

compounds where the CH3 triplet is observed at ~ 0.9 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. 1H-NMR spectrum of N-ethyl-2,3-diaryl-dibenzo[e,g]indole compounds, (a) 3.27, (b) 3.28, 

(c) 3.29. 

 

The formation of the N-ethyl-2,3-diaryl-dibenzo[e,g]indole structure was confirmed by X-ray 

crystallography. Crystals of 3.28 were grown from the diffusion of methanol into a benzene solution of 

3.28. The crystal structure was solved in the triclinic space group P-1, with one molecule of 3.28 present 

in the asymmetric unit along with one disordered solvent benzene molecule, shown in figure 3.16. The 

new carbon-carbon bond formed between C25 and C28 again forms the planar dibenzo[e,g]indole unit 

(C25…C28 = 1.467(3) Å), and the two remaining peripheral 4-methylphenyl groups in the 2- and 3-

position of the central pyrrole ring are twisted at angles of 109.4(1)˚ and 104.3(1)˚, respectively to the 

indole core. The molecules of 3.28 do not pack together in columns with extensive π – π stacking 

interaction like the crystal packing observed for compounds 3.15, 3.16 and 3.17, and instead molecules of 

3.28 form a capsule around the disordered benzene molecule, shown in figure 3.17. 
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Figure 3.16. Asymmetric unit of 3.28, solvent benzene molecule and hydrogen atoms have been removed 

for clarity. 

 

 

 

 

 

 

 

 

Figure 3.17. Molecules of 3.28 forming a cage around the disordered solvent benzene molecule (shown in 

grey), and hydrogen atoms have been removed for clarity. 

 

3.4.2 Further cyclodehydrogenation of photocyclised N-ethyl-2,3,4,5-tetraarylpyrroles 

The photocyclisation of N-ethyl-2,3,4,5-tetraarylpyrroles 3.5, 3.6 and 3.7 forming the corresponding N-

ethyl-2,3-diaryl-dibenzo[e,g]indoles 3.27, 3.28 and 3.29 proceeds in much higher yields than the 

oxidative cyclodehydrogenation of N-benzyl-2,3,4,5-tetraarylpyrroles 3.8, 3.9 and 3.10 forming the 

corresponding N-benzyl-2,3-diaryl-dibenzo[e,g]indoles 3.15, 3.16 and 3.17. This high yielding 

photocyclisation approach allows for the synthesis of a reasonable quantity of 3.27, 3.28 and 3.29 to 

explore the stepwise formation of more carbon-carbon bonds through cyclodehydrogenation or 

photocyclisation, as shown in scheme 3.7. There are three different core structures that can be obtained by 

the formation of additional carbon-carbon bonds. The formation of an additional carbon-carbon bond 

could form a 9-ethyl-tetrabenzo[a,c,g,i]carbazole core, 3.31, like that found in compound 3.14, or the 

carbon-carbon bond could form between the aryl rings in the 3- and 4-position of the pyrrole core, 3.30. If 

two carbon-carbon bonds are formed the fully cyclodehydrogenated core 3.32 will be obtained. 
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Scheme 3.7. Possible formation of new carbon-carbon bonds by stepwise photocyclisation or oxidative 

cyclodehydrogenation catalysed by lewis acidic transition metals. 

 

Firstly, compound 3.27 was subjected to the standard photocyclisation reaction conditions with 2.2 

equivalents of I2 used, 1.1 equivalents for each carbon-carbon bond to be formed. After standard 

quenching of the reaction mixture, the 1H-NMR spectrum and mass spectrometry indicated the presence 

of only starting compound 3.27. In a 2010 paper Zhang et al. used both photocyclisation and 

cyclodehydrogenation to form curved polycyclic aromatic hydrocarbon 1.2,3.4,7.8,9.10-

tetrabenzocoronene, 3.33, from an olefin precursor molecule, 3.34.37 Photocyclisation formed two of the 

required four carbon-carbon bonds and after isolation of the partially cyclised compound, 3.35, the 

remaining two carbon-carbon bonds were formed by oxidative cyclodehydrogenation using FeCl3, as 

shown in scheme 3.8. Extension of the photocyclisation reaction time to convert 3.34 directly to 3.33 was 

not successful, and was attributed to the diminished double bond character of the olefin units once the 

photocyclisation occurred, preventing further stillbene type photocyclisation after the formation of the 

two carbon-carbon bonds. This loss of double bond character may also be why more carbon-carbon bonds 

do not form by photocyclisation after the initial conversion of the N-ethyl-2,3,4,5-tetraarylpyrrole 

compounds, 3.5, 3.6 and 3.7, to the N-ethyl-2,3-diaryl-dibenzo[e,g]indole compounds, 3.27, 3.28 and 3.29 

by the formation of only one carbon-carbon bond. The formation of a mixture of two photocyclisation 

products with one and two carbon-carbon bonds formed from a tetraaryl substituted phosphole has also 

been recently reported38 and extension of the photocyclisation reaction time did not alter the yields of the 

two products. 
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Scheme 3.8. Synthesis of tetrabenzocoronene, 3.33, using both photocyclisation and oxidative 

cyclodehydrogenation.37 

 

The report by Zhang et al. suggests that photocyclisation and oxidative cyclodehydrogenation can work in 

tandem to produce curved aromatic molecules through different methods of carbon-carbon bond 

formation. Compound 3.27 was subjected to oxidative cyclodehydrogenation conditions using 15 

equivalents of FeCl3 dissolved in a small amount of nitromethane. The reaction was quenched after five 

hours and the crude 1H-NMR of the reaction mixture indicated a very small amount of 

cyclodehydrogenated product has been formed, but mainly starting material was present in the reaction 

mixture. Unfortunately no successful cyclodehydrogenation reactions were performed using FeCl3 on the 

precursor N-ethyl-2,3,4,5-tetraarylpyrrole compounds, although successful cyclodehydrogenation 

reactions were able to be performed on the precursor N-benzyl-2,3,4,5-tetraarylpyrrole compounds. This 

could indicate that further carbon-carbon bond forming reactions by oxidative cyclodehydrogenation with 

FeCl3 on the N-ethyl-2,3,4,5-tetraarylpyrroles may not be successful. 

 

3.4.3 Photocyclisation of N-benzyl-2,3,4,5-tetraarylpyrroles, 3.8, 3.9 and 3.10 

The low yielding oxidative cyclodehydrogenation using FeCl3 prevented enough N-benzyl-2,3-diaryl-

dibenzo[e,g]indole compounds, 3.15, 3.16, and 3.17, from being synthesised to investigate the stepwise 

carbon-carbon bond formation by photocyclisation and/or oxidative cyclodehydrogenation. Owing to the 

high yielding formation of N-ethyl-2,3-diaryl-dibenzo[e,g]indole compounds, 3.27, 3.28 and 3.29, by 

photocyclisation, it was hoped that formation of N-benzyl-2,3-diaryl-dibenzo[e,g]indole compounds, 

3.15, 3.16 and 3.17, by photocyclisation of N-benzyl-2,3,4,5-tetraarylpyrroles, 3.8, 3.9 and 3.10 in an 

analogous manner would also occur in high yields. This would allow for investigation into the stepwise 

formation of carbon-carbon bonds using oxidative cyclodehydrogenation as the N-benzyl-2,3,4,5-

tetraarylpyrroles have already formed stable products, 3.15, 3.16 and 3.17 through cyclodehydrogenation. 

 

I2, propylene
oxide, hv

benzene

FeCl3

DCM/CH3NO2
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All three N-benzyl-2,3,4,5-tetraarylpyrrole compounds, 3.8, 3.9 and 3.10 were subjected to the standard 

photocyclisation reaction conditions, using 3.3 equivalents of I2 per molecule, 1.1 equivalents of I2 per 

carbon-carbon bond to be formed. After removal of excess I2, thin layer chromatography and 1H-NMR 

spectroscopy showed the formation of multiple products in the reaction mixture, not the clean high 

yielding formation of only one product as observed for the N-ethyl-2,3,4,5-tetraarylpyrrole compounds. 

 

In all three cases, only one product from the photocyclisation reaction was able to be isolated by column 

chromatography. Compounds 3.36, 3.37 and 3.38 were isolated from the photocyclisation of 3.8, 3.9 and 

3.10 respectively, in low yields (4% − 5%). The 1H-NMR spectra of compounds 3.36, 3.37 and 3.38 are 

very similar and are shown in figure 3.18a – c. The spectra display some unusual features that have not 

previously been observed for photocyclisation or oxidative cyclodehydrogenation products in the course 

of this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. 1H-NMR spectrum of (a) 3.36, (b) 3.37, (c) 3.38, (d) enlarged 1H-NMR spectrum of the 

aromatic region of 3.38. 

 

The singlet methylene benzyl peak present in the starting N-benzyl-2,3,4,5-tetraarylpyrrole compounds, 

observed at ~ 5.0 ppm, is shifted significantly upfield in the 1H-NMR spectra of all three photocyclisation 

products, 3.36, 3.37 and 3.38, and in addition the two benzyl methylene protons are now observed in two 
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magnetically inequivalent environments as doublets at ~ 4.3 ppm and ~ 4.0 ppm. These protons are 

coupled together with a coupling constant of ~ 12.5Hz, indicative of sp3 methylene protons, and are also 

as observed to be coupled together in the 2-D COSY experiment in all three cases. The presence of two 

proton environments, rather than a single proton environment indicates that the benzyl ring is somehow 

locked into a conformation, either through a carbon-carbon bond being formed from the benzyl to a 

peripheral aryl ring attached to the pyrrole core, or by restriction of the movement of the benzyl group on 

the NMR timescale. In the case of 3.37 and 3.38, the methyl and tertbutyl groups respectively are in four 

magnetically different environments. Mass spectrometry indicates the formation of one only carbon-

carbon bond, but the proton environments are considerably different than those observed for 3.15, 3.16 

and 3.17. In these cases the methylene benzyl remains a single environment and is shifted downfield to ~ 

5.7 ppm.  

 

The carbon-carbon bond could also form to produce a compound like that shown in figure 3.2b. The 

formation of a carbon-carbon bond between the aryl rings in the 3- and 4-position of the pyrrole ring 

would produce a symmetrical compound, and there are too many aromatic proton resonances for this to 

be the case. 2-D COSY and TOCSY experiments indicate the benzyl ring has not formed a carbon-carbon 

bond to a peripheral aryl group attached to the pyrrole core, because the expected doublet, triplet, triplet 

splitting pattern of an unsubstituted phenyl ring in the same spin coupled system is observed in both the 

COSY and TOCSY. These three peaks corresponding to the benzyl ring protons are also moved upfield, 

but not as far as the methylene benzyl protons. There are no other protons observed in the same spin 

coupled system in all three cases. 

 

The aromatic region of the 1H-NMR spectra is more complicated due to the presence of protons from the 

four peripheral aryl groups as well as the benzyl ring. As seen previously for the formation of one carbon-

carbon bond between the aryl rings in the 2- and 3-positions of the pyrrole ring there are two downfield 

shifted singlet peaks at in the region from 8.5 ppm to 8.8 ppm for the compounds with para substitution 

on the peripheral aryl rings, 3.37 and 3.38. This suggests that the new carbon-carbon formed, as indicated 

by mass spectrometry, has formed between the peripheral aryl rings in the 2- and 3-positions of the 

pyrrole ring. These peaks are not coupled to any other protons, as determined by 2-D COSY and TOCSY 

experiments. The other peaks in the aromatic region are harder to analyse due to the crowding in this 

region. 

 

In the aromatic region of the 1H-NMR spectra of 3.36, 3.37 and 3.38 there is at least one peak under the 

chloroform signal. The 1H-NMR spectrum of 3.38 was also collected in CD2Cl2, shown in figure 3.19, and 
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a broadened peak integrating to four protons is observed, the other aromatic peaks shift a small amount 

but otherwise the spectrum is the same. The aromatic protons integrate for 19 protons, two less than the 

starting compound 3.10, again indicating the formation of only one carbon-carbon bond. From the 1H-

NMR spectrum, 2-D correlations from COSY, TOCSY, HSQC and HMBC experiments and mass 

spectrometry the overall structure of these photocyclisation products could not be determined.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. 1H-NMR spectrum of 3.38 collected in CD2Cl2. 

 

Fortunately, crystals suitable for X-ray crystallography were grown from the slow diffusion of methanol 

into a benzene solution of 3.37. Compound 3.37 crystallises in the triclinic space group P-1 with one 

molecule present in the asymmetric unit, the crystal structure of 3.37 is shown in figure 3.20. As expected 

from the 1H-NMR spectrum of 3.37, a carbon-carbon bond has formed between the peripheral 4-

methylphenyl rings in the 4- and 5-position of the pyrrole ring (C32…C35 = 1.462(2) Å) to form a 

dibenzo[e,g]indole core. The benzyl ring has shifted from the nitrogen atom of the pyrrole ring to the 

carbon atom in the 3-position of the pyrrole ring, resulting in the localisation of double bonds between N1 

and C2, and C4 and C5 (N1…C2 = 1.295(2) Å, C4…C5 = 1.361(2) Å), and single bonds between N1 and 

C5, C2 and C3, and C3 and C4 (N1…C5 = 1.415(2) Å, C2…C3 = 1.539(2) Å and C3…C4 = 1.521(2) Å). 

The movement of the benzyl group to C3 results in the sp3 hybridisation of this atom. The 4-methylphenyl 

rings in the 2- and 3-positions are twisted out of the plane of the dibenzo[e,g]indole core by 20.8(1)˚ and 

94.1(1)˚, respectively. 

 

Molecules of 3.37 pack together with extensive face-to-face π – π stacking interactions between benzyl 

groups in neighbouring molecules and the dibenzo[e,g]indole groups in neighbouring molecules (centroid 

to plane distances = 3.354(2) Å, 3.423(1) Å and 3.484(1) Å), forming a grid like packing motif, shown in 

 
9.0 8.0 7.0 6.0 5.0 4.0 

N
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figure 3.21. Weak edge-to-face π – π stacking interactions between the 4-methylphenyl rings stabilise the 

formation of this grid like packing (C… centroid = 3.975(2) Å). 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. Asymmetric unit of 3.37, hydrogen atoms have been removed for clarity. 

 

 

 

 

 

 

 

 

 

 

Figure 3.21. π – π stacking interactions between molecules of 3.37, hydrogen atoms have been removed 

for clarity. 

 

The methylene benzyl hydrogens are pro-chiral in the crystal structure of 3.37 obtained, explaining the 

splitting of this peak in the 1H-NMR spectrum, and the benzyl group sits below the dibenzo[e,g]indole 

core, shielding these protons and explaining the upfield shift of both the methylene and benzyl ring 

protons in the 1H-NMR spectrum. The 1H-NMR spectrum of all three compounds 3.36, 3.37 and 3.38 

have similar features, including the upfield shift and splitting of the methylene benzyl peaks, and the 

downfield shifts of some proton peaks resulting from the formation of one carbon-carbon bond. The 

crystal structure of 3.37 gives confirmation of the structure of the product obtained from the 

photocyclisation reaction of 3.9 to form 3.37. The structures of 3.36 and 3.38 must be the same, differing 
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only by the substitution in the para position of the peripheral aryl rings. The structures of all three 3-

benzyl-2,3-diaryl-dibenzo[e,g]indoles, 3.36, 3.37 and 3.38 formed by the photocyclisation of N-benzyl-

2,3,4,5-tetraarylpyrroles is shown in figure 3.22. 

 

 

 

 

 

 

 

 

Figure 3.22. Photocyclisation products isolated from the reactions of 3.8, 3.9 and 3.10 (a) 3-benzyl-2,3-

diphenyl-dibenzo[e,g]indole, 3.36, (b) 3-benzyl-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indole, 

3.37, (c) 3-benzyl-2,3-di(4-tertbutylphenyl)-6,9-ditertbutyl-dibenzo[e,g]indole, 3.38. 

 

Photoisomerisation of N-benzylpyrrole to 2-benzylpyrrole and 3-benzylpyrrole has previously been 

observed by Patterson et al. in 13% and 3% yield respectively.39 The photoisomerisation of N-(1-

phenylethyl)-2,5-dimethylpyrrole also produces the 2- and 3-substituted photoisomerisation products in 

12% and 5% yield. In both cases, when the 2-substituted photoisomerisation product is irradiated no 3-

substituted product is observed in the reaction mixture.39,40 The lack of photoisomerisation from the 2-

substituted pyrroles to the 3-substituted pyrroles suggests that the 3-substituted pyrroles arise from a 

photochemically allowed direct 1,3-shift.39 Similar photoisomerisation behavior is also observed for N-

acetylpyrroles.41 

 

Simultaneous photocyclisation and 1,3 photochemical shift have not been previously observed for five 

membered heterocyclic ring systems. The 3-benzyl-2,3-diaryl-dibenzo[e,g]indoles isolated from the 

reaction mixtures by column chromatography were not the only products formed from the 

photocyclisation of the N-ethyl-2,3,4,5-tetraarylpyrroles, thin layer chromatography indicated the 

formation of 5 or 6 products, but extensive efforts to isolate these compounds by column chromatography 

were not successful. Mass spectrometry indicates the presence of a compound where the benzyl group has 

been lost and photocyclisation has also occurred, whether this is an effect from mass spectrometry or one 

of the products formed in the reaction is not clear as none of this product could be isolated. 

 

N N N

 3.36 3.37 3.38 
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Extension of the reaction time did not increase the yield of 3.36, 3.37 and 3.38. The low yielding 

photocyclisation and 1,3-photochemical shift of the precursor N-benzyl-2,3,4,5-tetraarylpyrroles is in 

stark contrast to the high yielding photocyclisation of the precursor N-ethyl-2,3,4,5-tetraarylpyrroles. 

Thin layer chromatography and 1H –NMR spectroscopy also give clear evidence that more than one 

compound is being formed in the reaction, but only one compound was able to be isolated. 

 

Only one carbon-carbon bond is formed in the product isolated from the photocyclisation reaction of the 

N-benzyl-2,3,4,5-tetraphenylpyrroles. In attempts to reduce to number of products formed, 2.2 

equivalents and 1.1 equivalents of I2 per precursor molecule were trialled. In both cases this did not 

reduced the number of products formed in the reaction, as judged by thin layer chromatography. 

 

3.4.4 Analysis of change in NMR shifts resulting from cyclodehydrogenation and photocyclisation 

Shown below in table 3.1 is the change in chemical shift as a direct result of a carbon-carbon bond being 

formed between the peripheral aryl rings of the 2,3,4,5-tetraarylpyrrole compounds, 3.5 – 3.10, to form 

the corresponding 2,3-diaryl-dibenzo[e,g]indoles, 3.15 – 3.17 and 3.27 – 3.29. As discussed in Chapter 2, 

the increase in π conjugation results in a downfield shift of the functional groups directly attached to the 

nitrogen atom by ~ 0.65 ppm. On the other hand, the benzylic protons of the 3-benzyl-2,3-diaryl-

dibenzo[e,g]indoles, 3.36 – 3.38, are shifted significantly upfield, as a direct result of the benzyl ring no 

longer being attached a heterocyclic atom involved in a conjugated π system, and instead attached to a sp3 

hybridised carbon atom. 

Compound functional group 

measured 

difference in 

chemical shift 

Compound functional group 

measured 

difference in 

chemical shift 

3.15 benzyl CH2 0.65 ppm 3.27 ethyl CH2 0.65 ppm 

3.16 benzyl CH2 0.65 ppm 3.28 ethyl CH2 0.65 ppm 

3.17 benzyl CH2 0.71 ppm 3.29 ethyl CH2 0.67 ppm 

3.36 benzyl CH2 -0.76 ppm and 

-1.03 ppm 

3.37 benzyl CH2 -0.75 ppm and 

-1.02 ppm 

3.38 benzyl CH2 -0.65 ppm and 

-0.92 ppm 

   

Table 3.1. Change in chemical shift as a result of carbon-carbon bond forming reactions and/or 1,3-

migration. 
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3.5 Attempts at oxidative cyclodehydrogenation of N-substituted-2,3,4,5-tetraarylpyrroles using organic 

reagents 

The Scholl reaction requires a strong acid and an oxidant, and in many cases the same species can fulfill 

both roles. The type of strong acid and oxidant are not limited to Lewis acidic transition metals and 

oxidants and a variety of organic reagents have been successfully used to implement the Scholl reaction. 

Organic reagents such as DDQ/H+ and (CF3COO)2IIIIC6H5 (PIFA)/BF3.OEt2 have recently been employed 

in the Scholl reaction of small oligophenylene precursors. These organic reagents provide some 

advantages over the traditional transition metal reagents, a large excess of organic reagent is generally not 

required, and in the case where DDQ is employed as the organic oxidant DDQ-H2 can be recovered at the 

end of the reaction and recycled back into DDQ. 

 

3.5.1 Oxidative cyclodehydrogenation using DDQ/H+ 

DDQ was first employed as an oxidant for the Scholl reaction with CH3SO3H as the strong acid by Zhai et 

al. in 2009.42 Along with the formation of a range of substituted triphenylenes from the corresponding o-

terphenyls, a hexaphenylbenzene derivative, 3.39, in the presence of DDQ/H+ underwent the Scholl 

reaction to form six new carbon-carbon bonds, giving the corresponding HBC derivative, 3.40, shown in 

scheme 3.9. 

 

Using DDQ/CH3SO3H as an oxidant/catalyst system for the cyclodehydrogenation of the already 

synthesised N-substituted pyrroles 3.5 – 3.10 was appealing as a different reagent for the Scholl reaction 

may be more reactive towards the highly substituted pyrrole system. DDQ in the presence of a strong acid 

is known to produce the corresponding radical cation of the aromatic precursor,43 and it follows that using 

these conditions to carry out the Scholl reaction the proposed radical cation mechanism should apply. 

 

 

 

 

 

 

 

 

 

Scheme 3.9. Oxidative cyclodrehydrogenation of a hexaphenylbenzene precursor using DDQ/CH3SO3H 

as the catalyst/oxidant system.42 

DDQ,CH3SO3H
DCM

 
3.39 3.40 
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Both 3.6 and 3.9 were subjected to oxidative cyclodehydrogenation using the conditions as described by 

Zhai et al.42 At 0 ˚C the dichloromethane solution of N-substituted-2,3,4,5-tetra(4-methylphenyl)pyrrole 

precursor was treated with acid, then DDQ added and the reaction was monitored with TLC. In each case 

the reaction was quenched after 24 hours with a solution of saturated sodium bicarbonate. Purification by 

column chromatography afforded 3.28 and 3.16 in low yield from the corresponding precursor. The 1H-

NMR spectrum and mass spectrum matched the previously obtained data for 3.28 and 3.16. 

 

The formation of only one bond from the oxidative cyclodehydrogenation reaction with DDQ/CH3SO3H 

indicates that N-substituted-2,3,4,5-tetraaryl precursors are not more reactive towards 

cyclodehydrogenation with this particular reagent system. Although the formation of only one bond is 

frustrating, it perhaps indicates that this particular system is not able to form more carbon-carbon bonds to 

introduce a significant amount of strain into the molecule without harsher reaction conditions. 

 

3.5.2 Attempts at oxidative cyclodehydrogenation using (CF3COO)2IIIIC6H5 (PIFA)/BF3.OEt2  

Another organic system that has been used for the formation of carbon-carbon bonds between aryl rings is 

(CF3COO)2IIIIC6H5 (PIFA)/BF3.OEt2.44 PIFA also forms radial cations with aromatic compounds so the 

radical cation mechanism for the Scholl reaction should also be the preferred mechanism in this case.  

 

Compound 3.5 was subjected to oxidative cyclodehydrogenation following the standard literature 

conditions.44a Compound 3.5 was dissolved in dichloromethane and cooled to -40 ˚C, after addition of a 

dichloromethane solution of PIFA and BF3.OEt2 the reaction mixture was stirred for four hours. After 

quenching with sodium carbonate and subsequent purification no evidence was found in the 1H-NMR 

spectrum or mass spectrum for any cyclodehydrogenation reactions occuring. 

 

3.6 Attempted synthesis of backbone fused NH-2,3,4,5-tetraarylpyrrole 

None of the N-substituted-2,3,4,5-tetraarylpyrrole compounds synthesised and subjected to oxidative 

cyclodehydrogenation have formed a carbon-carbon bond between the aryl rings in the 3- and 4-position 

of the pyrrole ring. As mentioned in section 3.4.2 a tetraarylphosphole compound has been recently 

synthesised,38 with a carbon-carbon bond formed between the 3- and 4-position already installed. The 

resulting compound was able to undergo photocyclisation, whereby two carbon-carbon bonds were 

formed between the aryl rings in the 2- and 3-position and the 4- and 5-position of the phosphole. The 

resulting compound has all three possible carbon-carbon bonds formed between the ortho carbon atoms in 

adjoining aryl rings. 
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To circumvent the need to form the carbon-carbon bond between the aryl rings in the 3- and 4-position 

through cyclodehydrogenation reactions, a precursor pyrrole compound, 3.41, was envisaged where the 

carbon-carbon bond between the phenyl rings in the 3- and 4-position was already preinstalled. The 

retrosynthetic analysis to 3.41, shown in figure 3.23, requires the formation of a diketone, 3.43, for Paal – 

Knorr condensation with an ammonium salt. The NH-tetraphenyl pyrrole, 3.42, formed from the 

condensation will then be able to undergo substitution at the nitrogen atom with ethyl or benzyl bromide 

to form the desired compounds, using the conditions described above in section 3.2.3. The synthesis of 

compound 3.43 has already been described by Dennis et al.45 employing a Knoevenagel condensation of 

1,3-diphenylacetone and phenanthrenequinone, to form 3.44, followed by photooxidative ring opening 

forming the required diketone 3.43. The synthesis of 3.43 was competed following the method of Dennis 

et al. from 1,3-diphenylacetone and phenanthrenequinone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. Retrosynthetic analysis for the formation of compound 3.41. 

 

The Paal – Knorr condensation of 3.43 to form 3.42 proved to be much more difficult. Initial attempts at 

the condensation of the diketone with ammonium acetate were not successful, and it appeared from mass 

spectroscopy that only one condensation reaction was occurring no matter the length of time the reaction 

was run for, or the excess of ammonium acetate added. Presumably, the imine formed from only one 

condensation is unable to react any further with the other carbonyl, due to the localised double bond 

present. To drive the reaction forward to the formation of the desired NH-pyrrole, 3.42, a reductive 

amination was employed, by addition of an excess of zinc dust to the reaction mixture. Pleasingly the 

addition of zinc has an immediate effect on the reaction, with an additional spot appearing on the TLC. 
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After another 24 hours TLC indicates that the undesired mono condensation product is still present and 

another excess of zinc dust was added. After 24 hours the TLC shows no change and the reaction was 

quenched and purified using column chromatography. The resulting compound was isolated in low yields 

(20%), but identification of this compound proved difficult. The 1H-NMR spectrum of the isolated 

compound was different to that of the single condensation product, with the aromatic protons shifted 

downfield, presumably due the formation of the desired aromatic pyrrole core deshielding the protons. 

Mass spectrometry did not indicate that any of the desired 3.42 was present, and the low yields prevented 

further analysis. 

 

Crystals of the isolated compound were grown by the slow evaporation of a dichloromethane solution. 

The compound crystallises in the orthorhombic space group Pbca with one molecule of 3.42 present in 

the asymmetric unit, as shown in figure 3.24. The 1H-NMR spectrum of these crystals matched the 1H-

NMR spectrum of the isolated material, and pleasingly the X-ray structure confirms that compound 3.42 

has been formed. The preinstalled carbon-carbon bond between the ortho carbon atoms of the phenyl 

rings in the 3- and 4-positions has served to almost planarise these phenyl rings. The phenyl rings in the 

3- and 4- positions deviate only slightly away from the plane of the pyrrole ring (6.6(1)˚ and 11.4(1)˚), 

while the phenyl rings in the 2- and 5- position of the pyrrole ring are twisted at much larger angles 

(56.1(1)˚ and 42.9(1)˚), as expected. The distance between the carbon atoms that are expected to form a 

carbon-carbon bond using oxidative cyclodehydrogenation or photocyclisation are 3.308(1) Å and 

3.313(1) Å apart, comparable to those seen in the X-ray crystal structures of the precursor 2,3-

diarylindoles in Chapter 2, ~ 3.2 Å. 

 

 

 

 

 

 

Figure 3.24. Asymmetric unit of 3.42, hydrogen atoms have been removed for clarity. 

 

The crystal packing of 3.42 is dominated by the formation of complementary NH–π (N…C = 3.653(1) Å) 

interactions, as shown in figure 3.25, and edge-to-face π – π interactions (C–plane distance = 3.519(1) Å) 

between the pyrrole NH nitrogen and the phenyl rings in the 2- and 5-position in adjacent molecules. The 

pyrrole ring and the fused backbone of a neighbouring compound also participate in face-to-face π – π 

interactions (centroid…centroid distance = 3.757(1) Å), and the fused backbone also participates in edge-
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to-face π – π interactions with an unfused aryl ring in a different neighbouring compound (C…centroid 

distance = 3.602(1) Å). 

 

 

 

 

 

 

 

 

 

 

Figure 3.25. Complementary NH … π and edge-to-face π – π interactions between molecules of 3.42. 

 

With a small amount of 3.42 in hand, substitution of the nitrogen atom with an ethyl group, using ethyl 

bromide as the electrophilic reactant, was attempted. Unfortunately, after following the conditions 

outlined in 3.2.3, no desired N-ethyl substituted 3.41 was able to be isolated from the reaction mixture. 
1H-NMR spectroscopy and mass spectroscopy did not provide any evidence for the formation of N-ethyl 

substituted 3.41. With the low yielding synthesis of 3.42 making it difficult to synthesise larger quantities 

of the precursor the synthesis of 3.41 was abandoned. 

 

3.7 Optical properties 

Emission and excitation spectra were measured for each 2,3,4,5-tetraarylpyrrole compound prepared 3.1, 

3.3 – 3.10, and the corresponding N-substituted-2,3-diaryl-dibenzo[e,g]indole compound, prepared by 

oxidative cyclodehydrogenation or photocyclisation, 3.15 – 3.17 and 3.27 – 3.29. For the same reasons as 

described in Chapter 2, a difference in the absorption and emission spectra between the precursor 

compounds and partially fused products is expected. Although the partially fused compounds 3.15 – 3.17 

and 3.27 – 3.29 will not be as rigid as the products discussed in Chapter 2, they should still be more rigid 

than their precursor compounds 3.5 – 3.10, allowing for some fine structure and vibronic coupling to be 

observed. The increase in π-conjugation by partial fusion of the precursors should also allow for a 

bathochromic shift to be observed in the partially fused compounds 3.15 – 3.17 and 3.27 – 3.29. 

 

Figure 3.26a shows the absorption spectra of the NH-2,3,4,5-tetraarylpyrroles, 3.1, 3.3 and 3.4, figure 

3.26b shows the absorption spectra of the N-substituted-2,3,4,5-tetrarylpyrroles, 3.5 – 3.10, figure 3.26c 
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shows the absorption spectra of the corresponding N-substituted-2,3-diaryl-dibenzo[e,g]indoles, 3.15 – 

3.17 and 3.27 – 3.29 and figure 3.26d shows the absorption spectra of the 3-benzyl-2,3-diaryl-

dibenzo[e,g]indoles, 3.36 – 3.38. The shape of the absorption spectra remain consistent for each type of 

compound and the spectra are not affected by peripheral substitution of the aryl rings or substitution on 

the nitrogen atom. The substitution on the peripheral aryl rings are only weakly electron donating (methyl 

and tertbutyl).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 UV/visible spectra of (a) 3.1, 3.3, 3.4, (b) 3.5 – 3.10, (c) 3.15 – 3.17, 3.27 – 3.29, (d) 3.36 – 

3.38, all spectra were measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1, R 

= H, Me, tBu, R’ = Et, Bn. 

 

As discussed in Chapter 2, the formation of a carbon-carbon bond increasing the π-conjugation results in 

a red shift of the λmax in the absorption spectra. This is observed for the N-substituted-2,3-diaryl-

dibenzo[e,g]indoles compared to their N-substituted-2,3,4,5-tetraarylpyrrole precursors, with a redshift in 

λmax of ~ 2000 cm-1. The λmax of the N-substituted-2,3,4,5-tetraarylpyrroles is ~255 nm and the λmax of the 

N-substituted-2,3-diaryl-dibenzo[e,g]indoles is ~ 270 nm. The 3-benzyl-2,3-diaryl-dibenzo[e,g]indoles, 

λmax ~ 260 nm, are not as redshifted as the N-substituted-2,3-diaryl-dibenzo[e,g]indoles (only ~ 1200    

cm-1) compared to their precursor N-benzyl-2,3,4,5-tetraarylpyrroles as the pyrrole ring has lost its 

aromaticity, but two aryl rings have been joined by a carbon-carbon bond. The increase in π-conjugation 
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of the N-substituted-2,3-diaryl-dibenzo[e,g]indoles also results in a significantly larger ε compared to the 

N-substituted-2,3,4,5-tetraarylpyrroles. 

 

The broad absorption of the precursor compounds 3.1, 3.3 – 3.10 is a result of the flexibility of these 

compounds. Fine structure and some vibronic coupling can be seen in the absorption spectra of the 

cyclodehydrogenated and photocyclised compounds, 3.15 – 3.17, 3.27 – 3.29 and 3.36 – 3.38, as a result 

of some rigidity being introduced to the system through the formation of a carbon-carbon bond. These N-

substituted-2,3-diaryl-dibenzo[e,g]indole compounds are more flexible than the cyclodehydrogenated and 

photocyclised compounds in presented Chapter 2 due to the presence of uncyclised peripheral aryl rings, 

and the fine structure and vibronic coupling is not as pronounced. The 3-benzyl-2,3-diaryl-

dibenzo[e,g]indoles have the most fine structure and vibronic coupling in this series of compounds, with a 

complicated absorption profile. 

 

Figure 3.27 shows the normalised absorption and emission spectra for the precursor 2,3,4,5-

tetraarylpyrroles, figure 3.27a shows the NH-2,3,4,5-tetraarylpyrroles, 3.1, 3.3 and 3.4, figure 3.27b 

shows the N-ethyl-2,3,4,5-tetraarylpyrroles, 3.5 – 3.7, and figure 3.27c shows the N-benzyl-2,3,4,5-

tetraarylpyrroles, 3.8 – 3.10. There is no fine structure in the emission of these precursor compounds due 

to the flexibility of the compounds. All precursor compounds have a broad emission spectrum with λmax ~ 

392 nm. There is a slight redshift in the emission spectra for the N-benzyl-2,3,4,5-tetraarylpyrroles, 3.8 – 

3.10, due to the peripheral aryl methyl and tertbutyl substitution (257 cm-1 and 447 cm-1, respectively). 
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Figure 3.27 UV/visible and photoluminescence spectra of (a) 3.1, 3.3, 3.4, (b) 3.5 – 3.7, (c) 3.8 – 3.10, all 

measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1, R = H, Me, tBu. 

 

Figure 3.28 shows the normalised absorption and emission spectra for the cyclodehydrogenated and 

photocyclised partially fused compounds, figure 3.28a shows the N-ethyl-2,3-diaryl-dibenzo[e,g]indoles, 

3.27 – 3.29, figure 3.28b shows the N-benzyl-2,3-diaryl-dibenzo[e,g]indoles, 3.15 – 3.17, figure 3.28c 

shows the 3-benzyl-2,3-diaryl-dibenzo[e,g]indoles, 3.36 – 3.38. Again the increase in rigidity from the 

formation of a carbon-carbon bond allows for some fine structure and vibronic coupling to be seen in both 

the absorption and emission spectra of the N-substituted-2,3-diaryl-dibenzo[e,g]indoles. Vibronic 

coupling is seen in the emission spectra of the N-substituted-2,3-diaryl-dibenzo[e,g]indoles with 

peripheral aryl substitution, 3.28, 3.29, 3.16 and 3.17. The weak electron donating ability of the peripheral 

methyl and tertbutyl groups red shifts the emission spectra (~ 600 cm-1 and 350 cm-1, respectively) of the 

N-substituted-2,3-diaryl-dibenzo[e,g]indoles. The λmax of the emission spectra of the N-substituted-2,3-

diphenyl-dibenzo[e,g]indoles, 3.27 and 3.15, is almost the same as the precursor compounds λmax = 394 

nm. The emission spectra of the 3-benzyl-2,3-diaryl-dibenzo[e,g]indoles show some vibronic coupling, 

but the fine structure is much more pronounced in the UV/visible spectra. The emission of the 3-benzyl-

2,3-diaryl-dibenzo[e,g]indoles is significantly red shifted (~ 3500 cm-1) compared to that of the precursor 
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N-benzyl-2,3,4,5-tetraarylpyrrole compounds, λmax of 3.36, 3.37 and 3.38 are 453 nm, 463 nm, and 461 

nm respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28 UV/visible and photoluminescence spectra of (a) 3.27 – 3.29, (b) 3.15 – 3.17, (c) 3.36 – 3.38, 

all measured in dichloromethane at room temperature, concentrations ~ 10-6 mol.L-1, R = H, Me, tBu. 

 

Table 3.2 summarises the main features of the absorption and emission spectra of the 2,3,4,5-

tetraarylpyrroles, 3.1, 3.3 – 3.10, shown in figures 3.26a, 3.26b and 3.27. Table 3.3 summarises the main 

features of the absortion and emission spectra of the partially fused compounds, 3.15 – 3.17, 3.27 – 3.29 

and 3.36 – 3.38, shown in figures 3.26c, 3.26d and 3.28. 
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 absorption fluorescence  absorption fluorescence 

λmax (nm) ε (L.mol-1cm-1) λmax (nm) λmax (nm) ε (L.mol-1cm-1) λmax (nm) 

3.1 239, 262, 

313 

20939, 20731, 

23806 

392 3.3 238, 262, 

309 

14879, 15138, 

16400 

394 

3.4 236, 265, 

316 

18524, 17423, 

20350 

392     

3.5 253,285 20831, 13475 390 3.6 256, 289 22312, 14988 392 

3.7 255, 287 24323, 17437 393     

3.8 251, 291 27416, 16018 392 3.9 253, 284 25573, 16291 396 

3.10 253, 289 26405, 17660 399     

Table 3.2 Summary of the absorption and fluorescence maxima of 3.1, 3.3 – 3.10. 

 

 absorption fluorescence  absorption fluorescence 

λmax (nm) ε (L.mol-1cm-1) λmax (nm) λmax (nm) ε (L.mol-1cm-1) λmax (nm) 

3.27 267, 296, 

319, 365 

65681, 28569, 

16423, 2655 

394 3.28 268, 301, 

323, 374 

61052, 27660, 

14852, 3140 

394, 405 

3.29 269, 298, 

324, 371 

64653, 30069, 

16262, 3291 

390, 400     

3.15 267, 294, 

318, 365 

62766, 28055, 

17661, 3071 

394 3.16 269, 299, 

322, 373 

64982, 30645, 

17828, 3551 

393, 403 

3.17 269, 296, 

323, 369 

62144, 29750, 

17470, 3472 

389, 399     

3.36 258, 291, 

301, 364 

40432, 23671, 

17474, 13590 

453 3.37 262, 281, 

294, 306, 

375 

30986, 24451, 

19158, 13655, 

9741 

463 

3.38 262, 279, 

295, 307, 

375 

43251, 34494, 

28320, 19733, 

15564 

461     

Table 3.3. Summary of the absorption and fluorescence maxima of 3.27 – 3.29, 3.15 – 3.17 and           

3.36 – 3.38 . 

 

Shown in figure 3.29a are the normalised absorption and emission spectra of NH-2,3,4,5-tetra(4-

methylphenyl)pyrrole, 3.3, and the N-substituted-2,3,4,5-tetra(4-methylphenyl)pyrroles, 3.6 and 3.9. 

Figure 3.29b shows the N-substituted-2,3,4,5-tetra(4-methylphenyl)pyrroles, 3.6 and 3.9, along with the 
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corresponding partially fused N-substituted-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indoles, 

3.28 and 3.16, and figure 3.29c shows the precursor N-benzyl-2,3,4,5-tetra(4-methylphenyl)pyrrole, 3.19, 

along with the two different partially fused compounds obtained through cyclodehydrogenation and 

photocyclisation respectively, 3.16 and 3.37. These figures illustrate the differences in both the absorption 

and emission spectra when the aromatic system is changed, either by cyclodehydrogenation or 

photocyclisation, and the absorption and emission spectra are also changed when the nitrogen atom on the 

pyrrole ring is substituted from a hydrogen atom to an ethyl or benzyl group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29 UV/visible and photoluminescence spectra of (a) 3.3, 3.6 and 3.9 (b) 3.6, 3.9, 3.26 and 3.19 

(c) 3.9, 3.16 and 3.37, all measured in dichloromethane at room temperature, concentrations ~ 10-6    

mol.L-1. 

 

3.8 Summary 

The synthesis and characterisation of four new N-substituted-2,3,4,5-tetraarylpyrrole compounds has been 

carried out along with the synthesis of their corresponding, previously unknown, precursor NH-2,3,4,5-

tetraarylpyrrole compounds. Along with two already known N-substituted-2,3,4,5-tetraarylpyrrole 

compounds a family of model compounds with more than one position for the formation of carbon-carbon 

bonds through oxidative cyclodehydrogenation and photocyclisation were investigated. When subjected 

  

 

(c) 

(b) (a) 
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to oxidative cyclodehydrogenation with FeCl3, the N-benzyl-2,3,4,5-tetraarylpyrrole compounds formed 

only one carbon-carbon bond resulting in the corresponding N-benzyl-2,3-diaryl-dibenzo[e,g]indole 

compounds in low yields. The carbon-carbon bond forms between the peripheral aryl rings in the 2- and 

3-position of the pyrrole ring in each case. Cyclodehydrogenation of the N-ethyl-2,3,4,5-tetraarylpyrrole 

compounds was also attempted. In all cases multiple products were formed as judged by 1H-NMR 

spectroscopy and in only one case could a product be isolated, in low yield. The isolated compound, 

3,6,12,15-tetrachloro-9-ethyl-tetrabenzo[a,c,g,i]carbazole, has formed two carbon-carbon bonds and 

undergone chlorination of all four phenyl rings. The carbon-carbon bonds formed impart significant 

twisting onto the tetrabenzo[a,c,g,i]carbazole core. 

 

Photocyclisation of the N-substituted-2,3,4,5-tetraphenylpyrrole compounds was also carried out, with the 

photocyclisation of N-ethyl-2,3,4,5-tetraphenylpyrroles forming the corresponding N-ethyl-2,3-diaryl-

dibenzo[e,g]indole compounds in good yields, completing the family of N-substituted-2,3-diaryl-

dibenzo[e,g]indoles that were prepared by oxidative cyclodehydrogenation. The N-benzyl-2,3,4,5-

tetraarylpyrroles, also underwent photocyclisation, forming multiple products, with one, 3-benzyl-2,3-

diaryl-dibenzo[e,g]indoles, isolated in low yields. The isolated compounds have formed one carbon-

carbon bond but the benzyl group has also undergone a 1,3-photochemical shift, destroying the 

aromaticity of the pyrrole core. The N-ethyl-2,3-diaryl-dibenzo[e,g]indoles prepared through 

photocyclisation were subjected to further photocyclisation and oxidative cyclodehydrogenation without 

success. The optical properties of the N-substituted-2,3-diaryl-dibenzo[e,g]indoles, 3-benzyl-2,3-diaryl-

dibenzo[e,g]indoles and their precursors were measured with the formation of a carbon-carbon bond 

allowing for the fine structure and vibronic coupling to be observed in these compounds. The 3-benzyl-

2,3-diphenyl-dibenzo[e,g]indole compounds have complicated UV/vis spectra. 

 

Attempts were also made at the synthesis of a tetraphenylpyrrole compound with the carbon-carbon bond 

between the phenyl rings in the 3- and 4-position preinstalled. Low yields prevented the synthesis of this 

desired compound. 
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Chapter Four: 
 
 

Pentaarylpyrrole compounds 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

142 
 



4.1 Introduction 

The π-excessive, five-membered heterocyclic ring, pyrrole can be considered as an electronic replacement 

for benzene as it has six π electrons. By replacing the benzene core of the hexaphenylbenzene precursor to 

HBC with a pyrrole ring the resulting pentaphenylpyrrole precursor, 4.1, should undergo oxidative 

cyclodehydrogenation forming five new carbon-carbon bonds between the peripheral phenyl rings. The 

formation of five new carbon-carbon bonds should result in the formation of a compound, 4.2, with 

corannulene-like curvature induced by the central five-membered ring and the incorporation of a 

heteroatom into the core of a PAH, as shown in figure 4.1. Incorporation of a heteroatom into the core of 

a HBC derivative, coupled with the expected curvature from the five membered ring, should confer new 

and interesting chemical and physical properties onto this molecule. 

 

 

 

 

 

 

Figure 4.1 Envisaged oxidative cyclodehydrogenation of 4.1 to form 4.2. 

 

The synthesis of precursor 4.1, a sterically hindered pentaaryl substituted pyrrole, poses a significant 

synthetic challenge. Up until 2010 there existed only few routes to synthesise pentaphenylpyrrole. These 

routes do not easily allow controlled variability in the peripheral aryl groups of the molecule, and most 

reactions reported to form pentaphenylpyrrole were low yielding.1 More recently transition metal 

catalysed reactions have played an important role in the synthesis of sterically encumbered heterocyclic 

derivatives. The steric hindrance required for the placement of five phenyl rings around the pyrrole core 

leads to the failure of reactions that are known to form less sterically hindered pyrroles. In 2004 Rao et 

al.2 attempted the formation of pentaphenylpyrrole by a microwave reaction of 1,2,3,4-

tetraphenylbutenedione and anilinium formate catalysed by Pd/C. This strategy was used successfully to 

prepare various tri- and tetra-phenylpyrrole derivatives using the appropriate precursor, but the formation 

of pentaphenylpyrrole failed. The authors do observe reduction of the double bond of the 1,2,3,4-

tetraphenylbutenedione, and formation of the expected imine, but the required cyclisation did not occur. 

Steric factors preventing the cyclisation reaction are cited by the authors for the lack of formation of the 

desired pentaphenylpyrrole.  

 

NN

 

Oxidative 
cyclodehydrogenation 

4.1 4.2 
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In 2010, Feng et al. reported a Suzuki coupling route to pentaarylpyrrole, discussed in section 4.4 below. 

Following this Chen et al.3 reported in late 2012 another metal catalysed route for the synthesis of a range 

of pentaarylpyrrole compounds. The route to these compounds followed a PdCl2 and CuCl2 catalysed 

reaction between diarylacetylenes and aniline derivatives, with variability in the peripheral aryl groups 

able to be introduced through both reaction components. Electron donating substituents in the para 

position decreased the yield of the formation of the pentaarylpyrroles.3 In this study the incorporation of 

electron donating substituents is desirable, as the electron donating nature can activate the precursor 

molecules towards cyclodehydrogenation. 

 

Computational studies on the expected cyclodehydrogenated product from the reaction, 4.2, along with a 

range of other curved heteroatom containing conjugated molecules, was carried out in 2010.4 These 

calculations indicate that 4.2 should indeed display curvature induced by the five membered pyrrole ring. 

Importantly, these calculations also indicated that 4.2 should be stable when synthesised, indicated by a 

range of parameters all indicating higher stability than C222, the largest graphite sheet synthesised using 

oxidative cyclodehydrogenation. The stability of the heteroatom containing conjugated molecules studied 

is attributed to the all benzenoid nature of the compounds, with the π electrons able to be assigned 

completely into Clar sextets in each case, including that of 4.2. 

 

4.2 Attempted synthesis of pentaaryl pyrroles using a Paal – Knorr approach 

4.2.1 Synthesis of required 1,2,3,4-tetraaryl-1,4-butadiones, 4.3 – 4.5 

There are a wide range of methods for the synthesis of multiply substituted pyrroles. Ideally, a route 

towards pentaaryl substituted pyrrole derivatives was required that allowed for the synthesis of a family 

of compounds where the 4-position of the peripheral aryl groups could be easily modified. The simplest 

route to the pentaaryl substituted pyrroles, keeping in mind these conditions, appeared to be the synthesis 

of 1,2,3,4,5-tetraaryl-1,4-butadiones and subsequent Pall – Knorr condensation with aniline derivatives to 

form the desired pyrrole. The steric congestion around the pyrrole core will be quite large and could 

potentially inhibit the cyclisation. Pall – Knorr condensation reactions with aniline and substituted 

butadiones are well known.5,6 

 

Another appeal of using the Pall – Knorr condensation reaction to form pentaaryl substituted compounds 

is the relative ease of synthesis of the appropriate precursors. Aniline, 4.9, and 4-anisidine, 4.10, are 

commercially available, with 4-tertbutylaniline, 4.11, synthesised in two steps in high yields from 

tertbutyl benzene.7 The required 1,2,3,4,-tetraaryl-1,4-butadiones can be synthesised from the oxidative 

dimerisation of two deoxybenzoin molecules.8 With the appropriate benzoin molecules in hand from the 
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synthesis of 2,3-diarylindoles and 2,3,4,5-tetraarylpyrroles in Chapters 2 and 3 respectively, the benzoin 

molecules could be reduced to the required deoxybenzoins,9 allowing for the synthesis of the 1,2,3,4-

tetraaryl-1,4-butadiones, 4.3, 4.4 and 4.5 in two steps, as shown in Scheme 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1. Attempted synthesis of pentaarylpyrroles using the Pall – Knorr condensation between 

1,2,3,4-tetraaryl-1,4-butadiones and aniline derivatives.8,9 

 

Following the method of Carter et al.9 benzoin, 4.6a, anisoin, 4.7b, and 4,4’-ditertbutylbenzoin, 4.8a, 

were reduced with tin chloride to form the corresponding deoxybenzoin compounds, 4.6,10 4.7,9 and 4.8,11 

all of which have been previously synthesised. The deoxybenzoins were then subjected to the oxidative 

dimerisation conditions described by Kuo et al.8 The synthesis of 4.4 has already been described in 

Chapter 3, and the oxidative dimerisation of 4.3 and 4.5 proceed in reasonable yields (~ 65%). 

Compounds 4.38 and 4.412 have been previously reported while 4.5 is unknown. 

 

4.2.2 Attempts at Paal – Knorr condensation with 1,2,3,4-tetraaryl-1,4-butadiones, 4.3 – 4.5 and aniline 

With compounds 4.3 – 4.5 in hand the Pall – Knorr condensation with aniline, and aniline derivatives, 

could be carried out. Initially, the Pall – Knorr condensation was attempted with 4.3 and aniline, 4.9, in 

refluxing acetic acid. After two hours a white solid precipitated from the reaction mixture, which was 

filtered and isolated. Unfortunately the 1H-NMR spectrum matched the literature 1H-NMR spectrum for 

2,3,4,5-tetraphenylfuran, 4.14, shown in figure 4.2, rather than the desired 1,2,3,4,5-pentaphenylpyrrole, 
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4.1. The steric hindrance of incorporating aniline to form the desired pyrrole compound has not been 

overcome and instead intramolecular condensation of 4.3 has occurred. 

 

 

 

 

 

 

Figure 4.2. 2,3,4,5-tetraarylfurans formed by the intramolecular cyclisation of 4.3 – 4.5 respectively. 

 

Compound 4.14 has been previously synthesised by many groups, using a variety of methods, including 

from the dione 4.3.13 A X-ray crystal structure of 4.14 has not been reported, and the slow evaporation of 

a dichloromethane solution of 4.14 gave crystals suitable for X-ray crystallography. The X-ray crystal 

structure was solved in the monoclinic space group C2/c, with one molecule of 4.14 present in the 

asymmetric unit, as shown in figure 4.3. As expected the phenyl rings adopt a propeller confirmation 

around the periphery of the furan ring, with the phenyl rings twisted at 19.9(1)˚, 34.0(1)˚, 42.8(1)˚ and 

62.5(1)˚ out of the plane of the furan core. The crystal packing of 4.14 is dominated by edge-to-face π – π 

interactions. 

 

 

 

 

 

 

 

 

 

Figure 4.3. Asymmetric unit of 4.14, hydrogen atoms have been removed for clarity. 

 

The Paal – Knorr reaction was also carried out between the two remaining butadiones, 4.4 and 4.5, with 

aniline, 4.9. In each case, the same conditions as described above were used. The corresponding furans, 

4.15 and 4.16, were isolated in ~ 80% yield, and both have previously been reported in the literature.14 A 

crystal of 4.15 was grown from the slow evaporation of a dichloromethane solution. The X-ray crystal 

structure was solved in the triclinic space group P-1, and two molecules of 4.15 were present in the 
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asymmetric unit. One peripheral methoxy group, of the methoxyphenyl in the 2-position of the furan ring, 

in one molecule, is disordered over two positions. One position is occupied 60% of the time, the other 

40%. The only other difference in the two molecules present in the asymmetric unit is the twisting of the 

4-methoxyphenyl rings around the furan ring, in one molecule the phenyl rings are twisted at angles 

2.7(1)˚, 20.5(1)˚, 68.9(1)˚ and 97.1(1)˚of out of the plane of the furan core, while the molecule with 

methoxy disorder the phenyl rings are twisted out of the plane of the furan core by 4.0(1)˚, 4.1(1)˚, 

63.4(1)˚ and 75.4(1)˚. In each molecule the 4-methoxyphenyl rings in the 2- and 5-position are almost 

coplanar with the furan core. One molecule of 4.15 is shown in figure 4.4. The crystal structure packing is 

dominated by hydrogen bonding between the methoxy oxygen atom and the hydrogen atoms of the 4-

methoxyphenyl rings, along with edge-to-face π – π interactions between the 4-methoxyphenyl rings and 

the furan ring. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 One molecule present in the asymmetric unit of 4.15, hydrogen atoms have been removed for 

clarity, and methoxy disorder is not shown. 

 

To try and drive the 1,2,3,4-tetraaryl-1,4-butadiones, 4.3 – 4.5, towards an intermolecular Pall – Knorr 

condensation to form the desired pentaarylpyrroles, 4.1, 4.12 and 4.13, rather than a intramolecular 

condensation forming the 2,3,4,5-tetraarylfurans, 4.13 – 4.15, a range of different conditions for the 

condensation were trialled using dione 4.3 and aniline, 4.9. The amount of aniline, the acid used (HCl or 

AcOH), the time (2 – 48 hours) and the pressure the reaction was carried out under were all varied, but in 

all cases these modifications to the reaction conditions were unsuccessful, and only furan 4.14 was 

isolated.  
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4.2.3 Attempts at oxidative cyclodehydrogenation of 2,3,4,5-tetraarylfurans, 4.14 – 4.16 

With furans 4.14 – 4.16 in hand, the oxidative cyclodehydrogenation of these precursors was attempted. 

There is no literature precedent for the oxidative cyclodehydrogenation of furans. Although the attempted 

photocyclisation of 4.14 has been carried out,15 no products were able to be isolated from the reaction 

mixture. The oxidative cyclodehydrogenation of the corresponding 2,3,4,5-tetraphenylthiophene has been 

reported using AlCl3 and CuCl2 in CS2.16 Using these conditions the oxidative cyclodehydrogenation of 

4.14 and 4.15 were attempted. In each case the reactions were quenched when the TLC stopped changing 

(three days and five days, respectively) and attempts were made at purification. In both cases multiple 

products were seen on the TLC plate and 1H-NMR spectroscopy confirms this. Unfortunately, 

purification with column chromatography was not successful in isolating any products in either case. The 

oxidative cyclodehydrogenation of 4.14 and 4.15 was also attempted using FeCl3. In each case only 

starting material was recovered. 

 

4.3 Synthesis of pentaarylpyrroles by münchnone formation and subsequent 1,3-dipolar addition of 

diphenylacetylene 

4.3.1 Synthesis of münchnone precursors, 4.18 and 4.21 

Another route towards the formation of pentaarylpyrroles was required due to the formation of 

exclusively 2,3,4,5-tetraphenylfurans when the Paal – Knorr condensation was attempted. When devising 

a new route to the pentaaryl pyrroles, it was important to introduce the phenyl substituted nitrogen atom 

into the synthetic scaffold early on in the synthesis, so that the desired pyrrole ring can form. One method 

of incorporating the phenyl substituted nitrogen into the synthetic scaffold before the bulk of the steric 

hindrance is introduced is to form a münchnone, 4.17 by the cyclodehydration of N-phenyl-N-benzoyl-

phenylglycine, 4.18, as shown in scheme 4.2. 

  

Münchnones are mesoionic compounds,17 a class of compounds whose structure can only be accurately 

represented using polar resonances. The münchnones are named as such for the place of their discovery, 

Münich. The formation of münchnones and their subsequent 1,3-dipolar addition using acetylene 

derivatives to form pyrrole ring has been extensively studied,18 and the regioselectivity of the 1,3-dipolar 

addition when unsymmetrical acetylenes are used has been of particular interest.19  

 

A model system, where the substitution on the nitrogen atom is a methyl group, rather than a phenyl 

group was also prepared to ensure the 1,3-dipolar addition of the diphenyl acetylene to the münchnone 

derivatives occurs as expected to form the desired N-methyl-2,3,4,5-tetraphenylpyrrole, 4.19. The steric 
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hindrance of the 1,3 dipolar addition, bringing four phenyl groups together, should not be affected by the 

substitution on the nitrogen atom. 

 

 

 

 

 

 

 

 

 

Scheme 4.2. Desired synthesis of pentaphenylpyrrole by the dehydration of N-phenyl-N-benzoyl-

phenylglycine, and 1,3-dipolar addition using diphenyl acetylene. 

 

Precursor compounds 4.18 and 4.21 were synthesised in the same manner, following modified literature 

procedures,20 as outlined in scheme 4.3 below. Phenyl acetic acid was protected as an ethyl ester, and then 

brominated. The appropriate amine was substituted and then benzoyl chloride was used to form the amide 

bond. 

 

 

 

 

 

 

 

Scheme 4.3. General procedure for the synthesis of 4.17 and 4.18 following literature procedures from 

phenyl acetic acid.20 

 

4.3.2 1,3-dipolar additions of diphenyl acetylenes with münchone precursors, 4.18 and 4.21, and 

münchnones, 4.17 and 4.20 

With 4.18 and 4.21 in hand the preparation of the targeted münchnones could be carried out. Although 

normally prepared in situ and reacted with acetylenes immediately, münchnones can be isolated and 

subjected to the 1,3-dipolar addition in a separate step, although this often results in lower yields.21 Both 

4.18 and 4.21 were dehydrated with acetic anhydride to form the corresponding münchnones 4.17 and 
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4.20, but the compounds were difficult to purify and decomposed over the course of a few days. 

Compound 4.21 was treated with acetic anhydride to form münchnone 4.20 in situ, followed by the 

addition of diphenyl acetylene for 4.21 to undergo 1,3 dipolar addition. Pleasingly, N-methyl-2,3,4,5-

tetraphenyl pyrrole, 4.19, was formed, as judged by comparison of its 1H-NMR spectrum to a known 

literature 1H-NMR spectrum.22 

 

With the encouraging formation of 4.19, compound 4.18 was subjected to the same conditions for the in 

situ formation of 4.17 and subsequent addition of diphenylacetylene. After purification of the reaction 

mixture the 1H-NMR spectrum matched the spectrum of pentaphenylpyrrole 4.1 published by Feng et 

al.,23 and mass spectrometry also indicated the formation of 4.1. Although the reaction mixture was 

difficult to purify, and the reaction was low yielding (15%), using in situ münchnone formation has been 

successful for the formation of pentaphenylpyrrole. A crystal of 4.1 suitable for X-ray crystallography 

was also obtained, a polymorph of that isolated by Feng et al.23 The crystal structure solves in the 

monoclinic space group P21/n, with one molecule of 4.1 present in the asymmetric unit, shown in figure 

4.5a. The main difference in the crystal structure of 4.1 compared to that obtained by Feng et al, is the 

degree of twisting out of the phenyl rings out of the plane of the central pyrrole ring.23 In the crystal 

isolated by Feng et al. the twist angles are 40.1˚, 48.0˚, 53.2˚, 56.1˚ and 60.1˚, while in the crystal isolated 

here the twist angles are 39.1(1)˚, 49.2(1)˚, 53.3(1)˚, 55.8(1)˚ and 56.8(1)˚.  

 

The slight difference in the twisting of the phenyl rings affects the overall packing motif of the structures. 

The molecules of 4.1 crystallised by Feng et al., pack into molecular columns, with the axis of the column 

perpendicular to the plane of the pyrrole ring, and each molecule is aligned in the same way, with a 

distance between the pyrrole rings of 5.14 Å.23 While the molecules of 4.1 crystallised here also stack into 

columns, each column consists of molecules of 4.1 facing alternate ways, with edge-to-face π – π 

interactions (C – centroid distance = 3.553(1) Å and 3.797(1) Å) between the pyrrole rings and the 

peripheral phenyl rings in the column, as shown in figure 4.5b. 

 

Despite the success of using a münchnone for the synthesis of 4.1, this synthetic scheme does have 

several drawbacks. Firstly, the final step of the reaction proceeds in low yields, and secondly the synthesis 

of N-substituted-N-benzoyl-phenylglycines, 4.18 and 4.21, is five synthetic steps from the starting phenyl 

acetic acid. Around the time the synthesis of 4.1 was completed we became aware of the synthesis of 

pentaphenylpyrrole and other aryl substituted pyrrole derivatives by Feng et al,23 using a Suzuki coupling 

approach of 1,2,5-triphenylpyrrole derivatives. The synthetic strategy towards three new and two known 

pentaarylpyrrole derivatives is outlined below. 
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Figure 4.5. (a) Asymmetric unit of 4.1, (b) edge-to-face π – π interactions between alternating molecules 

of 4.1 in a column, hydrogen atoms have been removed for clarity. 

 

4.4 Synthesis of pentaarylpyrroles using a Suzuki coupling 

As outlined in scheme 4.4, Feng et al., synthesised pentaphenylpyrrole, 4.1, in four steps.23 Phenyl 

acetylene was oxidatively coupled to form bisphenyl butadiyne, which was then reacted with aniline to 

form 1,2,5-triphenylpyrrole, 4.22, catalysed by copper chloride. The 1,2,5-triphenylpyrrole was then 

brominated forming 1,2,5-triphenyl-3,4-dibromopyrrole, 4.23. Compound 4.23 was then subjected to a 

Suzuki coupling reaction with phenyl boronic acid, 4.24, to form desired pentaphenylpyrrole, 4.1. 

 

The synthesis of 3,4-diarylpyrrole derivatives from the Suzuki coupling of arylboronic acids and 3,4-

dibromopyrroles has been previously observed in the literature.24 Additionally, the synthesis of 

pentaphenylpyrrole from the Suzuki coupling of 1,2,5-triphenyl-3,4-dibromopyrrole and phenyl boronic 

acid23 is not the only report of the synthesis of sterically crowded pyrrole derivatives through Suzuki 

coupling with aryl boronic acids.25 2,3,4,5-Tetrabromopyrroles have been used for a four-fold Suzuki 

coupling with a variety of aryl boronic acids, and the regioselectivity of the reaction can be controlled, 

with the 2- and 5-position of the pyrrole ring more reactive than the 3- and 4- positions.25a 

 

The synthesis of the required 1,2,5-triphenylpyrrole, 4.22, was achieved in this case by the Paal – Knorr 

condensation of 1,4-diphenylbutane, 4.25, and aniline, 4.9, rather than the copper chloride catalysed 

reaction of bisphenyl butadiyne and aniline. 1,4-diphenyl-1,4-butanedione, 4.25, was synthesised by the 

reduction of trans-1,4-diphenyl-1,4-butenedione,26 which was prepared by the reaction of benzene and 

fumaryl chloride under Friedel – Crafts conditions.27 With compound 4.22 in hand, bromination 

proceeded in good yields to form 4.23. Phenyl boronic acid, 4.24, was prepared according to the literature 

 

 

(a) (b) 
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procedure.28 Although the purification of 4.24 by washing with hexanes was disrupted due to the February 

2011 earthquake, recrystallisation with water over four months later provided 4.24 for the Suzuki 

coupling reaction with 4.23. Pleasingly, the Suzuki coupling proceeded to form pentaphenylpyrrole, 

although the reaction proceeded in lower yields than those reported (45% compared to 82%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.4. Synthesis of pentaphenyl pyrrole using a Suzuki coupling approach.23 

 

With a route to pentaphenylpyrroles in hand, the peripheral aryl substituents can be systematically varied 

by substitution of the 4-position in the aniline and the phenylboronic acid. Firstly, the synthesis of 4.12 

and 4.13 were targeted by variation of the aniline used in the Paal – Knorr condensation to form the 1,2,5-

tetraarylpyrrole derivative. 4-tertbutylaniline, 4.11 was prepared following literature procedure,7 both 

4.10 and 4.11 underwent the Paal – Knorr condensation in moderate yields (60%) with 4.25, to form 1-(4-

methoxyphenyl)-2,5-diphenylpyrrole, 4.26, and 1-(4-tertbutylphenyl)-2,5-diphenylpyrrole, 4.27, 

respectively, as shown in scheme 4.5. 
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Scheme 4.5. Synthesis of pentaarylpyrroles, following the method of Feng et al.23 

 

With compounds 4.26 and 4.27 in hand the synthesis of pentaarylpyrroles 4.12 and 4.13 could be 

completed following the method of Feng et al. and shown in scheme 4.5. Bromination of 4.26 and 4.27 

formed 1-(4-methoxyphenyl)-2,5-diphenyl-3,4-dibromopyrrole, 4.28 (71%) and 1-(4-tertbutylphenyl)-

2,5-diphenyl-3,4-dibromopyrrole, 4.29 (79%), respectively. The Suzuki coupling reaction to form the 

desired pentaarylpyrroles 4.12 and 4.13 proceeded in low yields (33% and 26%). Compounds 4.27 – 4.29 

and 4.13 have not been previously prepared in the literature, and compound 4.12 was only recently 

reported.3 

 

Another aryl boronic acid, 4-methoxyphenyl boronic acid, 4.30, was also prepared following a literature 

procedure,29 and used in the Suzuki coupling reaction with 4.23 and 4.28 to form 1,2,5-triphenyl-3,4-di(4-

methoxyphenyl)pyrrole, 4.31 and 1,3,4-tri(4-methoxyphenyl)-2,5-diphenylpyrrole, 4.32, in moderate 

yields (26% and 25%). Again these compounds have not been previously prepared in the literature.  

 

A crystal of 4.32 suitable for X-ray crystallography was obtained by the slow diffusion of methanol into a 

benzene solution of 4.32. The structure solved in the triclinic space group P-1, with one molecule of 4.32 

present in the asymmetric unit, as shown in figure 4.6a. As observed in the crystal structure of 

pentaphenylpyrrole, 4.1, the peripheral phenyl and 4-methoxyphenyl groups are twisted out of the plane 

of the central pyrrole core in this case at angles of 40.8(1)˚, 41.9(1)˚, 57.0(1)˚, 60.8(1)˚ and 68.3(1)˚ 
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(compared with the twist angles of 4.1: 39.1(1)˚, 49.2(1)˚, 53.3(1)˚, 55.8(1)˚ and 56.8(1)˚). The peripheral 

4-methoxyphenyl group in the 3-position of the pyrrole ring forms a hydrogen bond from the oxygen of 

the methoxy group to a hydrogen atom of the phenyl ring on the 4-methoxyphenyl group in the 1-position 

of the pyrrole ring of a neighbouring molecule (C…O = 3.344(2) Å). The 4-methoxyphenyl group in the 3-

position of this neighbouring molecule forms a reciprocal hydrogen bond back, forming a dimer of 4.32 

molecules, held together by two complementary hydrogen bonds, as shown in figure 4.6b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. (a) Asymmetric unit of 4.32, (b) complementary hydrogen bonding between two molecules of 

4.32, hydrogen atoms have been removed for clarity. 

 

The oxygen atom of the 4-methoxyphenyl group in the 3-position of the pyrrole ring also forms a 

hydrogen bond to a CH3 hydrogen atom, also from the 4-methoxyphenyl group in the 1-position if the 

pyrrole ring, in a different neighbouring group (C…O = 3.478(2) Å). This hydrogen bond is formed 

between neighbouring molecules to form a layer of molecules of 4.32, while the hydrogen bonding 

discussed above, and shown in figure 4.6b, occurs between these layers of molecules, shown in figure 4.7. 

There is also extensive edge-to-face π – π interaction between the peripheral phenyl rings of neighbouring 

4.32 compounds. 

 

 

 

 

 

 

(a) (b) 

154 
 



 

 

 

 

 

 

 

 

 

 

Figure 4.7. Hydrogen bonding within and between layers of 4.30. 

 

4.5 Cyclodehydrogenation and photocyclisation attempts with pentaarylpyrroles 

Despite the limited success of forming carbon-carbon bonds using the Scholl reaction with either FeCl3 or 

AlCl3/oxidant outlined in Chapter 2 and Chapter 3, both of these approaches were trialled for 4.1. Firstly, 

eight equivalents of FeCl3 per carbon-carbon bond to be formed was added as a solid to a 

dichloromethane solution of 4.1, with argon bubbling through the reaction mixture. The reaction was 

monitored with thin layer chromatography and quenched after 24 hours. 1H-NMR spectroscopy of the 

crude reaction mixture is in agreement with thin layer chromatography, showing that a mixture of 

products formed. Encouragingly, the 1H-NMR spectrum shows the downfield shifting of some aromatic 

peaks, consistent with that observed for previous carbon-carbon bond forming reactions described in 

previous chapters. Frustratingly, attempts at purification with column chromatography could not isolate a 

single product from the reaction and a mass spectrum obtained of the mixture displayed peaks for material 

that could not be assigned to the mass to a reasonable cyclodehydrogenation product. Again the isolated 

product mixture suffered from decomposition over the course of 24 hours. 

 

The AlCl3/CuCl2 catalyst system was also trialled for the oxidative cyclodehydrogenation of 4.1. The 

reaction was quenched after six days, after which point thin layer chromatography did not show any 

change. Again a mixture of products formed, as judged by thin layer chromatography and a 1H-NMR 

spectrum of the crude reaction mixture. The integrals of the downfield shifted peaks indicate that the 

formation of carbon-carbon bonds has proceeded in low yields, consistent with that found for the use of 

this catalyst system in the previous chapters. Although purification with column chromatography was 

attempted the different products could not be separated.  
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Photocyclisation of 4.1 was also attempted, using the conditions outlined in Chapter 2.30 After irradiation 

of 5.1 equivalents of I2, 5 mL of propylene oxide and 4.1 overnight, with argon bubbling though the 

solution, the reaction mixture was quenched, I2 was removed by washing with Na2S2O3 and then purified. 

The 1H-NMR spectrum indicates the formation of only one product, and mass spectrometry confirms this. 

The mass corresponds to that of the formation of only one carbon-carbon bond. There are three separate 

positions in which the carbon-carbon bond can form, as shown in figure 4.8. Judging by previous 

products obtained by photocyclisation the carbon-carbon bond is most likely to form in the position 

shown in figure 4.8b, between the peripheral phenyl rings in the 2- and 3-position of the phenyl ring. In 

no cases in Chapter 3 did a carbon-carbon bond form between the peripheral phenyl rings in the 3- and 4-

position, carbon-carbon bonds formed though photocyclisation, and though oxidative 

cyclodehydrogenation, only formed between peripheral phenyl rings in the 2- and 3-position. In the case 

of 1,2,3-triphenylindole presented in Chapter 2, the literature photocyclisation of this compound only 

forms one carbon-carbon bond, between the peripheral phenyl rings in the 2- and 3-position and no 

carbon-carbon bond formation is seen between the phenyl rings in the 1- and 2-position.31 

 

 

 

 

 

 

Figure 4.8. The three possible positions for formation of a carbon-carbon bond of 4.1. 

 

The 1H-NMR spectrum of the product obtained from photocyclisation, is shown in figure 4.9. There are 

three downfield shifted protons, with two protons, both doublets, significantly downfield shifted (8.72 

ppm and 8.68 ppm). The two protons shifted furthest downfield are most likely the protons ortho to the 

carbon-carbon bond formed, as the most downfield shifted protons in the 1H-NMR spectrum of the 

cyclodehydrogenated and photocyclised products formed in Chapter 3 were the protons ortho to the 

carbon-carbon bond formed. Numerous attempts were made at growing a crystal of the product of the 

reaction to be able to determine the absolute position of formation of the carbon-carbon bond, but no 

suitable crystals for X-ray diffraction were grown. The complicated nature of the 1H-NMR spectrum does 

not allow for the absolute position of the carbon-carbon bond formed to be determined, but the product 

can be tentatively assigned that that shown in figure 4.8b. 
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Figure 4.9. 1H-NMR spectrum of the aromatic region of the product isolated from the photocyclisation 

reaction of 4.1. 

 

4.6 Optical properties 

The absorption spectra of each of the five pentaarylpyrroles prepared were measured and are shown in 

figure 4.10. As expected the absorption spectra are similar to that of the N-substituted-2,3,4,5-

tetraarylpyrroles measured in Chapter 3, as the only difference is the substitution on the nitrogen atom. 

There are two main absorption bands at ~ 257 nm and ~ 296 nm compared to ~ 253 nm and ~ 288 nm for 

the N-substituted-2,3,4,5-tetraarylpyrroles present in Chapter 3. As expected, due to the flexible nature of 

the compounds, the absorption spectra are broad with no fine structure observed. The two 

pentaarylpyrrole compounds with two and three electron donating 4-methoxyphenyl groups around the 

periphery of the pyrrole core, 4.31 and 4.32, respectively, have a larger εmax than the pyrroles with only 

one 4-methoxyphenyl group, 4.12 or no 4-methoxyphenyl groups, 4.1 and 4.13. Table 4.1 summarises the 

main features of the absorption spectra shown in figure 4.10. 
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Figure 4.10. Absorption spectra of the five prepared pentaarylpyrrole compounds, 4.1, 4.12 and 4.13, 4.31 

and 4.32, R = H, OMe, tBu, R’ = H, OMe. 

 

 absorption  

 

absorption 

λmax (nm) ε (L.mol-1cm-1) λmax (nm) ε (L.mol-1cm-1) 

4.1 258, 293 27935, 17168 4.31 255, 297 32112, 21821 

4.12 258, 296 28545, 17402 4.32 256, 296 32053, 21900 

4.13 259, 294 28678, 16777    

Table 4.1. Summary of the absorption maxima for compounds 4.1, 4.12 and 4.13, 4.31 and 4.32. 

 

4.7 Attempted synthesis of metal coordinating N-substituted-2,3,4,5-tetraarylpyrroles 

The formation of a metal coordinating pentaarylpyrrole derivative was also targeted. In order to follow 

the same synthetic route of Feng et al.23 the synthesis of a 1-(4’-(4-aminophenyl)2.2’:6,2’’-terpyridine)-

2,5-diphenylpyrrole, 4.33, was required as the first step towards the synthesis of a pentaphenylpyrrole 

compound that is able to coordinate to a metal, outlined in scheme 4.6. The synthesis of the key amine 4’-

(4-aminophenyl)-2,2’:6,2’’terpyridine, 4.34, has been reported in the literature.32 The amine functionality 

of compound 4.34 has been exploited to form metal coordinating perylene bisimide ligands,33 and the 

amine functionality has also been condensed with maleic anhydride,32 forming a ligand which was 

coordinated to ruthenium and attached to a native heme protein.34  
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Scheme 4.6. Synthesis of the required tri substituted pyrrole, 4.31, for the synthesis of pentaarylpyrroles 

with the ability to coordinate to metals.23,32 

 

Following literature procedure,32 the synthesis of 4.34 was completed using Krönke’s salt, 2-

acetylpyridine and 4-nitrobenzaldehyde. Encouraged by the successful formation of 1,2,5-

triphenylpyrroles, 4.22, 4.26 and 4.27, from aniline derivatives and 4.25, the synthesis of 4.33 from 4.34 

and 4.25 was attempted using the same conditions. Unfortunately, mass spectroscopy indicates the 

formation of 4’-(4-acetylphenyl)-2,2’:6,2’’terpyridine, and this synthetic scheme was not developed any 

further. 

 

4.8 Summary 

The synthesis of pentaarylpyrrole compounds has been explored through three different synthetic 

strategies. Three 1,2,3,4-tetraaryl-1,4-butadiones were prepared and their condensation with aniline was 

investigated. The resulting intramolecular condensation of the 1,2,3,4-tetraaryl-1,4-butadiones formed 

2,3,4,5-tetraarylfurans. These compounds were investigated for their ability to undergo oxidative 

cyclodehydrogenation, with no success. 

 

N-methyl-2,3,4,5-tetraphenylpyrrole and pentaphenylpyrrole were successfully formed by the in situ 

formation of the appropriate münchnones from their N-substituted-N-benzoyl-phenylglycine compounds 

and subsequent 1,3-dipolar addition of diphenylacetylene. This route formed the desired 

pentaphenylpyrrole in low yields. 

 

Another route to pentaphenylpyrrole derivatives with the opportunity to vary the aryl groups as desired 

was undertaken to form three new pentaarylpyrrole compounds and two known pentaarylpyrrole 

compounds. This key step of this synthetic route utilises the Suzuki coupling of arylboronic acids with 

1,2,5-triaryl-3,4-dibromopyrrole compounds. The N-aryl groups and the aryl groups in the 3- and 4-

position of the pyrrole core were systematically varied, and the optical properties measured. The use of 4-

NH2

N
N N

O

O

N

N
N N
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methoxyphenyl groups increases the εmax of these compounds compared to the pentaphenylpyrrole 

derivative prepared. 

 

Attempts were also made towards the synthesis of a pentaarylpyrrole compound capable of coordinating 

to a metal. The synthesis of 4’-(4-aminophenyl)-2,2’:6,2’’terpyridine was achieved following literature 

procedures, but attempts to form the desired 1,2,5-triarylpyrrole from this terpyridine derivative and 1,4-

diphenyl-1,4-butadione were not successful. 
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Coordination chemistry of backbone 
linked 2,2’-biimidazole compounds 
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5.1 Introduction 

Supramolecular chemistry has been described by Lehn as the ‘designed chemistry of the intermolecular 

bond’.1 This description clearly demonstrates the shift in thoughts of chemists from designing molecules 

through covalent, intramolecular bonds, to designing assemblies of molecules held together by weak, non-

covalent intermolecular forces such as hydrogen bonding, π – π stacking, ionic interactions and van der 

Waals forces. 2,3 Although individually these intramolecular forces are quite weak, when a large number 

are employed the additive nature of these forces allows for the formation of very robust structures.4 The 

weak intramolecular forces involved in supramolecular chemistry allow for the disruption and formation 

of interactions to ensure that the final species formed is the most thermodynamically stable. This process 

of disruption and reformation of weak interactions to arrive at the most stable product is known as self 

assembly.5,6  

 

Hydrogen bonding interactions are commonly encountered in supramolecular assemblies, as well as in a 

large number of biological systems, such as the assembly of complementary pairs of bases to form the 

helical structure of DNA. Hydrogen bonds occur between a hydrogen atom bonded to an electronegative 

atom (donor) and a neighbouring electronegative atom (acceptor),2 for example nitrogen and oxygen 

atoms can act as both donor and acceptor atoms in hydrogen bonding, whilst halides such as chlorine and 

bromine are hydrogen bond acceptors. Strong hydrogen bonds can direct the formation of supramolecular 

assemblies,7 and can be almost as strong as covalent bonds, whilst weak hydrogen bonds serve to stabilise 

the supramolecular structure formed.5 The donor atom does not need to be particularly electronegative, C 

– H bonds often participate in weak hydrogen bonding interactions,8 and the acceptor atom(s) do not need 

to possess a lone pair of electrons, alkenes and π systems can also act as acceptor groups.9 A range of 

hydrogen bonding parameters used to determine the strength of the hydrogen bond is shown in table 5.1.5 

Hydrogen bonds are directional in nature, the more distorted the bond is from linearity the weaker the 

hydrogen bond tends to be in a simple D–H…A system. The directional nature of hydrogen bonds allows 

them to be an essential tool for installing complementarity into molecules for supramolecular assembly, 

and in turn directing the formation of desired supramolecular assemblies.8b Acceptor atoms with the 

ability to interact with two or more hydrogen atoms can be used to construct extended hydrogen bonding 

networks within the supramolecular assembly. 
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A–H…B Strong Medium Weak 

Bond energy (kJ. mol-1) 120 − 60 60 − 16 <12 

H…B bond length (Å) 1.2 – 1.5 1.5 – 2.2 2.2 – 3.2 

A…B bond length (Å) 2.2 – 2.5 2.5 – 3.2 3.2 – 4.0 

Bond angles (˚) 175 − 180 130 − 180 90 − 150 

Examples Proton sponge Acids, alcohols C – H hydrogen bonds 

Table 5.1. Common hydrogen bonding parameters.5 

 

Other weak interactions between molecules stabilise the formation of supramolecular assemblies,10 

although none of these interactions are as directional as the hydrogen bond. Interactions between aromatic 

moieties in organic chemistry and in biological systems have long been observed and these interactions 

are also found in supramolecular aggregations,11 although they are rarely the only type of interaction 

present.12 Edge-to-face and face-to-face π – π stacking interactions are the most common type of 

interaction found in supramolecular assemblies,13,14 and are shown in figure 5.1. Hunter and Sanders 

proposed in 199014 a model for favourable interactions between aromatic units by considering the 

contributions from the π electrons and the σ framework separately. This model gives rise to a set of rules 

for favourable π – π interactions for both neutral and polarised aromatic systems, whereby offset face-to-

face and edge-to-face interactions are greatly favoured over direct face-to-face interactions. Recently 

Martinez and Iverson proposed that there is no special interaction between two aromatic units.15 That is, 

the packing seen in aromatic systems can be attributed to other forces present in the association of all 

molecules.15,16 Typically the interplanar separation between face-to-face π stacked molecules ranges from 

3.3 Å to 3.8 Å,11 and the aromatic rings tend to be offset rather than parallel. Often a combination of 

edge-to-face and face-to-face π – π interactions are present in supramolecular assemblies.11 Other types of 

aromatic interactions such as anion – π17 interactions can also stabilise supramolecular assemblies. 

 

 

 

 

 

 

Figure 5.1. (a) Face-to-face and (b) edge-to-face π – π interactions. 

 

As well as using weak interactions to hold molecules together metallosupramolecular chemistry18 utilises 

the interactions between metal ions and organic ligands to form supramolecular species. The interactions 

 

(a) (b) 
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between the metal and ligand are usually much stronger than the weak interactions present in 

supramolecular assemblies, although the strength of the interaction between the metal and ligand is 

dependent upon the nature of both.19 The metal ligand bond needs to be weak enough to allow for 

reversibility during the self assembly process, but robust enough to form a stable supramolecular 

assembly. Metallosupramolecular chemistry has been used in the construction of various architectures 

including helicates,20 cantenanes,21 rotaxanes,22 knots23 and cages.24 Using metal atoms in constructing 

metallosupramolecular assemblies allows for the incorporation of properties from the metal atoms into the 

overall structure of the assembly, to form functional supramolecular architectures.25 

 

Information is encoded into both the metal and ligand to direct the assembly of the components through 

molecular recognition. The encoding of both metal and ligand allows for the formation of simple to 

complex architectures in one pot through self assembly of the individual metal and ligand components.26 

To obtain the desired product both metal and ligand must contain the correct encoding information. One 

of the key components able to be encoded in the metal atom is its preferred geometry. Shown in figure 

5.2a are some common metal geometries encountered in metallosupramolecular assemblies, it is 

important for the metal atoms to have a reasonably predictable coordination geometry in order to form the 

desired assembly. The metal ion can also be used as a template for the formation of supramolecular 

assemblies.27 Distortion around the metal centre is not uncommon in metallosupramolecular assemblies. 

To quantify the degree of distortion away from the idealized geometry τ4
28 and τ5

29 values can be easily 

calculated for four and five coordinate geometries respectively, shown in figure 5.2b are the equations to 

calculate τ4 and τ5 values. For a metal centre with four coordinate geometry τ4 = 1.00 corresponds to a 

metal centre with perfect tetrahedral geometry and τ4 = 0 corresponds to perfect square planar geometry, 

intermediate values correspond to a distortion away from these two idealised geometries. Similarly, τ5 = 0 

corresponds to a metal centre with square pyramidal geometry, whilst τ5 = 1.00 corresponds to a trigonal 

bipyramidal geometry.  

 

Ligands used in metallosupramolecular chemistry must be able to bond to metal atoms in a reasonably 

reliable fashion.30 Ligands can be designed to bridge two or more metal atoms to form supramolecular 

assemblies containing multiple metal atoms.31 The ligand also needs to contain the appropriate donor 

atom so that the metal − ligand bonds are labile enough to allow for corrections during the self assembly 

process, but robust enough to form a stable assembly. Commonly nitrogen containing heterocycles are 

used as ligands in metallosupramolecular assemblies.32  
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Figure 5.2. (a) Some common metal atom geometries encountered in metallosupramolecular chemistry 

and their associated angles, (b) equations for the calculation of τ4
28 and τ5

29 values. 

 

By far the most commonly used biheterocycle in coordination chemistry is the chelating, bidentate, ligand 

2,2’-bipyridine (figure 5.3a).33 A five membered analogue of 2,2’-bipyridine, 2,2’-biimidazole (figure 

5.3b), has also been used to form various supramolecular assemblies with a variety of metal atoms.34 As 

well as chelating metal centres,34c as is the case for 2,2’-bipyridine, 2,2’-biimidazole can also coordinate 

to two metal centres, in either a convergent,34d,35 shown in figure 5.3c, or a divergent34e,35 fashion, shown 

in figure 5.3d. The additional NH group present in the 2,2’-biimidazole scaffold also allows for hydrogen 

bonding interactions to occur to direct the formation of supramolecular assemblies.36 

 

 

 

 

 

 

Figure 5.3. (a) 2,2’-bipyridine, (b) 2,2’-biimidazole, (c) convergent coordination and (d) divergent 

coordination of 2,2’-biimidazole. 

 

The supramolecular assembly formed from 2,2’-biimidazole can depend on the anion used.35 In 

combination with Ag2O and H2SO4, or AgNO3 and oxalic acid, a one dimensional chain is formed where 

two 2,2’-biimidazole ligands convergently bridge two silver atoms to form dinuclear Ag2(2,2’-

biimidazole)2 units. These units are linked through the respective anions and the one dimensional chains 

are linked by hydrogen bonding interactions between the respective anions and the uncoordinated 

nitrogen atoms of the 2,2’-biimidazole ligand. When 2,2’-biimidazole is combined with AgNO3,34d 
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Ag(CH3COO) and ClO4
-, or AgNO3 and nicotinic acid, a one dimensional polymeric helicate is formed 

rather than dinuclear unit, and the 2,2’-biimidazole divergently bridges two silver atoms to grow the 

polymer. 

 

Hydrogen bonding interactions through the imidazole ligand can be blocked by substitution of one 

nitrogen atom on each ring, ie 1,1’-dimethyl-2,2’-biimidazole, and in combination with AgNO3 a one 

dimensional polymeric helicate is formed,37 similar to the polymeric helicates described above. In 

combination with CuSO4 four molecules of 1,1’-dimethyl-2,2’-biimidazole bridge two copper atoms, with 

a molecule of water bound in the axial position of each copper centre, to give a water capped quadruple 

helicate.38 Zinc and cadmium complexes of 1,1’-dimethyl-2,2’-biimidazole have diverse coordination 

modes dependent on the anion used.39 

 

The formation of metallosupramolecular assemblies can also be controlled by the anions present, as seen 

in the coordination of 2,2’-biimidazole to various silver salts above. Oxyanions, such as carboxylate,40 

nitrate,41 sulfate42 and phosphate,43 and halides44 can form moderate to strong hydrogen bonds with 

hydrogen donor groups in the supramolecular assembly, and they can also occupy coordination sites 

around the metal centre to impose a set mode of coordination onto the ligand. It can be difficult to predict 

how many anions will coordinate to the metal centre and in which positions, often resulting in an 

unpredictable supramolecular assembly.19 Anions can also template the formation of supramolecular 

assemblies,45,46 Cui et. al. showed that the pitch of a helix can be altered by the anion present.47 Changing 

the anion present from nitrate to hexafluorophosphate and then to perchlorate changed the pitch of the one 

dimensional helix from 21 to 31 and then 41, shown in figure 5.4. Supramolecular assemblies controlled by 

anion − π interactions,48 weak hydrogen bonds between anions and hydrogen bond donors and poorly 

coordinating anions are less common.45 

 

With the correct combination of metal and ligand discrete supramolecular cages can be assembled. 

Metallosupramolecular cages can encapsulate guest molecules,49 and the cage can act as a molecular 

reaction flask, to catalyse reactions and control the reactivity of molecules.25d Encapsulation of a guest 

molecule can also potentially change the property of the guest, recently Nitschke et. al. encapsulated 

white phosphorous in a M4L6 tetrahedron, rendering P4 air stable.50  
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Figure 5.4. Anion directed self-assembly of helices with varying pitch depending on the anion used, 21 for 

nitrate, 31 for hexafluorophosphate and 41 for perchlorate.47 

 

Host-guest supramolecular assemblies can also be formed by the enclathration of guest molecules 

between supramolecular assemblies rather than inside one discrete unit. One of the first examples of a 

clathrate compound was by Pedersen, investigating the enclathration of alkali metal ions by an extensive 

series of crown ethers.51 Often the guest and host have the same symmetry,52 but this is not always the 

case.53 Enclathration of guest molecules can be selective, leading to applications in separation of organic 

compounds and sensing.54 The guest is often held in position by hydrogen bonding or edge-to-face and 

face-to-face π – π interactions.52,54 It can be difficult to design or predict the formation of enclathration 

complexes as they are dependent on the packing and interactions present in the supramolecular assembly. 

Benzene is a common guest molecule in both encapsulation and enclathration species due to its ability to 

form π – π interactions with the aromatic components of the ligand. Enclathration complexes are not 

limited to metallosupramolecular assemblies, suitable organic molecules can also enclathrate other 

organic guest molecules, usually in the solid state.52,55 

 

The design of ligands in supramolecular chemistry allows control over the distances between two metal 

atoms, with aromatic or alkyne spacer groups commonly employed to increase the distance between two 

metal atoms.56 Ligands can also be synthesised that bridge two metal atoms in close proximity by using 

N

N

OMe
OMe

 
 
 
                  
        
 
 
 
 
 
 

AgNO3 

AgPF6 

AgClO4 

 
 

 

170 
 



functional groups with two donor atoms positioned close together. The carboxylate functional group is 

able to bridge two metal atoms in a variety of different ways, as shown in figure 5.5a,57 it is also possible 

for carboxylate ligands to coordinate to only one metal atom. Paddle wheel complexes where four 

carboxylate groups bridge two metal atoms, shown in figure 5.5b, have been well studied with a variety of 

different metal atoms58,59,60 and copper(II) paddle wheel complexes have received particular attention due 

to the antiferromagnetic magnetic exchange that occurs between the copper metal centres.57,61 Other 

functional groups besides carboxylates are able to bridge two metal centres in close proximity, for 

example 2-pyridone can act as a close analogue of carboxylate bridging, due to the three atom bridge 

present (O-C-O for carboxylate, N-C-O for 2-pyridone).62 Bridging carboxylate ligands,58 or other 

bridging co-ligands,61 can be used to form supramolecular assemblies involving paddle wheel complexes, 

and this approach has been pioneered by Cotton.60,63 Bridging two metals in close proximity allows for 

interesting metal-metal interactions to occur. Magnetic exchange and electronic coupling are often 

observed in complexes where the two metal atoms are in close proximity.60,64 

 

 

 

 

 

 

 

Figure 5.5. (a) Various coordination motifs for coordination of metal atoms to carboxylate functional 

groups,57 (b) paddle wheel complex formed from four carboxylate ligands. 

 

Single crystal X-ray diffraction is the most common method used to study metallosupramolecular 

assemblies in the solid state. Other techniques can also be employed, such as NMR and UV/vis 

spectroscopy, but the 3-dimensional determination of the overall supramolecular structure is 

unequivocally obtained using X-ray crystallography. X-ray crystallography requires the growth of single 

crystals suitable for diffraction, as well as crystals that are stable for the course of the data collection, this 

is easier said than done in many cases! There are many different techniques available for the growth of 

suitable crystals, such as vapour diffusion, layering and slow evaporation.65 A vibration free environment 

is also preferred for crystal growth, although some crystals grown during the course of this study were 

obtained after significant earthquakes and lengthy periods of time spent out of the department. Caution 

needs to be applied when considering long intermolecular interactions in supramolecular assemblies as 

some apparent interactions are a result of crystal packing effects.7 
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5.2 Synthesis of Ligands 

To investigate the influence of a N,N’-tethered backbone on 2,2’-biimidazole four different ligands were 

prepared. Three of these ligands N,N’-dimethylene-2,2’-biimidazole, 5.1, N,N’-trimethylene-2,2’-

biimidazole, 5.2, and N,N’-(α,α’-o-xylylene)-2,2’-biimidazole, 5.3, were synthesised following the 

method of Thummel et al.66 Firstly, 2,2’-biimidazole was prepared from the condensation of glyoxal with 

ammonium acetate, and then the appropriate dihalogenated backbone was substituted onto the 2,2’-

biimidazole under basic conditions, as shown in scheme 5.1.  

 

 

 

 

 

 

 

 

 

 

Scheme 5.1. Synthesis of 5.1, showing the general method for the synthesis of 5.2 and 5.3. 

 

Very little has reported on the coordination chemistry of 5.1, 5.2 and 5.3 since their preparation first 

appeared in the literature in 1989. In fact, the only coordination compounds prepared from these three 

ligands appear in a paper by the same authors in 1990.67 The preparation of Ru(5.1)(bpy)2(OH2)2+, 

Ru(5.2)3
2+, Ru(5.2)(bpy)2

2+ and Ru(5.3)(bpy)2
2+ are described in this paper. Interestingly, the ruthenium 

tris complexes of 5.1 and 5.3 could not be prepared, and the coordination of 5.1 in the 

Ru(5.1)(bpy)2(OH2)2+ complex is described as monodentate, with the other coordination site filled by a 

water molecule, this is a result of the decrease in bite angle of 5.1 compared to 2,2’-bipyridine.  

 

Coordination complexes of a similar biheterocycle to 5.1, N,N’-dimethylene-2,2’-biimidazoline, 5.4, 

(figure 5.6a) have been reported where 5.4 shows three different modes of coordination to various metal 

atoms.68 In combination with Mn(ClO4)2,68a a tris chelating complex is formed with 5.4, whilst in 

combination with Cu(ClO4)2
68a and Zn(NO3)2

68b a four coordinate complex is formed where one molecule 

of 5.4 chelates the metal atom whilst the two other molecules of 5.4 coordinate to the metal centre in a 

monodentate fashion. Molecules of 5.4 can also bridge two metal atoms in close proximity, when 

combined with Cu(ClO4)2
68a or Pd(PhCN)2Br2

68b four molecules of 5.4 bridge two metal centres, and 
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when Cu(CH3CN)4BF4 was combined with 5.4 three molecules of 5.4 bridge the two copper centres.68a A 

monodentate complex with HgCl2 has also been prepared.68b Silver complexes have also been prepared 

with 5.4, bridging and monodentate coordination modes of 5.4 are observed.68b 

 

 

 

 

Figure 5.6. (a) N,N’-dimethylene-2,2’-biimidazoline 5.4, (b) 5.5, and (c) 5.6 

 

A derivative of 5.4 with dimethyl substitution α to the imino nitrogen atoms, 5.5, (figure 5.6b) has been 

prepared and a coordination complex with Cd(ClO4)2 reported.69 Three molecules of 5.5 chelate the 

cadmium metal centre to form a tris coordination complex. A derivative of 5.4 where the five membered 

heterocycles have been increased in size to six membered heterocycles, 5.6, (figure 5.6c) has been 

prepared. Coordination complexes with various Pd, Zn, Hg, Cu and Ag salts have been prepared and in all 

cases molecules of 5.6 chelate the metal centre owing to the increase in bite angle.68b 

 

N,N’-o-benzyl-2,2’-biimidazole, 5.7, was synthesised by a modified literature procedure,70 shown below 

in scheme 5.2. Firstly 1,2-dibromobenzene was employed in a Cu2O catalysed coupling with imidazole to 

form 1,2-diimidazoylbenzene, 5.8, which was then employed in a CuBr.SMe2 mediated intramolecular 

coupling, employing O2 as the terminal oxidant, to generate 5.7 in 24% yield from 5.8. Despite the recent 

synthesis of 5.7, no coordination chemistry has been reported in the literature. 

 

 

 

 

 

 

Scheme 5.2. Synthesis of 5.7. 

 

A crystal suitable for X-ray crystallography was grown from the slow evaporation of a dichloromethane 

solution of 5.7. Compound 5.7 crystallised in the monoclinic space group P21/n, with one molecule of 5.7 

in the asymmetric unit, shown in figure 5.7a. The C2…C13 bond distance is 1.433(2) Å, slightly longer 

than the bonds in the aromatic imidazole rings of this structure (average bond distance = 1.369(2) Å), and 

longer than the average C…C bond in benzene (ca. 1.39 Å). As expected the molecules display face-to-
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face π – π stacking (centroid – centroid distance = 3.317(1) Å and 3.281(1) Å), and the stacks of 5.7 form 

weak hydrogen bonds with molecules in an adjacent stack though the external imidazole nitrogen atoms 

and imidazole hydrogen atoms (N…C range from 3.280(2) Å to 3.423(2) Å), as shown in figure 5.7b. 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. (a) Asymmetric unit of 5.7, (b) π – π stacking and hydrogen bonding interactions between 

adjacent stacks of 5.7, hydrogen atoms have been removed for clarity, donor acceptor hydrogen bond 

interactions indicated by dashed lines. 

 

A crystal of 5.8 suitable for X-ray crystallography was also grown from the slow evaporation of a 

dichloromethane solution of 5.8. The molecule crystallises in the monoclinic space group C2/c, with one 

molecule of 5.8 present in the asymmetric unit, shown in figure 5.8. As expected the imidazole rings are 

twisted out of plane to the benzene ring (41.4(1)˚ and 75.2(1)˚). Molecules of 5.8 display edge-to-face π – 

π interactions between the benzene rings of neighbouring molecules (edge carbon to centroid distance = 

3.491(2) Å), and the imidazole rings of neighbouring molecules also show edge-to-face π – π interactions 

(edge carbon…centroid distance = 3.669(2) Å), and weak face-to-face π – π interactions (centroid to 

centroid distance = 3.735(2) Å). 

 

 

 

 

 

 

 

 

Figure 5.8. Asymmetric unit of 5.8, hydrogen atoms have been removed for clarity. 
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5.3 Silver complexes with 5.1 

Supramolecular assemblies of d10 silver(I) salts with a range of nitrogen based heterocycles have been 

reported extensively in the literature.71 Silver atoms can accommodate a wide range of coordination 

geometries and varying coordination numbers,71d,72 giving rise to a diverse range of structures in 

combination with heterocyclic ligands. 71a,71d,e,71i Due to the fluid nature of the interaction between the 

silver atom and the ligand, weaker interactions are allowed to dominate the formation of the overall 

structure.73 Supramolecular assemblies of silver complexes have been reported where the structure is 

determined by weak hydrogen bonding,73b,c anion interactions47,74 and π – π stacking interactions.75 

 

By bridging the biimidazole scaffold with an ethyl backbone though two of the nitrogen atoms forming 

ligand 5.1, the potentially strong hydrogen bonding interactions of these nitrogen atoms are blocked. The 

two nitrogen atoms that are available for bonding are discouraged from potential chelation of metal atoms 

by a narrow chelating angle imposed by the five membered rings of the biimidazole scaffold (~ 40˚, ca 

60˚ for 2,2’-bipyridine).66 This narrow chelating angle and the availability for bonding of only two 

nitrogen atoms of the biimidazole scaffold should encourage 5.1 to convergently bridge two metal atoms 

in close proximity. 

 

5.3.1 Synthesis of [Ag25.12][NO3]2, complex 5.9 

Complex 5.9 was formed from the reaction of 5.1 and silver nitrate in acetonitrile.76 Crystals suitable for 

X-ray crystallography were formed from the reaction mixture after 48h in a 33% yield. Complex 5.9 

crystallises in the monoclinic space group P21/c, and two silver atoms are indeed convergently bridged by 

two molecules of 5.1, shown in figure 5.9. There are two crystallographically independent, discrete Ag2L2 

units present in the asymmetric unit. 

 

 

 

 

 

 

Figure 5.9. One of the discrete Ag2L2 units of complex 5.9, nitrate anions and hydrogen atoms have been 

omitted for clarity. 

 

The silver atoms in the Ag2L2 unit have a slightly bent linear geometry (N-Ag-N angles range from 

164.9(1) to 172.3(1)˚), with Ag…N bond distances ranging from 2.109(3) to 2.166(3) Å. The silver atoms 
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in each unit are in close proximity to each other (Ag1…Ag2 = 2.892(1) Å and Ag3…Ag4 = 2.904(1) Å), 

only slightly longer than the silver – silver distance in metallic silver (2.884 Å)77 and the two silver atoms 

in each unit can be considered to have weak silver – silver interactions.78 Distances between silver atoms 

in neighbouring units are considerably longer (3.874(4) Å − 4.178(4) Å). Due to the constraint imposed 

on the ligand by the ethyl backbone the imidazole rings are distorted out of plane relative to each other 

(9.8(2)˚ − 12.4(2)˚), the N-C-C-N torsion angles of the backbone range from 45.5(3)˚ to 47.2(3)˚ again 

demonstrating the significant distortion of 5.1. 

 

Nitrate counter ions hold the Ag2L2 units in position through weak Ag…O bonds (2.742(3) Å – 3.291(4) 

Å). Each silver atom in the Ag2L2 unit is weakly bound to two nitrate anions and each nitrate anion is 

interacting with two silver atoms in two different units, thus forming a staircase arrangement, shown in 

figure 5.10. The imidazole rings of 5.1 display weak face-to-face π – π stacking with adjacent Ag2L2 units 

above and below with centroid to centroid distances ranging from 3.418(2) Å to 3.645(2) Å.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Staircase arrangement of Ag2L2 units in complex 5.9, silver – nitrate interactions are indicated 

as dashed lines, hydrogen atoms have been omitted for clarity. 

 

5.3.2 Synthesis of [Ag35.14][ClO4]3·CH3CN, complex 5.10 

Moving to a less coordinating counter ion, for example perchlorate, but maintaining the same ratio of 

silver salt to 5.1 gave a complex, 5.10,76 that crystallises in the monoclinic space group Pc. The colourless 

crystals were obtained in a 45% yield by vapour diffusion of diisopropyl ether into an acetonitrile solution 

of the reaction mixture. Using a less coordinating counter ion allows for different coordination of the 

silver atoms to 5.1, and indeed a discrete Ag3L4 complex was formed, as shown in figure 5.11a. Each 
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ligand in complex 5.10 convergently bridges two silver atoms in a similar fashion to complex 5.9 (Ag…N 

bond distances range from 2.112(3) Å to 2.390(2) Å), but the central silver atom of the Ag3L4 unit 

coordinates to all four molecules of 5.1. This produces a distorted tetrahedral geometry (N-Ag-N angles 

range from 91.8(1)˚ to 132.9(1)˚, τ4 = 0.81) around the central silver atom, whilst the two remaining silver 

atoms have slightly bent linear geometries (N-Ag-N angles are 174.8(2)˚ and 174.7(2)˚). There is one 

Ag3L4 unit present in the asymmetric unit, along with three perchlorate anions (one of which is disordered 

over two positions), and one molecule of acetonitrile.   

 

 

 

 

 

 

 

 

 

Figure 5.11.(a) The Ag3L4 unit formed in complex 5.10, perchlorate counter ions, (b) π – π stacking 

interactions between ligands in the Ag3L4 unit of complex 5.10, acetonitrile solvent molecules and 

hydrogen atoms have been removed for clarity. 

 

The three silver atoms in complex 5.10 are again in close proximity to each other (Ag1…Ag2 = 3.048(1) 

Å and Ag2…Ag3 = 3.086(1) Å), with an Ag1…Ag2…Ag3 angle of 111.0(1)˚. The imidazole rings of 5.1 

show significantly more twisting out of plane (16.6(2)˚ – 18.0(2)˚) and slightly larger torsion angles of the 

backbone (N-C-C-N range from 47.9(4)˚ to 51.1(4)˚) than in complex 5.9. This twisting is required by the 

change in coordination around the silver atoms, allowing the central silver atom to coordinate all four 

molecules of 5.1. Weak face-to-face π – π stacking interactions are present between the imidazole rings 

(N1 – C5 and N32 − C36) in the Ag3L4 unit, shown in figure 5.11b. 

 

One disordered perchlorate molecule is weakly coordinated to Ag3 (Ag…O = 3.170(12) Å), with the 

oxygen atom having only 62% occupancy, whilst the acetonitrile solvent molecule is only weakly 

coordinated to Ag1 (Ag…N = 3.006(5) Å). The central silver atom, Ag2, is prevented from interactions 

with perchlorate anions or acetonitrile solvent molecules by its coordination to four molecules of 5.1. 

Each Ag3L4 unit displays weak π – π stacking to adjacent Ag3L4 units (centroid to centroid distances 
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range from 3.391(3) Å to 3.573(2) Å) and the remaining perchlorate anions occupy weak hydrogen 

bonding pockets formed by 5.1, shown in figure 5.12. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. View of the π – π stacking between Ag3L4 subunits in complex 5.10, the weakly coordinating 

perchlorate anions and acetonitrile molecules and the positioning of the remaining perchlorate anions are 

also shown, silver-acetonitrile and silver-perchlorate interactions are indicated as dashed lines, 

perchlorate anion disorder is not shown and hydrogen atoms have been removed for clarity. 

 

5.3.3 Synthesis of poly-[Ag25.13][PF6]2, complex 5.11 

An even weaker coordinating counter ion, in this case silver hexafluorophosphate, was also reacted with 

5.1, forming complex 5.11.76 In this case the presence of such a weakly coordinating counter ion allows 

formation of a polymer rather than discrete units, as observed for complexes 5.9 and 5.10 with nitrate and 

perchlorate counter ions respectively. Colourless crystals suitable for X-ray crystallography were obtained 

in 21% yield from the methanol solution of the reaction mixture after 48 hours. The complex crystallises 

in the orthorhombic space group Pbcn, with one and a half molecules of 5.1, one silver atom and one 

hexafluorophosphate counter ion present in the asymmetric unit. Two ligands again convergently bridge 

two silver atoms to form the common Ag2L2 subunit seen in the previous complexes. These Ag2L2 

subunits are linked together by a divergently bridging 5.1 forming a one dimensional polymer, a portion 

of which is shown below in figure 5.13. 

 

Again the silver atoms are in close proximity to each other with the silver atoms of the Ag2L2 subunits 

significantly closer together (Ag…Ag = 3.043(1) Å) than the silver atoms linked by only one molecule of 

5.1 (Ag…Ag = 3.568(1) Å). Each silver atom is now three coordinate with a distorted trigonal planar 

geometry (N-Ag-N angles range from 95.6(1)˚ to 149.9(1)˚), and the Ag…N distances are significantly 
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longer for the molecules of 5.1 that link the Ag2L2 subunits together (Ag…N = 2.393(2) Å) than the 

molecules of 5.1 in the Ag2L2 subunits (Ag…N = 2.161(2) Å and 2.191(2) Å). The twist in the imidazole 

rings of the molecules of 5.1 bridging the Ag2L2 units is smaller (19.6(2)˚), but the torsion angle of the 

ethyl bridging backbone greater (N-C-C-N = 51.6(3)˚) than the molecules of 5.1 in the Ag2L2 subunit 

(21.5(1)˚ and 50.8(2)˚, respectively). This twist is the largest degree of twisting observed in the three 

complexes 5.9 – 5.11. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Part of the one-dimensional polymer formed in complex 5.11. Both the divergent and 

convergent binding of 5.1 is shown. Hexafluorophosphate anions and hydrogen atoms have been removed 

for clarity. 

 

The polymer grows along the c-axis of the unit cell, and the ligands weakly hydrogen bond to the 

hexafluorophosphate anion (shortest C…F interaction = 3.367(3) Å), shown in figure 5.14. Each polymer 

chain is linked through weak hydrogen bonding interactions via the hexafluorophosphate anions. 

 

Complexes 5.9, 5.10, and 5.11 clearly demonstrate the control that different anions have over the 

coordination of 5.1 to silver atoms,76 the more weakly coordinating the counter ion the more distortion is 

tolerated in the molecules of 5.1. In each complex a discrete Ag2L2 unit is present, with two molecules of 

5.1 convergently bridging two silver atoms. As the anion coordinating strength decreases the silver atoms 

are allowed to interact with more molecules of 5.1, eventually forming a polymer incorporating the Ag2L2 

subunit. Strongly coordinating anions, like nitrate in complex 5.9, interact more strongly with the silver 

atoms, while the least coordinating anion, hexafluorophosphate in complex 5.11 has only hydrogen bonds 

to 5.1. 
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Figure 5.14. (a) An extended section of the polymer formed in complex 5.11, (b) view of the polymer 

down the c-axis of the unit cell, hydrogen atoms have been removed for clarity. 

 

5.4 Copper(I) complexes of 5.1 

The ability of 5.1 to convergently bridge two metal atoms, shown above using various silver(I) salts 

prompted an investigation into the coordination ability of 5.1 to other metal ions. Initally, copper(I) salts 

were investigated as copper(I) is a d10 metal ion similar to silver(I), and has also been used extensively in 

the formation of supramolecular assemblies. Copper(I) ions have a more defined coordinated geometry 

than silver(I) ions, copper(I) ions are usually have a tetrahedral geometry, as opposed to the promiscuous 

nature of the silver(I) ion which can have coordination numbers ranging from 2 – 9.79 

 

5.4.1 Synthesis of [Cu25.13][BF4]2·C6H6, complex 5.12 

Firstly, 5.1 was reacted with Cu(CH3CN)4BF4 in hot acetonitrile, to form complex 5.12, which was cooled 

and subjected to slow diffusion with benzene. Overnight large, colourless cube-shaped crystals suitable 

for X-ray crystallography were formed in 47% yield from the reaction mixture. Complex 5.12 crystallises 

in the chiral, cubic space group P4332, forming a Cu2L3 dinuclear triple helicate. Again each molecule of 

5.1 convergently bridges both copper atoms, as shown in figure 5.15. There is one sixth of complex 5.12, 

one third of a BF4 anion (disordered over two positions), and one third of a molecule of benzene present 

in the asymmetric unit. The copper atoms in the complex are separated by 2.714(1) Å, and the copper 

atoms have a slightly distorted trigonal planar geometry (N-Cu-N angle = 118.7(1)˚), with all Cu…N 

distances = 1.983(2) Å. The imidazole rings of 5.1 are twisted out of plane relative to each other by 

12.4(2)˚, comparable to the twisting observed in complex 5.9, with torsion angle of the ethyl bridging 

backbone comparable also (N-C-C-N = 51.4(5)˚). 
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The ethyl backbones of all three molecules of 5.1 that make up the Cu2L3 triple helicate twist in the same 

direction, this common directionality in the backbone twisting of 5.1 imparts chirality into complex 5.12. 

Ligand 5.1 is achiral so there is no preference for the backbone to twist in one direction over the other, it 

is assumed that the sample of complex 5.12 obtained is racemic and that the crystals formed from the 

reaction are a 1:1 ratio of enantiomers. The N-Cu-Cu-N torsion angle of complex 5.12 is 7.8(1)˚, showing 

the small pitch of the dinuclear triple helicate. 

 

A molecule of benzene is positioned in a pocket between each of the 5.1 molecules of the Cu2L3 helicate. 

Three Cu2L3 units self assemble to enclathrate each molecule of benzene, as shown in figure 5.16. Two 

tetrafluoroborate anions are positioned at apertures of this self assembled capsule above and below the 

benzene molecule, interacting with the ethyl backbone hydrogen atoms (C…F = 3.251(12) Å, 3.288(6) Å 

and 3.296(5) Å). The tetrafluoroborate anions are disordered over two positions, each with 50% 

occupancy, one fluorine atom points directly at the centre of the benzene ring half of the time, shown in 

figure 5.17a, and the other half of the time three fluorine atoms close the aperture at the top and bottom of 

the cage, shown in figure 5.17b. The tetrafluoroborate anions also interact with the imidazole hydrogen 

atoms (C…F = 3.127(12) Å and 3.491(11) Å) of 5.1 to close the apertures at the sides of the cage. 

 

 

 

 

 

 

 

 

 

Figure 5.15. Cu2L3 helicate formed in complex 5.12, tetrafluoroborate anions, benzene solvent molecules 

and hydrogens have been omitted for clarity. 

 

The enclathrated benzene molecule displays edge-to-face π – π interactions with the twelve imidazole 

rings involved in the enclathration, edge to centroid distances range from 3.614(4) Å – 3.793(3) Å. There 

are no other strong interactions holding the molecule of benzene in place.  
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Figure 5.16. Enclathration of one molecule of benzene by three units of complex 5.12, the benzene 

molecule is shown in grey, tetrafluoroborate anions and hydrogen atoms have been removed for clarity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Positioning of the disordered tetrafluoroborate anions at the aperture of the enclathrating 

capsule formed by three complex 5.12 units, the benzene molecule is shown in grey, hydrogen bonds are 

indicated as dashed lines, and the hydrogen atoms not involved in hydrogen bonding have been removed 

for clarity. 

 

5.4.2 Synthesis of [Cu25.13][ClO4]2·C6H6, complex 5.13 

Using an anion with the same symmetry as tetrafluoroborate, namely perchlorate, another Cu2L3 helicate 

which enclathrates benzene, complex 5.13, was prepared using Cu(CH3CN)4ClO4 and 5.1. Crystals 

suitable for X-ray crystallography were prepared in 56% yield in an analogous fashion to complex 5.12 

above, with the slow diffusion of benzene into an acetonitrile solution of the reaction mixture to form 

colourless cube shaped crystals overnight. The complex crystallises in the chiral, cubic space group 
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P4132, enantiomorphous to the P4332 space group that complex 5.12 crystallises in. There is one sixth of 

complex 5.13, one third of a ClO4 anion (disordered over two positions), and one third of a molecule of 

benzene present in the asymmetric unit. 

 

Complex 5.13 also forms a dinuclear triple helicate, with comparable Cu…Cu and Cu…N distances to 5.12 

(2.726(1) Å and 1.982(3) Å respectively) with a trigonal planar geometry around the copper atoms (N-

Cu-N angle = 118.7(4)˚) (see figure 5.15). The twisting of the imidazole rings of 5.1 is slightly larger than 

in 5.12 (13.0(2)˚) with a similar torsion angle (N-C-C-N = 51.6(6)˚). The N-Cu-Cu-N torsion angle = 

8.2(2)˚, which is also slightly larger than complex 5.12. 

 

The perchlorate anions are again disordered over two positions, and held in place by the same weak 

interactions with the ethyl backbone hydrogen atoms (C…O = 3.316(7) Å, 3.335(5) Å and 3.343(9) Å) and 

imidazole hydrogen atoms (C…O = 3.283(7) Å and 3.383(18) Å) of 5.1. In this case the two positions over 

which the perchlorate is disordered are not occupied equally, the position where one oxygen points 

towards the plane of the benzene ring is occupied 33% of the time (figure 5.17a), whilst the position 

where the anion forms three O…H hydrogen bonds to close the apertures at the top and bottom of the cage 

is occupied 66% of time (figure 5.17b). 

 

5.4.3 Synthesis of [Cu25.13][NO3]2·C6H6, complex 5.14 

An anion that also possesses a threefold axis, similar to tetrafluoroborate and perchlorate, namely nitrate, 

was also used to form complex 5.14 with ligand 5.1. Using a more coordinating anion has not disrupted 

the formation of a chiral Cu2L3 triple helicate that enclathrates a molecule of benzene. Complex 5.14 was 

prepared by the reaction of 5.1 with Cu(PPh3)2NO3 in hot acetonitrile. Crystals suitable for X-ray 

diffraction were prepared in a 41% yield in a similar fashion to complexes 5.12 and 5.13, by slowly 

diffusing benzene into an acetonitrile solution of the reaction mixture. Complex 5.14 crystallises in the 

cubic, chiral space group P4332 with one sixth of complex 5.14, one third of a disordered nitrate anion 

and one third of a benzene molecule present in the asymmetric unit. Again the Cu…Cu and Cu…N 

distances are comparable to 5.12 and 5.13 (2.707(1) Å and 1.976(2) Å respectively), and the geometry 

around the copper atom is also trigonal planar (N-Cu-N angle = 118.7(2)˚), see figure 5.15. The twisting 

in the imidazole rings of 5.1 (12.3(1)˚) and the torsion angle of the ethyl backbone (N-C-C-N = 49.9(5)˚) 

are also similar to complexes 5.12 and 5.13. The N-Cu-Cu-N torsion angle for complex 5.14 is 8.1(1)˚ 

similar to complexes 5.12 and 5.13. 
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The nitrate anion is disordered over three positions, each occupied 33% of the time. Two oxygen atoms of 

the nitrate are always present, with the remaining oxygen atom disordered over three positions. The 

nitrate anion closes the apertures above and below the enclathration complex with one of the nitrate 

oxygen atoms that is fully occupied forming hydrogen bonds to the ethyl backbone hydrogen atoms of 5.1 

(C…O = 3.278(4) Å, 3.398(5) Å and 3.543(7) Å), and imidazole hydrogen atoms of 5.1 (C…O = 3.326(7) 

Å and 3.403(5) Å) in a similar manner to 5.12 and 5.13, shown in figure 5.18. 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. Nitrate anions forming hydrogen bonds to close the apertures of complex 5.14, hydrogen 

bonds are indicated as dashed lines, nitrate anion disorder is not shown and hydrogen atoms not involved 

in hydrogen bonding have been removed and the benzene molecule is shown in grey for clarity. 

 

All three enclathration complexes 5.12 – 5.14 were redissolved in acetonitrile and an NMR spectrum 

collected. All three complexes display downfield shifted peaks, relative to uncoordinated 5.1, 

corresponding to the imidazole hydrogen atoms of coordinated 5.1, indicative of the dinuclear triple 

helicate complex present in the solution phase. A peak in the NMR spectrum is also observed for the 

benzene molecule present in the crystal structure, with an integral corresponding to one benzene molecule 

for each complex, as expected, the NMR spectrum of complex 5.12 is shown in figure 5.19, the NMR 

spectrum of complexes 5.13 and 5.14 were very similar. The benzene peak is not shifted upfield 

compared to solvent benzene and hence it is unlikely that the benzene molecule is enclathrated in 

solution. An NMR titration was also undertaken, with 5 x 20 μL 0.0830 mol.L-1 acetonitrile aliquots of 

copper(I) tetrakis acteonitrile salt solution added to 1 mL of 0.0124 mol.L-1 acetonitrile solution of 5.1 to 

form the Cu2L3 unit, then another equivalent of copper(I) tetrakis acetonitrile salt solution is added to 

reach two equivalences of copper(I). The two imidazole peaks of uncoordinated 5.1 coalesce to one peak 

after the addition of one aliquot of tetrakis acteonitrile salt and only separate into two imidazole peaks of 

bound 5.1 once an excess of copper(I) tetrakis acetonitrile salt is added. Shown in figure 5.20 are the 
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NMR spectra for the titration performed to form complex 5.12. An NMR spectrum was retaken of the 

titration sample after one hour but the peaks had not separated further. The coalescence of peaks, rather 

than disappearance peaks corresponding to uncoordinated 5.1 and appearance of peaks corresponding to 

coordinated 5.1 indicates that the formation of the dinuclear triple helicate is dynamic in solution. To try 

and observe the appearance and disappearance of peaks corresponding to uncoordinated and coordinated 

5.1 rather than the coalescence of peaks and then separation, the titration was repeated with a drop of 

benzene added to the initial solution of 5.1, as perhaps the benzene molecule templates formation of the 

Cu2L3 unit, but unfortunately the same coalescence of peaks was observed. NMR titrations were 

performed with 5.1 and the corresponding copper salts for complex 5.13 and 5.14, they were similar to 

the titration shown in figure 5.20. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19. NMR spectrum of complex 5.12. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 NMR titration to form complex 5.12. 

 

 

5.1 

5.1 + 0.2 equiv Cu(CH3CN)4BF4 

5.1 + 0.4 equiv Cu(CH3CN)4BF4 

 

5.1 + 0.6 equiv Cu(CH3CN)4BF4 

 

5.1 + 0.8 equiv Cu(CH3CN)4BF4 

 

5.1 + 1 equiv Cu(CH3CN)4BF4 

 

5.1 + 2 equiv Cu(CH3CN)4BF4 
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The stability of the enclathrated complexes 5.12 and 5.14 in the solid state was monitored by TGA. Both 

complexes retain the enclathrated benzene molecule up 300˚C before decomposition of the complex 

occurs. All three complexes appear to be stable in solution, with ESI-MS peaks corresponding to Cu2L3
2+, 

Cu2L2
2+ and CuL2

+ present, but no enclathrated benzene molecule was observed, as in the NMR spectrum. 

 

5.4.4 Synthesis of [Cu25.13][PF6]2·2C6H6, complex 5.15 

Finally, using another anion with different geometry, in this case the octahedral anion 

hexafluorophosphate, formed complex 5.15, in combination with 5.1. Crystals suitable for X-ray 

crystallography were formed in a much lower yield (4%) in a similar fashion to complexes 5.12, 5.13, and 

5.14 with the slow diffusion of benzene into an acetonitrile solution of the reaction mixture. Despite 

repeated attempts, in only one case could crystals of complex 5.15 be grown, allowing characterisation 

through X-ray crystallography only. Again a Cu2L3 dinuclear triple helicate is formed, with coordination 

of 5.1 similar to that shown in figure 5.15, but complex 5.15 crystallises in the monoclinic space group 

P2/n. Half of two crystallographically distinct Cu2L3 units are present in the unit cell, along with two 

hexafluorophosphate anions and half of four benzene molecules. The Cu…Cu distances (2.708(1) Å and 

2.710(1) Å ) and Cu…N distances (ranging from 1.936(3) Å to 2.026(4) Å) are similar to the three 

complexes described above and the copper atom also has a distorted trigonal planar geometry (N-Cu-N 

angles range from 103.5(1)˚ to 133.1(1)˚). The twist in the imidazole ring of 5.1 (ranging from 12.3(2)˚ to 

13.6(3)˚) and the torsion angles of the ethyl backbone (N-C-C-N ranges from 48.8(5)˚ to 51.9(9)˚) are 

also similar to the three complexes described above. The N-Cu-Cu-N torsion angles range from 5.1(1)˚ to 

12.8(2)˚. 

 

The difference in using an octahedral anion can be clearly seen when the packing of 5.15 is examined, 

and a comparison made to the benzene enclathration complexes 5.12 – 5.14. With a hexafluorophosphate 

anion the Cu2L3 tripe helicate unit common to all four complexes does not enclathrate a benzene 

molecule. Instead benzene molecules occupy only two of the available three sites between the ligands of 

the Cu2L3 unit, this interaction with only two benzene molecules rather than three forms a chain of Cu2L3 

units, stabilized by weak face-to-face π – π interactions with benzene molecules (centroid to centroid 

distances = 3.775(2) Å and 3.836(2) Å), as shown in figure 5.21. The third site, unoccupied by a molecule 

of benzene displays face-to-face π – π stacking of imidazole rings between adjacent chains (centroid to 

centroid distance = 3.657(2) Å), as shown in figure 5.22. 

 

The hexafluorophosphate anions form weak hydrogen bonds to both the hydrogen atoms of the ethyl 

backbone and the imidazole rings of 5.1. One axial fluorine atom of the hexafluorophosphate anion sits in 
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hydrogen bonding pockets at each end of the Cu2L3 unit formed by the imidazole hydrogen atoms of all 

three molecules of 5.1 (C…F interactions range from 3.333(6) Å to 3.452(5) Å). Each 

hexafluorophosphate anion forms hydrogen bonds to five Cu2L3 units, disrupting the formation of the 

benzene enclathrulation complexes discussed above. The benzene molecules also have edge-to-face π 

interactions with benzene molecules in neighbouring chains, to form a channel of benzene molecules in 

the crystal structure.  

 

 

 

 

 

 

 

 

 

Figure 5.21. Benzene molecules in complex 5.15 interacting with Cu2L3 units to form a chain, 

hexafluorophosphate anions and hydrogen atoms have been removed for clarity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22. (a) π – π stacking between imidazole rings in adjacent chains, hexafluorophosphate anions 

and hydrogen atoms removed for clarity. 
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5.4.5 Synthesis of [Cu25.13][ClO4]2·CH3CN, complex 5.16 

All four complexes incorporate the diffusion solvent benzene in their crystal structures, so diffusion of 

solvents with the same (D3h) symmetry seen in the asymmetric unit were used in an attempt form another 

enclathration complex analogous to complexes 5.12 to 5.14. Initially hexafluorobenzene was used as a 

diffusion solvent as it is has the same symmetry as benzene, although hexafluorobenzene is considerably 

more electron deficient core than benzene. It is unclear if the symmetry of the anion, the electronic nature 

of the enclathrated molecule, the molecular volume, or a combination of all three, will enhance or disrupt 

the formation of the enclathrating complex. 

 

The copper(I) salts of all three anions, tetrafluoroborate, perchlorate and nitrate, that form complexes to 

enclathrate benzene were set up for vapour diffusion under identical conditions, with hexafluorobenzene 

used as the diffusion solvent. Single crystals that were suitable for X-ray diffraction were formed from the 

reaction mixture containing Cu(CH3CN)4ClO4 and 5.1 to form complex 5.16 in 41% yield. Complex 5.16 

crystallised in the triclinic space group P-1, with one Cu2L3 unit, two perchlorate anions and one molecule 

of acetonitrile present in the asymmetric unit. Again the copper atoms have a distorted trigonal planar 

geometry (N-Cu-N angles range from 97.0(1)˚ to 139.7(1)˚), the Cu…Cu distances (2.684(1) Å) and 

Cu…N distances (ranging from 1.934(2) Å to 2.061(2) Å), along with the twisting of the imidazole rings 

of 5.1 (7.6(1)˚, 9.5(1)˚ and 14.6(1)˚) and the torsion angles of the ethyl backbone (N-C-C-N range from 

46.0(2)˚ to 49.8(2)˚) are comparable to complexes 5.12 – 5.15 which also form a Cu2L3 unit, similar to 

that shown in figure 5.15. Two of the N-Cu-Cu-N torsion angles are the largest seen in all five Cu2L3 

helicates formed (16.6(1)˚ and 21.0(1)˚) and the third is considerably smaller (2.4(1)˚). 

 

Complex 5.16 does not enclathrate hexafluorobenzene as hoped; in fact hexafluorobenzene is not present 

at all in the X-ray crystal structure. The perchlorate anions in complex 5.16 occupy the same two 

hydrogen bonding pockets formed by the imidazole hydrogen atoms of 5.1 that are occupied by the 

hexafluorophosphate anions in complex 5.15. The three oxygen atoms of the perchlorate anion are 

staggered between the three imidazole hydrogen atoms of the Cu2L3 unit with C…O distances ranging 

from 3.236(3) Å to 3.943(4) Å, as shown in figure 5.23. The axial oxygen atom of the perchlorate not 

involved in the hydrogen bonding pocket hydrogen bonds to hydrogen atoms of the ethyl backbone of 5.1 

in an adjacent Cu2L3 unit (shortest C…O bond = 3.226(3) Å). 

 

The acetonitrile solvent molecule present is positioned in between two 5.1 ligands of the Cu2L3 unit, these 

two ligands are also involved in weak face-to-face π – π stacking to another Cu2L3 unit through both 

imidazole rings of 5.1 (plane to centroid distances = 3.425(4) Å and 3.756(2) Å). This π – π stacking 
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interaction forms a chain of Cu2L3 units, as shown in figure 5.24. The third ligand not involved in the π – 

π stacking hydrogen bonds to the axial perchlorate oxygen atoms through the ethyl backbone hydrogens, 

linking the chains of Cu2L3 units together. 

 

 

 

 

 

 

 

 

 

Figure 5.23. The two hydrogen bonding pockets occupied by perchlorate anions in complex 5.16, 

hydrogen bonds are indicated as dashed lines, acetonitrile solvent molecules and hydrogen atoms have 

been removed for clarity. 

 

 

 

 

 

 

 

 

 

Figure 5.24. π – π stacking between the imidazole rings of 5.1 in complex 5.16 forming a chain of Cu2L3 

units, perchlorate anions and hydrogen atoms have been removed for clarity. 

 

The electron deficient core of the hexafluorobenzene molecule may not be able to form the edge-to-face π 

– π interactions required for the formation of an enclathration complex, or the hexafluorobenzene may be 

too large to be enclathrated by the Cu2L3 units. A much larger molecule, namely mesitylene, was also 

used for vapour diffusion under identical conditions to the formation of complexes 5.12 to 5.14, but 

unfortunately no crystals suitable for single crystal X-ray diffraction were obtained. This indicates that the 

size and the electronic nature of the molecule to be enclathrated is important. 
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Fluorobenzene was also used as a diffusion solvent under identical conditions to the formation of 

complexes 5.12 to 5.14. Crystals suitable for X-ray diffraction were obtained from the reaction mixture of 

5.1 and Cu(CH3CN)4BF4. The complex thus formed crystallised in the cubic, chiral space group P4132, 

with one sixth of a Cu2L3 unit, one third of a BF4 anion (disordered over two positions), and one third of a 

molecule of fluorobenzene present in the asymmetric unit (see figure 5.15). The fluorine atom of the 

fluorobenzene molecule is disordered over three positions of the benzene ring, as opposed to disordered 

over all six positions. Each fluorobenzene molecule is enclathrated by three Cu2L3 units (see figure 5.16). 

The formation of the enclathration species must be in some part dependent on the size and electronic 

nature of the molecule to be enclathrated, as when hexafluorobenzene was used to form complex 5.16, no 

enclathration was observed (figure 5.24), but fluorobenzene does form the enclathration species. 

 

Hexafluorophosphate is the only anion in this series not to form an enclathration complex when combined 

with copper(I) ions and 5.1 (figure 5.21). An experiment was undertaken to determine if the enclathration 

species would form preferentially when an anion with the correct symmetry was added to a solution of 

Cu(CH3CN)4PF6 and 5.1. A solution of 5.1 and Cu(CH3CN)4PF6 in acetonitrile was heated and left to 

cool, after 5 minutes an acetonitrile solution containing one equivalence of NaClO4 was added, and 

benzene was diffused into the mixed anion solution. Crystals suitable for X-ray crystallography were 

obtained after 48 hours, the structure so obtained is identical to complex 5.13. Addition of an acetonitrile 

solution of tetrabutylammonium tetrafluoroborate to a solution of 5.1 and Cu(CH3CN)4, and the 

subsequent slow diffusion of benzene also gives crystals suitable for X-ray crystallography where the 

structure obtained is identical to that of complex 5.12. 

 

5.4.6 Synthesis of poly-[Cu25.1]I2, complex 5.17 

Finally, CuI was reacted with 5.1 to form complex 5.17. Very small, colourless needles suitable for X-ray 

diffraction were formed instantly in a 35% yield when hot acetonitrile solutions of 5.1 and CuI were 

mixed together. Complex 5.17 crystallises in the monoclinic space group P21/c, there is one molecule of 

5.1, two copper atoms and two iodide anions present in the asymmetric unit.  

 

Complex 5.17 forms a one dimensional polymer that grows along the c-axis of the unit cell, where again 

molecules of 5.1 convergently bridge two copper atoms (Cu…Cu = 2.640(1) Å), the shortest Cu…Cu 

distance observed for the copper complexes formed with 5.1. The separation between these two copper 

atoms is verging on the separation seen between copper atoms in metallic copper (ca. 2.56 Å).80 The 

Cu…N distances are comparable to the previous complexes (2.001(2) Å and 2.010(2) Å), as is the twist in 

the imidazole rings of 5.1 (8.1(1)˚). Each copper atom is also bound to three iodide ions (Cu…I = 2.637(1) 
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Å − 2.775(1) Å) to give the copper atom a distorted tetrahedral geometry (angles around the copper centre 

range from 105.5(1)˚ to 115.83(1)˚, τ4(Cu1) = 0.92, τ4(Cu2) = 0.95). Each iodide ion bridges three copper 

atoms, to form a copper – iodide wire framework, as shown in figure 5.25.  

 

 

 

 

 

 

 

 

 

Figure 5.25. A section of the polymer chain formed in complex 5.17, hydrogen atoms have been removed 

for clarity.  

 

The copper atoms that are convergently bound to a molecule of 5.1 are grown up into a polymer by iodide 

atoms that bridge these subunits together. The separation between the copper atoms not bridged by 5.1 

and only bridged by iodide atoms is considerably longer (Cu…Cu = 2.8129(5) Å) than the copper atoms 

that are bridged by molecules 5.1. The copper-iodide wire framework is insulated by the molecules of 5.1 

that alternate along each side of the wire. Both imidazole rings of 5.1 face-to-face π – π stack with the two 

imidazole rings of 5.1 in an adjacent polymer chain (centroid to centroid distance = 3.471(5) Å), 

separating the one dimensional chains of 5.17, shown in figure 5.26. 

 

 

 

 

 

 

 

 

 

 

Figure 5.26. π – π stacking between adjacent polymer chains in complex 5.17, hydrogen atoms have been 

removed for clarity. 
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Complexes 5.12 to 5.17 clearly show that the more defined coordination geometry around the copper(I) 

centre results in much less variation of the coordination chemistry of ligand 5.1. Complexes 5.12 to 5.16 

all display a dinuclear triple helicate motif, no matter the counter ion present, in stark contrast to the 

coordination of 5.1 to various silver(I) salts. The convergent bridging of 5.1 is maintained moving to the 

copper(I) salts and the distortion in 5.1 is similar to that seen in the silver(I) salts. Only when moving to a 

strongly coordinating iodide anion (complex 5.17) does 5.1 fail to form a dinuclear triple helicate and a 

one dimensional copper iodide wire polymer is observed, although the convergent bridging of 5.1 is 

maintained. 

 

5.5 Copper(II) complexes of 5.1 

With the successful formation of Cu2L3 triple helicates from the reactions of various copper(I) salts and 

5.1, the reaction of 5.1 and copper(II) salts was also investigated. In contrast to the d10 silver(I) and 

copper(I) salts, d9 copper(II) centres prefer five coordinate geometries, varying between square planar and 

trigonal bipyramidal. The change in coordination environment around the metal centre should lead to 

different coordination of 5.1 around the copper centre and in turn this should promote the formation of 

different supramolecular assemblies not yet seen for 5.1. 

 

5.5.1 Synthesis of [Cu25.14][ClO4]2·3CH3CN·0.5C6H6, complex 5.18 

Initially 5.1 was reacted with Cu(ClO4)2, to form complex 5.18, crystals suitable for X-ray 

crystallography were obtained in 25% yield by the slow diffusion of benzene into the acetonitrile reaction 

mixture. Complex 5.18 crystallises in the monoclinic space group P2/c with half of two 

crystallographically distinct Cu2L4 units present in the asymmetric unit, along with four perchlorate 

anions (three of which are disordered), half a molecule of benzene and three acetonitrile molecules. 

Indeed, the change in copper oxidation state has lead to a change in the coordination geometry, with each 

copper atom now square pyramidal (N-Cu-N angles range from 89.0(1)˚ to 91.0(1)˚, and N-Cu-O angles 

range from 81.0(2)˚ to 105.4(1)˚). The change in coordination geometry has not affected the ability of 5.1 

to bridge two copper atoms, but the dinuclear triple helicate formed for most of the copper(I) salts is not 

formed. Instead, the square planar geometry of complex 5.18, with all four coordinating nitrogen atoms in 

the basal plane, allows the formation of a Cu2L4 dinuclear quadruple helicate with four molecules of 5.1 

bridging two copper atoms. The square planar coordination geometry of the copper(II) atoms is 

completed by a coordinating perchlorate anion, as shown in figure 5.27. This dinuclear quadruple helicate 

motif is rarely observed in metallosupramolecular chemistry, presumably due to the steric demand of 

placing four ligands around only two metal centres, but it has been observed previously in copper(II)68a 

and palladium68b complexes for a very similar ligand, N,N’-dimethylene-2,2’-biimidazoline, 5.4. 
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The copper atoms in the two crystallographically distinct Cu2L4 units are separated by 2.956(1) Å and 

2.945(1) Å, almost 0.3 Å further apart than the copper(I) complexes described above. The Cu…N bonds in 

complex 5.18 range from 1.995(3) Å to 2.014(4) Å, similar to those found in previous complexes, and 

each helicate unit is capped by a disordered perchlorate anion, with Cu…O bonds ranging from 2.284(5) Å 

to 2.312(4) Å. The twist in the imidazole rings of 5.1 is significantly larger (twist angles range from 

17.3(2)˚ – 22.7(2)˚) than those found in the complexes 5.12 to 5.16 formed with various copper(I) salts, 

most likely due to the steric hindrance caused by the addition of one extra molecule of 5.1 to bridge the 

two copper atoms. The torsion angles of the ethyl backbone are similar to those observed for the dinuclear 

triple helicate motifs (N-C-C-N range from 48.0(4)˚ to 50.9(7)˚). 

 

 

 

 

 

 

 

 

 

 

Figure 5.27. One of the crystallographically distinct dinuclear quadruple helicates formed in complex 

5.18, coordinating perchlorate anion disorder not shown, solvent molecules and hydrogen atoms have 

been removed for clarity. 

 

Both the capping perchlorate anions and the imidazole hydrogen atoms of complex 5.18 show weak 

hydrogen bonding interactions (C…O range from = 3.065(6) Å to 3.886(10) Å) with imidazole hydrogen 

atoms and perchlorate anions of adjacent units, shown in figure 5.28. These interactions form a hydrogen 

bonding chain of Cu2L4 helicate units. Free perchlorate anions and benzene and acetonitrile molecules sit 

in the void space with minimal interactions to complex 5.18 units. 

 

This Cu2L4 helicate unit possesses a similar motif to the well known Cu(OAc)2 paddle wheel, where four 

acetate molecules bridge two copper atoms separated by only 2.65 Å.81 Paddle wheel complexes between 

two copper(II) centres have been well documented in the literature,60 with the two copper centres usually 

bridged by four carboxylate units,57,61 other bridging ligands have also been used in the formation of 
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paddle wheel complexes.62 The two copper centres are usually strongly antiferromagnetically coupled,64 

unfortunately no magnetic measurements on complex 5.18 were undertaken. 

 

 

 

 

 

 

 

 

 

 

Figure 5.28. Weak hydrogen bonding interactions between adjacent units of complex 5.18, silver – 

perchlorate interactions and hydrogen bonds are indicated as dashed lines, coordinating perchlorate anion 

disorder is not shown, noncoordinating perchlorate anions, solvent molecules and hydrogen atoms not 

involved in hydrogen bonding have been removed for clarity. 

 

5.5.2 Synthesis of [Cu25.12(CH3COO)2]·2CH3CN, complex 5.19 

Ligand 5.1 was also reacted with copper acetate to form complex 5.19. Blue, plate shaped crystals 

suitable for X-ray crystallography were formed over four weeks from the acetonitrile reaction mixture in 

a 61% yield. Complex 5.19 crystallises in the triclinic space group P-1, half of a Cu2L2(OAc)2 unit is 

present in the asymmetric unit along with one molecule of acetonitrile. Two molecules of 5.1 

convergently bridge two copper atoms, which are also bridged by two acetate molecules to form a 

Cu2L2(OAc)2 unit. Two additional acetate molecules complete the square pyramidal geometry of the 

copper(II) ions (N-Cu-N = 175.6(1)˚, O-Cu-O = 82.1(1)˚, 96.8(1)˚ and 178.8(1)˚, N-Cu-O range from 

88.8(1)˚ to 92.3(1)˚, τ5 = 0.05), as shown in figure 5.29.  

 

The two copper atoms are separated by a distance of 3.167(1) Å, significantly longer than the Cu…Cu 

observed in the copper acetate paddle wheel, and slightly longer than the separation in complex 5.18 

above. The Cu…N distances (2.027(3) Å and 2.029(3) Å), and the Cu…O distances (bridging acetate 

Cu…O = 1.944(3) Å and 2.247(3) Å, capping acetate Cu…O = 1.937(3) Å) are similar to those seen in 

complexes discussed previously. The two imidazole rings of 5.1 twist out of plane by 10.6(2)˚, 

significantly smaller than the twisting in complex 5.18, but comparable to the twisting observed in 

complexes 5.12 – 5.14, as is the torsion angle of the ethyl backbone (N-C-C-N angle = 47.6(5)˚). The 
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decrease in twisting and torsion angles compared to 5.18 is most likely due to the decrease in the number 

of molecules of 5.1 around the two copper atoms, reducing the steric strain and therefore the distortion 

from planarity of the imidazole rings. 

 

 

 

 

 

 

 

 

 

Figure 5.29. The Cu2L2(OAc)2 unit formed in complex 5.19, acetonitrile solvent molecules and hydrogen 

atoms have been removed for clarity. 

 

Each Cu2L2(OAc)2 unit displays face-to-face π – π stacking interactions between each of the imidazole 

rings of 5.1 with an imidazole ring of another Cu2L2(OAc)2 unit positioned both above and below this unit 

(centroid to centroid distances = 3.636(3) Å and 3.684(3) Å). There is weak hydrogen bonding 

interactions between the bridging acetate molecules and the capping acetate molecules to the ethyl and 

imidazole backbone hydrogen atoms of 5.1 (C…O range from 3.383(5) Å to 3.828(5) Å, and C–H…O 

angles range from 154.9(2)˚ to 117.8(2)˚) in adjacent Cu2L2(OAc)2 units. The π − π stacking interactions 

and hydrogen bonding is shown in figure 5.30. 

 

The change in coordination geometry from copper(I) salts to copper(II) salts has not affected the ability of 

5.1 to convergently bridge two copper atoms. To complete the coordination sphere of the copper(II) 

centres anions are also bound to the copper centre, in the case of complex 5.19 the acetate anions also 

bridge the copper centres. 
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Figure 5.30. π stacking and hydrogen bonding between one Cu2L2(OAc)2 unit of complex 5.19, hydrogen 

bonds are indicated as dashed lines, acetonitrile solvent molecules and hydrogen atoms have been omitted 

for clarity. 

 

5.6 Cadmium and cobalt complexes of 5.1 

5.6.1 Synthesis of [Cd5.12(NO3)2OH2], complex 5.20 

Finally 5.1 was reacted with metals that have a more rigid coordination environment around the metal 

centre. Initially, cadmium nitrate was reacted with 5.1 to form complex 5.20. Crystals suitable for X-ray 

diffraction were grown from the slow diffusion of diisopropyl ether into an acetonitrile solution of the 

reaction mixture, producing colourless needles in 65% yield over the course of one week. The complex 

crystallises in the monoclinic space group P21/n with two molecules of complex 5.20 present in the 

asymmetric unit. 

 

For the first time in the course of this study ligand 5.1 is not bridging two metal centers, instead 5.1 is 

coordinated to the cadmium atom through only one nitrogen atom (Cd…N = 2.300(3) Å and 2.305(3) Å). 

Both nitrogen atoms bind to the cadmium centre in an axial position, whilst the other available nitrogen 

atoms of both molecules of 5.1 form strong hydrogen bonds to the same molecule of water (N…O = 

2.682(4) Å and 2.723(4) Å, O–H…N = 141(3)˚ and 151(2)˚), which is also coordinated to the cadmium 

centre (Cd…O = 2.240(2) Å) in an equatorial position, as shown in figure 5.31. Two nitrate anions chelate 

the cadmium ion in an equatorial position to the cadmium atom through two of the oxygen atoms (Cd…O 

range = 2.398(3) Å to 2.488(3) Å) to complete the pentagonal bipyrimidal coordination sphere required 

by the cadmium atom (O-Cd-O angles range from 51.8(1)˚ to 92.1(1)˚, N-Cd-O range from 83.3(1)˚ to 

96.8(1)˚, N-Cd-N = 174.7(1)˚). 
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The failure of 5.1 to bridge two metal atoms is presumably due to the more rigid coordination 

environment around the cadmium atom and the inability of 5.1 to distort to allow two cadmium atoms to 

come together in such close proximity. The twisting of the imidazole rings in 5.1 gives some insight into 

this distortion, with the imidazole rings twisted out of plane by 16.2(1)˚ and 15.2(1)˚ by coordination to 

the cadmium centre and hydrogen bonding to the coordinated water molecule. The largest degree of 

twisting of the imidazole rings in 5.1 was observed in the formation of the dinuclear quadruple helicate of 

complex 5.18, here the twist angles ranged from 17.3(2)˚ to 22.7(2)˚. The torsion angles of the ethyl 

backbone of 5.1 are comparable to the other complexes (N-C-C-N = 47.8(4)˚ and 48.2(4)˚). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.31. Asymmetric unit of complex 5.20, hydrogen bonds are indicated as dashed lines, hydrogen 

atoms not involved in hydrogen bonding have been removed for clarity. 

 

The remaining oxygen atom of the coordinated nitrate molecules weakly hydrogen bond to imidazole 

hydrogen atoms of 5.1 and hydrogen atoms of the ethyl backbone of 5.1 in two adjacent units. The 

imidazole rings of 5.1 face-to-face π – π stack (3.659(4) Å to 3.925(2) Å) to imidazole rings in adjacent 

complexes as shown in figure 5.32. 
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Figure 5.32. Face-to-face π – π stacking in complex 5.20, hydrogen bonds shown as dashed lines, 

hydrogen atoms not involved in hydrogen bonding have been removed for clarity. 

 

5.6.2 Synthesis of [Co5.12(OH2)4][NO3]2, complex 5.21 

Cobalt nitrate was also used to form complex 5.21 with 5.1. Crystals suitable for X-ray crystallography 

were obtained in 24% yield in a similar fashion to complex 5.20 with the slow diffusion of diisopropyl 

ether into an acetonitrile solution of the reaction mixture. Black plates of complex 5.21 crystallise in the 

monoclinic space group P21/n, with one half of complex 5.21 present in the asymmetric unit. 

 

Again 5.1 does not bridge two cobalt atoms in complex 5.21 and instead two molecules of 5.1 coordinate 

to the one cobalt atom in a monodentate fashion in the axial position through one nitrogen atom (Co…N = 

2.166(1) Å), whilst the other available nitrogen atom of 5.1 hydrogen bonds to a water molecule (N…O = 

2.656(2) Å, O–H…N = 166.2(2)˚) which is coordinated in an equatorial position to the cobalt atom (Co…O 

= 2.112(1) Å), in a similar manner to 5.20 and shown in figure 5.34. Two other water molecules also 

coordinate to the cobalt atom to compete the octahedral coordination sphere around the cobalt atom (O-

Co-O range from 89.8(1)˚ to 92.2(1)˚). Each nitrate anion hydrogen bonds (O…O = 2.734(1) Å and 

2.797(1) Å, O–H…O = 171.0(2)˚ and 179.9(2)˚, respectively) to two coordinated, adjacent, water 

molecules, also shown in figure 5.33.  

The nitrate anions are also involved in hydrogen bonding to coordinated water molecules (O…O = 

2.726(2) Å) in adjacent complexes of 5.21 through the remaining oxygen atom of the nitrate anion. This 

forms an extensive hydrogen bonding network, where the nitrate anions link each complex to four 

adjacent complexes, shown in figure 5.34. The twisting of the imidazole rings of 5.1 and the torsion angle 

of the backbone are similar to complex 5.20 (12.4(1)˚ and 47.0(1)˚, respectively). 
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Figure 5.33. Coordination of 5.1 and water molecules to cobalt in complex 5.21, with hydrogen bonded 

nitrate anions shown, hydrogen bonds are indicated as dashed lines, hydrogen atoms removed for clarity. 

 

Moving to metal salts with more rigid coordination geometry and more coordination sites around the 

metal centre has prevented 5.1 from bridging two metal centres. Ligand 5.1 coordinates in a monodentate 

fashion in both complexes 5.20 and 5.21, with the other nitrogen atom of 5.1 hydrogen bonding to a 

coordinated water molecule. Both complexes coordinate water molecules or anions to complete the 

coordination sphere of the metal. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34. Nitrate anions and water molecules hydrogen bonding to link units of complex 5.21 together, 

hydrogen bonds are indicated as dashed lines, hydrogen atoms have been removed for clarity. 
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5.7 Copper(II) complexes of 5.2 

Ligand 5.2 differs to ligand 5.1 by the addition of one sp3 carbon atom to the backbone of 5.1. Although 

initially this may seem like a trivial change to make in the ligand, the complexes formed from 5.1 

discussed above demonstrate that considerable strain is imparted on imidazole rings of 5.1 by the N,N’-

ethyl bridged backbone. This strain manifests itself in the twisting of the imidazole rings of 5.1 way from 

coplanarity, and also prevents 5.1 from chelating metal atoms due to the narrow chelation angle. Moving 

from an ethyl bridging to a propyl bridging backbone linking the biimidazole moiety may decrease the 

inherent strain in the ligand, and hence decrease the twisting out of plane of the imidazole rings. To this 

end the coordination chemistry of 5.2 was investigated with a range of metal salts with various anions to 

probe the difference in coordination of 5.1 and 5.2. Unfortunately, single crystals suitable for X-ray 

crystallography were only obtained from reaction mixtures where copper(II) salts were used, further 

investigation into the coordination of 5.2 to other metal centres (silver(I) and copper(I) salts) was not 

pursued further. 

 

5.7.1 Synthesis of [Cu5.2SO4(OH2)2], complex 5.22 

Initially, a strongly coordinating anion, sulfate, was used to react with 5.2. Combining an acetonitrile 

solution of 5.2 with an acetonitrile solution of CuSO4 gave light green crystals suitable for X-ray 

diffraction over the course of two weeks in 32% yield. Complex 5.22 crystallises in the orthorhombic 

space group Pnma with half of complex 5.22 present in the asymmetric unit.  

 

The propyl bridge of 5.2 has made a considerable difference in the coordination of 5.2 to the copper atom. 

As expected the propyl bridge has allowed 5.2 to chelate to the copper atom (Cu…N = 2.012(2) Å) and the 

imidazole rings of 5.2 are almost coplanar (2.9(1)˚), in stark contrast to the coordination of 5.1 to 

copper(II) salts. The sulfate anion is also coordinated to the copper atom (Cu…O = 2.175(2) Å) occupying 

an axial site, along with two water molecules (Cu…O = 1.955(1) Å) coordinated in a distorted equatorial 

position, giving the copper centre of complex 5.22 a distorted square pyramidal geometry where the 

copper centre is raised 0.248(1) Å from the basal plane (N-Cu-N = 82.4(1)˚, O-Cu-O = 89.5(1)˚ and 

95.6(1)˚, N-Cu-O = 92.3(1)˚, 98.9(1)˚ and 165.2(1)˚), as shown in figure 5.35. 

 

A chain of complex 5.22 units forms through two strong hydrogen bonds between two oxygen atoms of 

the sulfate anions and the two coordinated water molecules of 5.22 in an adjacent unit (O…O = 2.649(2) 

Å), shown in figure 5.36. Each hydrogen bonded chain is then linked to adjacent chains through strong 

hydrogen bonds, again between the sulfate anion oxygen atoms and the coordinated water molecules 

(O…O = 2.636(2) Å). Each unit of complex 5.22 is hydrogen bonded to three other units, these hydrogen 
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bonding interactions are also shown in figure 5.36. The hydrogen bonded network is further supported by 

face-to-face π – π interactions between the imidazole rings of 5.2 in adjacent units (centroid to centroid 

distance = 3.531(2) Å). 

 

 

 

 

 

 

 

 

 

 

Figure 5.35. Ligand 5.2 chelating one copper atom in complex 5.22, hydrogen atoms have been removed 

for clarity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.36. Hydrogen bonding interactions between adjacent units of complex 5.22, hydrogen bonds are 

indicated as dashed lines and hydrogen atoms have been removed for clarity. 

 

5.7.2 Synthesis of [Cu5.2Cl2], complex 5.23 

Ligand 5.2 was then reacted with another copper(II) salt also containing a strongly coordinating anion, in 

this case copper chloride, to form complex 5.23. Dark green, rod like crystals suitable for X-ray 

crystallography were obtained from the acetonitrile reaction mixture after two weeks in 27% yield. 
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Complex 5.23 crystallises in the orthorhombic space group Pbca with one molecule of complex 5.23 

present in the asymmetric unit. 

 

Again 5.2 is able to chelate to the copper atom (Cu…N = 2.001(2) Å and 2.029(2) Å) and the two chloride 

ions also coordinate to the copper atom (Cu…Cl = 2.238(1) Å and 2.243(1) Å) giving the copper atom a 

distorted square planar geometry (angles around the copper centre range from 80.7(1)˚ to 98.1(1)˚, τ4 = 

0.19), as shown in figure 5.37. The central carbon atom of the propyl bridging backbone of 5.2 is 

disordered over two positions above and below the plane of the imidazole rings with one position is 60% 

occupied, the other 40%. The imidazole rings of 5.2 are again almost coplanar with a twist of only 

2.4(1)˚. 

 

Face-to-face and edge-to-face π − π stacking interactions are present in complex 5.23 (ranging from 

3.368(3) Å to 3.797(1)Å), and weak hydrogen bonds are also present from the chloride ions to the 

hydrogen atoms of the propyl bridged backbone of 5.2 in an adjacent molecule (C…Cl range from 

3.557(5) Å to 3.906(3) Å). 

 

 

 

 

 

 

 

 

 

 

Figure 5.37. Asymmetric unit of complex 5.23, disorder in the propyl backbone is not shown and 

hydrogen atoms have been removed for clarity. 

 

5.7.3 Synthesis of [Cu5.22(OH2)2][NO3]2, complex 5.24 

A copper(II) salt with a weakly coordinating anion, copper nitrate, was then used to form complex 5.24 

when reacted with 5.2. The use of a weaker anion should for the coordination of more than molecule of 

5.2 to the copper centre. Dark green crystals suitable for X-ray diffraction were formed from the slow 

diffusion of diisopropyl ether into an acetonitrile solution of the reaction mixture in 10% yield. The 

complex crystallises in the monoclinic space group P21/n with half a molecule of 5.24 present in the 
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asymmetric unit along with one nitrate anion. The weaker nitrate anion has allowed for two molecules of 

5.2 to chelate to one copper atom, related by an inversion centre on the copper atom, with Cu…N distances 

= 2.032(1) Å and 2.046(2) Å, and again the twisting of the imidazole rings of 5.2 is minimal (0.9(1)˚). 

The coordination sphere of the octahedral copper atom (N-Cu-N = 82.0(1)˚ and 98.1(1)˚, N-Cu-O range 

from 89.7(1)˚ to 90.3(1)˚) is completed by two water molecules coordinated to the copper atom in axial 

positions (Cu…O = 2.376(1) Å), as shown in figure 5.38.  

 

The nitrate counter ions hydrogen bond to two different water molecules in adjacent units of complex 

5.24 (O…O = 2.843(2) Å and 2.887(2) Å), and each water molecule is in turn hydrogen bonding to two 

different nitrate anions. The third oxygen atom of the nitrate molecule is constrained in a hydrogen 

bonding pocket of a third unit of complex 5.24 (C…O = 3.254(2) Å and 3.565(2) Å), formed from the 

imidazole hydrogen atoms of 5.2. These three hydrogen bonding interactions form a 3-dimensional 

network of complex 5.24 linked together by nitrate anions, as shown in figure 5.39. 

 

 

 

 

 

 

 

Figure 5.38. Two molecules of 5.2 chelating one copper molecule in complex 5.24, nitrate anions and 

hydrogen atoms have been removed for clarity. 
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Figure 5.39. One nitrate anion hydrogen bonding to three different units of complex 5.24 through 

coordinated water molecules and imidazole hydrogen atoms, hydrogen bonds are indicated as dashed 

lines, hydrogen atoms have been removed for clarity. 

 

5.7.4 Synthesis of [Cu5.22(OH2)2]I2, complex 5.25 

Ligand 5.2 was also reacted with CuI to form complex 5.25. Dark green needles suitable for X-ray 

crystallography were obtained from the acetonitrile solution of the reaction mixture over the course of 

two weeks in 11% yield. The complex crystallises in the monoclinic space group P21/n with half a 

molecule of 5.25 and one iodide anion present in the asymmetric unit. Like complex 5.24 above two 

molecules of 5.2 chelate one copper atom (Cu…N = 2.019(2) Å and 2.023(2) Å), and again the molecules 

of 5.2 are crystallographically related through an inversion centre on the copper atom. Two molecules of 

water are also coordinated to the copper atom (Cu…O = 2.364(3) Å) in axial positions to fufill the 

octahedral coordination geometry around the copper atom (N-Cu-N = 82.3(1)˚ and 97.7(1)˚ and N-Cu-O 

range from 87.3(1)˚ to 92.7(1)˚) . The bonding of 5.2 and the water molecules around the copper atom 

resembles that of complex 5.24, refer to figure 5.38. Again the twisting of the imidazole rings in 5.2 is 

minimal (1.5(1)˚). During the course of the reaction copper(I) centre has been oxidised to a copper(II) 

centre. 

 

The iodide ions form two moderate hydrogen bonds to water molecules from two neighbouring units of 

complex 5.25, and each water molecule of the complex is in turn hydrogen bonded to two different iodide 

ions (O…I = 3.482(3) Å and 3.601(3) Å). This forms an extended two dimensional hydrogen bonding 

network, as shown in figure 5.40, where each unit of complex 5.25 interacts with four others through 

hydrogen bonding via an iodide ion. Loops involving four units of complex 5.25 and four iodide ions are 

formed, each iodide atom participates in two loops, while each complex unit participates in four loops 
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through both of the water molecules above and below the plane of 5.2. Two chelating molecules of 5.2 

from two neighbouring units point into each loop, filling the cavity. Sheets of the two dimensional 

network are interacting through weak hydrogen bonds formed by the imidazole hydrogen atoms and 

iodide ions of a neighbouring network (C…I = 4.019(3) Å and 4.469(3) Å). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.40. Extended 2-D hydrogen bonding network formed by the hydrogen bonding between water 

molecules of complex 5.25 and iodide ions, hydrogen bonds shown by dashed lines, hydrogen atoms not 

involved in hydrogen bonding have been omitted for clarity. 

 

5.7.5 Synthesis of [Cu5.22(OH2)2][ClO4]2, complex 5.26 

Finally 5.2 was reacted with copper(II) perchlorate, the weakest coordinating anion used for the formation 

of complexes with 5.2, to form complex 5.26. Light green crystals suitable for X-ray crystallography were 

obtained from the slow diffusion of diisopropyl ether into an acetonitrile solution of complex 5.26 in 12% 

yield. The complex crystallises in the monoclinic space group P21/n with half a molecule of 5.26, one 

perchlorate ion (disordered over two positions) present in the asymmetric unit. The middle carbon atom in 

the propyl backbone of ligand 5.2 is disordered over two positions, above and below the plane of the 

imidazole rings, as observed in complex 5.23, one position is occupied 67% of the time, the other 33%. 

 

Again two molecules of 5.2 chelate one copper atom (Cu…N = 2.024(4) Å and 2.028(4) Å), with two 

molecules of water coordinated to the copper atom in the axial position (Cu…O = 2.396(6) Å) to fulfill the 

coordination requirements of the copper atom. The twisting of the imidazole rings of 5.2 is again small 

(2.4(2)˚). The coordination of 5.2 and the water molecules around the copper atom resembles that 
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observed in complex 5.24, refer to figure 5.38. The perchlorate anion is disordered over two positions 

with each position occupied 50% of the time.  

 

One perchlorate anion hydrogen bonds to water molecules two neighbouring units of complex 5.26 (O…O 

= 2.500(20), 2.749(10) Å, 2.794(12) Å and 2.816(17) Å), as shown in figure 5.41, to form a two 

dimensional hydrogen bonding network, like that described for complex 5.25. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.41. Extended 2-D hydrogen bonding network formed by the hydrogen bonding between water 

molecules of complex 5.26 and perchlorate anions, hydrogen bonds shown by dashed lines, perchlorate 

anion disorder and hydrogen atoms have been omitted for clarity. 

 

Increasing the length of the N,N’-linking backbone has resulted in the chelation of copper(II) salts in all 

cases. When strongly coordinating anions are present only one molecule of 5.2 coordinates to the copper 

centre, the use of weaker anions allows the formation of a conserved coordination motif around the 

copper centre involving chelation of two molecules of 5.2 with two axial water molecules also 

coordinating. 

 

5.8 Other complexes 

Despite numerous attempts single crystals suitable for X-ray crystallography of complexes formed with 

various silver(I), copper(I) and copper(II) salts and 5.7 were not obtained. Attempts to crystallise the 

complex formed from Ru(bpy)2Cl2 and 5.7 with a variety of different methods was unsuccessful. Highly 

twinned crystals were grown, and these crystals were diffracted but gave poor data and a poor refinement. 

Despite the poor data enough information is given from the crystal structure solution to determine that 5.7 
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coordinates in a monodentate fashion through one imidazole nitrogen atom, in accordance with Thummel 

et al’s preparation of a complex with Ru(bpy)2Cl2 and 5.767 of which no crystal was isolated. The other 

coordination site of the ruthenium centre appears to be occupied by a molecule of acetonitrile. 

 

5.9 Summary 

The difference in backbone tether, metal ion and counterion used in the coordination chemistry of 2,2’-

biimidazole ligands all play a significant role in the metallosupramolecular chemistry of these 2,2’-

biimidazole ligands. In this chapter the coordination chemistry of N,N’-dimethylene-2,2’-biimidazole, 

5.1, and N,N’-trimethylene-2,2’-biimidazole, 5.2 were investigated with silver(I), copper(I) and 

copper(II), cadmium(II) and cobalt(II) metal ions and a range of counter ions. The lability of the silver(I) 

ion allowed for anion control of the metallosupramolecular structures formed with 5.1, discrete structures 

were obtained with moderately coordinating anions and non coordinating anions allowed for a polymeric 

structure to be formed. In each case 5.1 bridges two silver(I) metal ions. 

 

Dinuclear triple helicates were formed when 5.1 was coordinated to copper(I) ions no matter the anion 

present or its coordination strength. In three cases the dinuclear triple helicate enclathrates a benzene 

molecule, but when hexafluorophosphate is the anion no enclathration complex is formed. 1H-NMR 

titrations show the dynamic nature of the helicate formation in solution, and anion competition studies 

show the enclathration complexes are formed preferentially over the hexafluorophosphate structure. 

Fluorobenzene is also enclathrated in the same manner by these dinuclear triple helicates, but 

hexafluorobenzene and mesitylene are not, demonstrating the dependence of the enclathration species on 

its size and electronic nature. 

 

Ligand 5.1 also bridges copper(II) ions, but when complexed with cadmium(II) and cobalt(II) ions 5.1 is 

no longer bridging and instead coordinates in a monodentate fashion. The nitrogen atom of 5.1 not 

involved in metal coordination, participates in hydrogen bonding with a coordinated water molecule on 

the cadmium(II) or cobalt(II) metal ion. 

 

The strain of the tethered backbone of 5.1 imparts a non-planar geometry onto the imidazole rings, pulling 

the nitrogen atoms apart and allowing the bridging if metal ions. In contrast the addition of only one more 

carbon atom, forming 5.2, releases the strain on the imidazole ring and allowing for chelation. The 

reaction of 5.2 and copper(II) metal ions forms discrete coordination complexes in each case, with either 

one or two ligands bound to the copper(II) ion. 
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6.1 Conclusions 

This thesis has described the preparation of a series of model compounds with heterocyclic five – 

membered rings substituted with multiple peripheral aryl rings and the ability of the peripheral aryl rings 

to undergo oxidative cyclodehydrogenation and photocyclisation to form carbon-carbon bonds, with a 

view towards the synthesis of curved heterocyclic aromatic systems. Synthetic strategies were used for 

the preparation of 2,3-diarylindole, 2,3,4,5-tetraarylpyrrole and pentaarylpyrrole compounds where the 

aryl group could be easily varied allowing for more activating and solubilising substituents to be attached 

to the peripheral aryl groups. Carbon-carbon bonds were formed between the peripheral aryl rings for 

each class of compound using either oxidative cyclodehydrogenation or photocyclisation and 

determination of the position of the carbon-carbon bond(s) in the resulting compounds was determined by 
1H-NMR spectroscopy and X-ray crystallography where appropriate. 

 

6.1.1 Oxidative cyclodehydrogenation 

Various conditions for oxidative cyclodehydrogenation were investigated during the course of this study. 

The use of AlCl3/oxidant as the reagent for oxidative cyclodehydrogenation was trialled with both 2,3-

diarylindole and 2,3,4,5-tetraarylpyrrole model compounds and pentaphenylpyrrole. In each case a low 

yield of cyclodehydrogenated product was obtained that could not be isolated from the reaction mixture. 

FeCl3 was also used as a reagent for oxidative cyclodehydrogenation, added to the reaction both as a solid 

or dissolved in nitromethane. In most cases the formation of multiple products was observed, and in the 

cases where products could be isolated from the reaction mixture the formation of only one carbon-carbon 

bond between the peripheral aryl rings in the 2- and 3-position of the heterocyclic core was observed, 

resulting the formation of dibenzo[a,c]carbazoles from the corresponding 2,3-diarylindoles and N-benzyl-

2,3-diaryl-dibenzo[e,g]indoles from the corresponding N-benzyl-2,3,4,5-tetraarylpyrroles. These reactions 

proceeded in low yields. In only one case did oxidative cyclodehydrogenation form more than one 

carbon-carbon bond, when N-ethyl-2,3,4,5-tetraphenylpyrrole was subjected to oxidative 

cyclodehydrogenation with 45 equivalents of FeCl3 and 3,6,12,15-tetrachloro-9-ethyl-

tetrabenzo[a,c,g,i]carbazole was isolated. Carbon-carbon bonds were formed between the phenyl rings in 

the 2- and 3-position of the pyrrole ring, as well as between the phenyl rings in the 4- and 5-position. 

Chlorination of all four phenyl rings also occurs and the X-ray crystal structure obtained demonstrates the 

significant distortion in the aromatic tetrabenzo[a,c,g,i]carbazole system, due to the steric strain between 

the two ortho hydrogen atoms of the peripheral aryl rings in the 3- and 4-position of the pyrrole core. The 

aryl rings in the 3- and 4-position of the pyrrole core are twisted at an angle of 38˚ to each other. 
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6.1.2 Photocyclisation 

Photocyclisation reactions of the 2,3-diarylindole, 2,3,4,5-tetraarylpyrrole and pentaarylpyrrole 

compounds were also investigated during the course of this study. The photocyclisation reactions 

proceeded in high yields to form dibenzo[a,c]carbazoles from 2,3-diarylindoles, and N-ethyl-2,3-diaryl-

dibenzo[e,g]indoles from N-ethyl-2,3,4,5-tetraarylpyrroles. The N-benzyl-2,3,4,5-tetraarylpyrrole 

compounds formed multiple products when subjected to photocyclisation and 3-benzyl-2,3-diaryl-

dibenzo[e,g]indole compounds were isolated from the reaction mixture in low yields. The compounds 

have formed a carbon-carbon bond between the aryl rings in the 2- and 3-position of the pyrrole core but 

the benzyl group has also undergone a 1,3-shift to losing the aromaticity in the pyrrole ring and sp3 

hybridising the carbon atom in the 3-position of this ring. The carbon-carbon bond formation and 1,3-shift 

in one pot is unprecedented. Photocyclisation allowed for the preparation of reasonable quantities of N-

ethyl-2,3-diaryl-dibenzo[e,g]indoles to investigate the possible step-wise carbon-carbon bond formation 

of the pyrrole systems, but subsequent oxidative cyclodehydrogenation was unsuccessful and 

photocyclisation returned only starting materials. 1H-NMR spectroscopy and mass spectroscopy indicate 

the formation of one carbon-carbon bond when pentaphenylpyrrole was subjected to photocyclisation 

conditions, which has tentatively been assigned to the carbon-carbon bond formation between the phenyl 

rings in the 2- and 3-position of the pyrrole core. 

 

6.3 Metallosupramolecular chemistry 

The metallosupramolecular chemistry of two backbone linked 2,2’-biimidazole compounds were 

investigated with a variety of different metal ion and counter ions. The length of the backbone played a 

significant role in controlling the bridging or chelating ability of the 2,2’-biimidazole. Complexes of 

silver(I), copper(I) and copper(II) ions all formed where the ethyl bridged 2,2’-biimidazole ligand was 

bridging two metal centres. In contrast cadmium(II) and cobalt(II) ions formed monodenate complexes 

with the ethyl bridged 2,2’-biimidazole ligand and the free nitrogen atom formed hydrogen bonds to a 

coordinated water molecule. The propyl bridged 2,2’-biimidazole ligand formed exclusively chelating 

complexes with copper(II) ions, with either one or two ligands chelating the metal centre depending on 

the coordinating strength of the anion used. 

 

6.2 Future work 

6.2.1 2,3-diarylindole compounds 

The variability of the 2,3-diarylindole model compounds investigated in this thesis was limited to alkyl 

substitution on the nitrogen atom and electron donating and solubilising substitution at the 4-position of 

the peripheral aryl ring. Further work towards investigating the oxidative cyclodehydrogenation and 
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photocyclisation of these compounds, and increasing the yield and stability of the compounds formed 

through oxidative cyclodehydrogenation, could incorporate the use of electron withdrawing groups on the 

nitrogen atom, such as benzoyl and acyl groups. Different substituents could also be incorporated around 

the phenyl ring on the indole core to probe the role the electronic nature of the indole ring plays in the 

carbon-carbon bond forming reaction. 

 

6.2.2 2,3,4,5-tetraarylpyrrole compounds 

The isolation of 3,6,12,15-tetrachloro-9-ethyl-tetrabenzo[a,c,g,i]carbazole from the oxidative 

cyclodehydrogenation reaction opens up the possibility of using transition metal catalysed reactions to 

appended different functionality to all four phenyl rings after cyclodehydrogenation reaction. The 

incorporation of 4-bromo substituents on the peripheral aryl groups would also allow these reactions to 

take place. Incorporation of a 4-bromo substituent on the peripheral aryl groups would also be interesting 

as the bromo substitution would remove electron density from the phenyl rings and is also ortho, para 

activating, possibly altering the oxidative cyclodehydrogenation reaction. The nature of the peripheral 

phenyl rings could also be modified to larger fused systems, like naphthalene, so that the resulting 

cyclodehydrogenated compounds would posses more fused rings and may be more rigid, allowing more 

structure to be seen in their UV/vis and emission spectra. Preliminary work has also been carried out to 

probe why the N-benzyl group of the 2,3,4,5-tetraarylpyrrole is able to undergo rearrangement during 

photocyclisation and the N-ethyl group and N-benzyl-2,3-diarylindoles does not. This can be further 

extended to understand the nature of the photocyclisation and difference in photocyclisation for the N-

substituted-2,3,4,5-tetraarylpyrrole compounds. The photocyclisation of heteroaromatic compounds with 

peripheral aryl groups has not been extensively explored in the literature. The work presented in this 

thesis can be used as a platform to explore photocyclisation of heteroaromatic compounds, with a view 

towards the formation of compounds with multiply fused aromatic rings. 

 

6.2.3 Pentaarylpyrrole compounds 

Only a small quantity of pentaarylpyrrole compounds described in this thesis were made, and as a result 

this limited the investigation of the ability of these compounds to undergo oxidative 

cyclodehydrogenation and photocyclisation. Alternative reagents, like DDQ/H+, also need to be 

investigated for their ability to form carbon-carbon bonds on this particular system. Further work is also 

needed to form a comprehensive family of pentaarylpyrrole compounds using the Suzuki coupling 

reaction of aryl boronic acids and 1,2,5-triaryl-3,4-dibromopyrroles. Not explored in this thesis was the 

synthesis of compounds with activating substituents, such as fluorine, in the ortho positions of the 

peripheral phenyl rings. These activating groups may provide a route to form a curved aromatic system 
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with a heterocyclic pyrrole ring at the core. Harsher conditions for the cyclodehydrogenation reaction 

were also not explored, for example flash vacuum pyrolysis, which may provide the extra energy required 

to form a curved corannulene-like compound.  

 

Thin films of the cyclodehydrogenated and photocyclised compounds prepared here, along with their 

precursors, were not prepared during this study. The thin films of these compounds need to be prepared in 

order to measure their optical properties to assess the possibility of their use in organic devices. 

 

6.2.4 Backbone linked 2,2’-biimidazole ligands 

Only two ligands were used in this study of the coordination chemistry of backbone linked 2,2’-

biimidazole ligands. The synthesis of a phenyl-linked backbone was also reported in this thesis, although 

no coordination complexes were isolated. The synthesis of 2,2’-biimidazole ligands with different 

backbones would extend the work completed here. A methylene bridged backbone 2,2’-biimidazole 

should pull the nitrogen atoms of the 2,2’-biimidazole even further apart, leading to new coordination 

motifs. Oxidation of the ethyl linked 2,2’-biimidazole to form an ethene linked 2,2’-biimidazole should 

decrease the torsion seen in the ethylene backbone and induce even more strain into the ligand, affecting 

the ability of the ligand to coordinate to metal ions. 
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General Information 

Unless otherwise specified, all reagents and starting materials were reagent grade, purchased from 

standard suppliers and used as received. Water was purified by reverse osmosis in-house. Where 

anhydrous solvents were required, the HPLC-grade solvent was either distilled from standard drying 

agents or dried by passing over a sealed column of activated alumina. Melting points were recorded on an 

Electrothermal melting point apparatus and are uncorrected. Elemental analysis was carried out by 

Campbell Microanalytical Laboratory, University of Otago. Except where otherwise specified, all 

reactions were carried out in air. 

 

Infrared Spectroscopy 

All infrared spectra were recorded on a Perkin-Elmer Spectrum One FTIR instrument operating in diffuse 

reflectance mode with samples prepared as KBr mulls (KBr). The following abbreviations are used: s: 

strong, m: medium, w: weak, sh: shoulder, br: broad. 

 

Mass spectroscopy 

Mass spectra were recorded by Dr Marie Squire and Dr Meike Holzenkaempfer on either a DIONEX 

Ultimate 3000 or Bruker MaXis 4G spectrometer, both of which were operated in high resolution positive 

ion electrospray mode. Samples were dissolved and diluted to the required concentration in HPLC grade 

acetonitrile or methanol. 

 

Nuclear Magnetic Resonance 

All spectra were recorded on a Varian INOVA 500, Varian Unity 300, or an Agilent 400-MR instrument 

operating at 500, 300 and 400 MHz, respectively, for 1H, and 125, 75 and 125 MHz, respectively, for 13C. 

All samples were dissolved in commercially available deuterated solvents CDCl3 and CD3CN. Spectra 

were referenced to the residual solvent peaks and/or TMS. COSY, HSQC and HMBC experiments were 

employed where required, using standard Varian and Agilent pulse sequences.  

 

UV/visible spectroscopy 

UV/Visible spectra were recorded on a Varian CARY UV/Visible spectrometer in the range 225 – 800 

nm for dichloromethane and 200 – 800 nm for acetonitrile. Samples were measured at room temperature 

in quartz curvettes of path length 1 cm and approximate capacity 3 mL. 
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Fluorometry 

Emission spectra were recorded on a Horiba Fluorolog-3 spectrometer in the range 300 – 600 nm for 

dichloromethane. Samples were measured at room temperature in quartz curvettes of path length 1 cm 

and approximate capacity 3 mL. 

 

X-Ray Crystallography  

Refinement data is presented in Appendix 1. X-ray crystallographic data collection and refinement was 

carried out with either a Bruker APEXII instrument, using graphite-monochromated Mo Kα (λ = 0.71073 

Å) radiation, or an Oxford-Agilent SuperNova instrument with focused microsource Cu Kα (λ = 1.5418 

Å) radiation and ATLAS CCD area detector. All structures were solved using direct methods with 

SHELXS1 and refined on F2 using all data by full matrix least-squares procedures with SHELXL-972 

within OLEX-2.3 Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 

atoms were included in calculated positions, or were manually assigned from residual electron density 

where appropriate, with isotropic displacement parameters 1.2 times the isotropic equivalent of their 

carrier atoms. The functions minimized were Σw(F2o-F2c), with w=[σ2(F2o)+aP2+bP]-1, where 

P=[max(Fo)2+2F2c]/3. Some of the refinements reported may change a little upon preparation for final 

publication. Graphical representations of crystallographic data were prepared using the CrystalMaker. 

Crystallographic data for all compounds is included in .cif format as electronic supplementary 

information.  
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Chapter Two 
 

The following compounds were prepared according to literature methods, and all characterisation data 

were found to be consistent with that provided; 4,4’-dimethylbenzoin 2.3a,4 NH-2,3-bis(4-

methoxyphenyl)indole 2.2,5 and N-ethyl-2,3-bis(4-methoxyphenyl)indole 2.6,5 4’-chloro-

2,2’:6’,2’’terpyridine 2.286 and [Ru(terpy)(Cl-terpy][PF6]2, 2.29.7 

 

Synthesis of 4,4’-ditertbutylbenzoin, 2.4a8 

In a round bottom flask potassium cyanide (3.20 g, 49.1 mmol) was dissolved in 

15 mL of water, and a solution of 4-tertbutylbenzaldehyde (15.0 g, 15.5 mL, 

92.5 mmol) in 25 mL of ethanol was added. The reaction mixture was refluxed 

for two hours, and a white solid precipitated. After cooling the solid was 

filtered, and recrystallised from ethanol. Yield: 12.8 g (85%). m.p. 157 – 158 

˚C; 1H NMR (300MHz, CDCl3): δH 7.87 (d, 2H, J = 8 Hz, H2), 7.40 (d, 2H,  

J = 8 Hz, H5), 7.34 (d, 2H, J = 8 Hz, H4), 7.27 (d, 2H, J = 8 Hz, H1), 5.90 (s, 1H, H7), 1.36 (s, 9H, CH3, 

H6), 1.40 (s, 9H, CH3, H3). 

 

Synthesis of NH-2,3-diarylindoles, 2.1 – 2.4 

General procedure for the synthesis of NH-2,3-diarylindoles, 2.1 – 2.4 

Following a modified literature procedure,5 in a round bottom flask was added aniline, the appropriately 

substituted anisoin and conc. hydrochloric acid and the mixture was heated to reflux for one hour at 

110˚C. The temperature was then increased to 180˚C and water was distilled off for one hour. The 

solution was left to cool overnight and then portioned between 50mL diethyl ether and 50mL water. The 

layers were separated and the water layer was washed with 2x 50mL diethyl ether. The combined diethyl 

ether layers were washed with 3x 100mL 10% hydrochloric acid, 3x 100mL water, 3x 100mL 5% sodium 

hydroxide, 3x 100mL water and 2x 50mL brine. The organic layers were then dried with sodium sulfate 

and the solvent removed in vacuo. The solid was further dried under a high vacuum.  

 

Synthesis of NH-2,3-diphenylindole, 2.19 

Benzoin (1.57 g, 7.4 mmol), aniline (3.48 g, 3.4 mL, 37.0 mmol), conc. 

hydrochloric acid (0.50 mL). Yield: 0.93 g (47%). m.p. = 120 – 123 ˚C; 1H 

NMR (300MHz, CDCl3): δH 8.21 (s, 1H, NH), 7.68 (d, 1H, J = 8 Hz), 7.46 – 

7.15 (m, 13H). N
H

 

O
OH1

2

3
4
5

6

7
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Synthesis of NH-2,3-bis(4-methylphenyl)indole, 2.310 

2.3a (1.30 g, 5.39 mmol), aniline (4.02 g, 3.95 mL, 43.2 mmol), conc. 

hydrochloric acid (0.370 mL). Yield: 0.840 g (52%). m.p. = 218 – 220 ˚C; 1H 

NMR (500MHz, CDCl3): δH 8.19 (s, 1H, NH), 7.68 (d, 1H, J = 8 Hz), 7.43 (d, 

1H, J = 8 Hz), 7.36 – 7.33 (m, 4H), 7.26 – 7.20 (m, 3H), 7.17 – 7.14 (m, 3H), 

2.41 (s, 3H, CH3), 2.37 (s, 3H, CH3). 

 

 

Synthesis of NH-2,3-bis(4-tertbutylphenyl)indole, 2.4 

2.4a (1.56 g, 4.80 mmol), aniline (3.57 g, 3.50 mL, 38.4 mmol), conc. 

hydrochloric acid (0.30 mL). Yield: 0.92 g (50%). m. p. 123 – 125 ˚C; 1H 

NMR (500MHz, CDCl3): δH 8.18 (s, br, 1H, NH, H11), 7.69 (d, 1H, J = 8 

Hz, H7), 7.42 – 7.34 (m, 9H, H1, H2, H4, H5, H10), 7.24 (t, 1H, J = 8 Hz, 

H9), 7.13 (t, 1H, J = 8 Hz, H8), 1.38 (s, 9H, H3), 1.34 (s, 9H, H6); 13C 

NMR (125MHz, CDCl3): δC 150.6 C2a, 148.9 C5a, 135.8 C1a, 133.8 C4a, 

132.1, 1230.0, 129.7, 127.6, 125.6, 125.3, 122.4 C9, 120.2 C8, 119.9 C7,  

114.6, 110.7 C10, 31.5 C3, 31.2 C6; MS(ESI): m/z: calc for C28H31NNa ([2.4 + Na]+): 404.2354, found: 

404.2351; IR (KBr) v/cm-1: 3411 m, 2970 s, br, 2903 m, sh, 2867 m, sh, 1523 m, 1456 s, 1363 m, 1329 m, 

1268 m, 1114 m, 1016 m, 969 m, 838 s, 739 s; UV-Vis λmax (ε): 249 nm (31542), 310 nm (20477); 

Fluorometry λmax: 417 nm. 

 

Synthesis of N-ethyl-2,3-diarylindoles, 2.5 – 2.8 

General procedure for the synthesis of N-ethyl-2,3-diarylindoles, 2.5 – 2.8 

Following a modified literature procedure,11 in a round bottom flask flushing with N2, was added the 

appropriate NH-2,3-diarylindole and 10 mL dry dimethylformamide. The solution was cooled to 0˚C 

using an ice bath and sodium hydride was added. The solution was stirred at 0˚C for 10 minutes and then 

ethyl bromide was added and the solution was stirred at room temperature overnight. The solution was 

poured into 100 mL water and extracted with 3x 75 mL ethyl acetate. The combined organic layers were 

washed with 3x 200 mL water, dried with sodium sulfate and the solvent removed in vacuo. The solid 

obtained was recrystallised from ethyl acetate / hexanes. 
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Synthesis of N-ethyl-2,3-diphenylindole, 2.512 

2.1 (1.08 g, 4  mmol), sodium hydride (0.30 g, 12 mmol), ethyl bromide (0.53 g, 

0.36 mL, 4.8 mmol). Yield: 0.80 g (67%). m.p. = 127 – 128 ˚C; 1H NMR 

(500MHz, CDCl3): δH 7.81 (d, 1H, J = 8 Hz), 7.44 (d, 1 H, J = 8 Hz), 7.40 – 

7.15 (m, 12H), 4.14 (q, 2H, J = 7 Hz, CH2), 1.24 (t, 3H, J = 7 Hz, CH3). 

 

 

Synthesis of N-ethyl-2,3-bis(4-methoxyphenyl)indole, 2.613 

2.2 (1 g, 3 mmol), sodium hydride (0.22 g, 9.25 mmol), ethyl bromide (0.39 

g, 0.28 mL, 3.63 mmol). Yield: 0.70 g (65%). m.p. = 101 – 105 ˚C; 1H NMR 

(500MHz, CDCl3): δH 7.76 (d, 1H, J = 8 Hz), 7.42 (d, 1H, J = 8 Hz), 7.27 – 

7.21 (m, 5H), 7.16 (t, 1H, J = 8 Hz), 6.92 (d, 2H, J = 9 Hz), 6.82 (d, 2H, J = 

9 Hz), 4.12 (q, 2H, J  = 7 Hz, CH2), 3.85 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 

1.28 (t, 3H, J  = 7 Hz, CH3). 

 

Synthesis of N-ethyl-2,3-bis(4-methylphenyl)indole, 2.7 

2.3 (1 g, 3.36 mmol), sodium hydride (0.24 g, 10.1 mmol), ethyl bromide 

(0.44 g, 0.30 mL, 4.03 mmol). Yield: 0.92 g (84%). m.p. 115 – 118 ˚C; 1H 

NMR (500MHz, CDCl3): δH 7.79 (d, 1H, J = 8 Hz, H7), 7.43 (d, 1H, J = 8 

Hz, H10), 7.28 – 7.17 (m, 8H, H1, H2, H4, H8, H9), 7.08 (d, 2H, J = 8 Hz, 

H5), 4.12 (q, 2H, J  = 7.5 Hz, CH2, H11), 2.40 (s, CH3, 3H, H3), 2.33 (s, 

CH3, 3H, H6), 1.29 (t, 3H , J  = 7.5 Hz, CH3, H12); 13C NMR (125MHz,  

CDCl3): δC 137.8, 137.2, 136.0, 134.8, 132.3, 130.9, 129.6, 129.3, 129.1, 128.9 C5, 127.3, 121.8, 119.9, 

119.7 C7, 115.0, 109.7 C10, 38.5 C11, 21.4 C3, 21.2 C6, 15.4 C12; ESMS: calc for C24H24N ([2.7 + H]+) 

= 326.1909, found: 326.1903; IR (KBr) v/cm-1: 2979 m, 2917 m, 1520 m, 1460 s, 1349 s, 1332 m, 1237 

m, 1096 m, 1019 m, 932 m, 836 m, 819 s, 801 s, 746 s; UV-Vis λmax (ε): 240 nm (18386), 289 nm 

(10658); Fluorometry λmax: 420 nm. 
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Synthesis of N-ethyl-2,3-bis(4-tertbutylphenyl)indole, 2.8 

2.4 (1 g, 2.62 mmol), sodium hydride (0.18 g, 7.86 mmol), ethyl bromide 

(0.34 g, 0.25 mL, 3.17 mmol). Yield: 0.73 g (68%). m.p. 134 – 137 ˚C; 
1H NMR (500MHz, CDCl3): δH 7.82 (d, 1H, J = 8 Hz, H7), 7.43 – 7.38 

(m, 5H), 7.28 – 7.23 (m, 5H), 7.16 (t, 1H, J = 8 Hz, H8), 4.11 (q, 2H, J = 

7 Hz, CH2, H11), 1.36 (s, 9H, H3), 1.31 (s, 9H, H6), 1.28 (t, 3H, J  = 7 

Hz, CH3, H12); 13C NMR (125MHz, CDCl3): δC 151.1, 148.0, 137.5, 

136.2, 132.5, 130.9, 129.5, 127.7, 125.5, 125.2, 122.0, 120.2 C7, 120.0  

C8, 115.1, 109.9, 38.8 C11, 31.7 C3, 31.2 C6, 15.7 C12; ESMS: calc for C30H35NNa ([2.8 + Na]+) = 

432.2662, found: 432.2661; IR (KBr) v/cm-1: 2956 s, 2902 s, sh, 2865 s, sh, 1464 s, 1362 s, 1335 s, 1268 

s, 1236 s, 1111 m, 1018 m, 934 m, 839 s, 748 s, 740 s; UV-Vis λmax (ε): 235 nm (30065), 288 nm 

(14707); Fluorometry λmax: 421 nm. 

 

Synthesis of N-benzyl-2,3-diarylindoles, 2.9 – 2.12 

General procedure for the synthesis of N-benzyl-2,3-diarylindoles, 2.9 – 2.12 

Following a modified literature procedure,11 in a round bottom flask flushing with N2, was added the 

appropriate NH-2,3-diarylindole and 10 mL dry dimethylformamide. The solution was cooled to 0˚C 

using an ice bath and sodium hydride was added. The solution was stirred at 0˚C for 10 minutes and then 

benzyl bromide was added and the solution stirred at room temperature overnight. The solution was 

poured into 100 mL water and extracted with 3x 75 mL ethyl acetate. The combined organic layers were 

washed with 3x 200 mL water, dried with sodium sulfate and the solvent removed in vacuo. The solid 

was recrystallised from ethyl acetate/hexanes. 

 

Synthesis of N-benzyl-2,3-diphenylindole, 2.914 

2.1 (0.8 g, 2.96 mmol), sodium hydride (0.2 g, 9.12 mmol), benzyl bromide (0.6 

g, 0.41mL, 3.6 mmol). Yield: 0.72 g (68%). m.p. = 139 - 141 ˚C; 1H NMR 

(500MHz, CDCl3): δH 7.83 (d, 1H, J = 8 Hz), 7.34 – 7.18 (m, 17H), 7.02 (d, 1H, J 

= 8 Hz), 5.30 (s, 2H, CH2). 
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Synthesis of N-benzyl-2,3-bis(4-methoxyphenyl)indole, 2.10 

2.2 (1 g, 3 mmol), sodium hydride (0.22 g, 9.25 mmol), benzyl bromide 

(0.62 g, 0.44 mL, 3.63 mmol). Yield: 0.87 g (69%). m.p. 156 – 158 ˚C; 1H 

NMR (400MHz, CDCl3): δH 7.78 (d, 1H, J = 8 Hz, H7), 7.28 – 7.22 (m, 6H), 

7.18 – 7.15 (m, 4H, H8, H10), 7.02 (d, 2H, J = 8 Hz), 6.85 – 6.81 (m, 4H, 

H9), 5.28 (s, CH2, 2H, H11), 3.80 (s, OCH3, 3H, H3), 3.79 (s, OCH3, 3H, 

H6); 13C NMR (125MHz, CDCl3): δC 159.7, 157.8, 132.5, 131.2, 128.9, 

128.0, 127.8, 127.4, 126.4 C10, 124.3, 122.4, 120.5, 119.8 C7, 115.1, 114.2, 

114.0, 110.7, 55.5 C3, 55.4 C6, 47.8 C11; ESMS: calc for C29H25NO2Na  

([2.10 + Na]+) = 442.1783, found 442.1794; IR (KBr) v/cm-1: 3042 w, 2936 w, 2835 w, 1610 m, 1517 s, 

1495 s, 1463 s, 1287 s, 1245 s, 1175 s, 1030 s, 934 m, 835 s, 782 m, 747 s, 726 s; UV-Vis λmax (ε):  247 

nm (18433), 290 nm (10363); Fluorometry λmax: 417 nm. 

 

Synthesis of N-benzyl-2,3-bis(4-methylphenyl)indole, 2.11 

2.3 (1 g, 3.36 mmol), sodium hydride (0.24 g, 10.1 mmol), benzyl bromide 

(0.69 g, 0.48 mL, 4.03 mmol). Yield: 1.03 g (79%). m.p. 126 – 129 ˚C; 1H 

NMR (400MHz, CDCl3): δH 7.81 (d, 1H, J = 8 Hz, C7), 7.27 – 7.10 (m, 14H), 

7.03 (d, 2H, J = 7 Hz), 5.29 (s, CH2, 2H, H11), 2.35 (s, CH3, 3H, H3), 2.34 (s, 

CH3, 3H, H6); 13C NMR (125MHz, CDCl3): δC 138.3, 137.9, 136.9, 134.9, 

132.2, 130.9, 129.7, 129.1, 128.9, 128.8, 128.6, 127.5, 127.1, 126.1, 122.1, 

120.2, 119.7 C7, 115.3, 110.4, 47.5 C 11, 21.3 C3, 21.2 C6; ESMS: calc for 

C29H26N ([2.11 + H]+) = 388.2065, found 388.2044; IR (KBr) v/cm-1: 3033 m,  

br, 2919 m, br, 1519 m, 1495 m, 1461 s, 1451 s, 1363 s, 1353 s, 829 s, 817 s, 744 s, 722 m, 699 m; UV-

Vis λmax (ε): 242 nm (20729), 291 nm (13050); Fluorometry λmax: 415 nm. 
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Synthesis of N-benzyl-2,3-bis(4-tertbutylphenyl)indole, 2.12 

2.4 (1 g, 2.08 mmol), sodium hydride (0.2 g, 8 mmol), benzyl bromide 

(0.54 g, 0.37 mL, 3.15 mmol). Yield: 0.65 g (66%). m.p. 138 – 141 ˚C; 1H 

NMR (400MHz, CDCl3): δH 7.85 (d, 1H, J = 8 Hz, C7), 7.32-7.15 (m, 

14H), 7.03 (d, 2H, J = 8 Hz), 5.29 (s, 2H, H11), 1.33 (s, 9H, CH3, H3), 

1.32 (s, 9H, CH3, H6); 13C NMR (125MHz, CDCl3): δC 150.1, 148.0, 138.3, 

137.8, 136.9, 132.2, 130.7, 129.4, 128.8, 128.6, 127.6, 127.0, 126.2, 125.2, 

125.0, 122.0, 120.1, 119.9 C7, 115.2, 110.4, 47.6 C11, 31.4 C3, 31.3 C6; 

ESMS: calc for C35H37NNa ([2.12 + Na]+) = 494.2818, found 494.2826; IR 

(KBr) v/cm-1: 2961 s, 2902 m, sh, 2868 m, sh, 1462 s, 1363 s,  

839 s, 748 s, 739 s, 727 m; UV-Vis λmax (ε): 233 nm (27928), 290 nm (14247); Fluorometry λmax: 416 nm. 

 

Synthesis of 1,2,3-triphenylindole, 2.13 

Following a modified literature procedure,15 in an oven dry Schlenk tube cooled 

under vacuum and backfilled with argon was added 2.1 (0.270 g, 1mmol), 

iodobenzene (0.204 g, 0.11 ml, 1mmol) and potassium hydroxide (0.140 g, 2.5 

mmol). 3 mL of dry dimethylsulfoxide was added and the reaction mixture was 

heated at 120 ˚C overnight under an argon atmosphere. The reaction mixture was 

cooled and 15 mL of sat. aqueous ammonium chloride solution was added. The  

solution was extracted with 2x 20 mL ethyl acetate, the organic layers combined and dried with MgSO4. 

The solvent was removed in vacuo and purification with flash column chromatography gave 2.13. 

Crystals suitable for X-ray crystallography were grown from the slow evaporation of a dichloromethane 

solution of 2.13 Yield: 0.090 g (26%). m.p. 185 – 187 ˚C; 1H NMR (400MHz, CDCl3): δH 7.83 (d, 1H, J = 

7 Hz), 7.72 (d, 1H, J = 8.4 Hz), 7.39 – 7.32 (m, 8H), 7.24 – 7.22 (m, 3H), 7.18 – 7.09 (m, 4H). 

 

Attempted syntheses of dibenzo[a,c]carbazoles using FeCl3 

General procedure for oxidative cyclodehydrogenation using FeCl3 dissolved in nitromethane 

In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added iron (III) chloride 

and placed back under vacuum for 15 minutes. In an oven dry three-necked round bottom flask cooled 

whilst flushing with argon was added the appropriate indole (~ 0.150 g) and the solid was flushed with 

argon for five minutes. 150 mL dry dichloromethane was added and the solution was stirred with argon 

bubbling through for five minutes. The schlenk tube was refilled with argon and the iron (III) chloride 

was dissolved in nitromethane. The nitromethane solution was added dropwise to the dichloromethane 

solution and the solution was stirred with argon bubbling through for six hours, then the bubbling argon 
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was removed and the solution was stirred under argon overnight. The reaction was quenched with 100 mL 

methanol and then 100 mL water was added. The layers were separated and the organic layer was washed 

with 50mL of water, dried with MgSO4 and the solvent removed in vacuo. Purification by flash column 

chromatography was attempted usually using SiO2, 9:1 hexanes : ethyl acetate or SiO2 4:1 hexanes:ethyl 

acetate. 

 

General procedure for oxidative cyclodehydrogenation using FeCl3 added to the reaction as a solid 

In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added iron (III) chloride 

and placed back under vacuum for 15 minutes. In an oven dry three-necked round bottom flask cooled 

whilst flushing with argon was added the appropriate indole (~ 0.150 g), and the solid was flushed with 

argon for five minutes. 150 mL dry dichloromethane was added and the solution was stirred with argon 

bubbling through for five minutes. The schlenk tube was refilled with argon and the solid iron (III) 

chloride was added in one go to the dichloromethane solution. The solution was stirred with argon 

bubbling through for six hours, then the bubbling argon was removed and the solution was stirred under 

argon overnight. The reaction was quenched with 100 mL methanol and then 100 mL water was added. 

The layers were separated and the organic layer was washed with 50 mL of water, dried with MgSO4 and 

the solvent removed in vacuo. Purification by flash column chromatography was attempted usually using 

SiO2, 9:1 hexanes:ethyl acetate or SiO2, 4:1 hexanes:ethyl acetate 

 

Synthesis of 9-benzyl-3,6-dimethoxy-9H-dibenzo[a,c]carbazole, 2.20 

2.10 (0.150g, 0.358 mmol), FeCl3 (0.87 g, 5.36 mmol), the dark red residue 

was purified by flash chromatography (SiO2, 4:1 hexanes:ethyl acetate). 

Crystals suitable for X-ray crystallography were obtained by slow diffusion 

of diisopropyl ether into a benzene solution of 2.20. Yield: 0.035 g (23%). 

m.p. 191 – 194 ˚C; 1H NMR (400MHz, CDCl3): δH 8.84 (d, br, 1H, H1), 8.59 

(d, br, 1H, H9), 8.17 (d, 1H, J = 8.4 Hz, H7), 8.15 (s, 1H, H3), 8.10 (s, 1H, 

H5), 7.45 – 7.30 (m, 9H, H2, H10), 7.12 (d, 1H, J = 8.4 Hz, H6), 5.96 (s, 2H, 

CH2, H13), 4.06 (s, 3H, OCH3, H8), 4.00 (s, 3H, OCH3, H4); 13C NMR  

(125MHz, CDCl3): δC 157.4, 137.6, 132.2, 129.1, 127.5, 126.0, 125.1 C1, 124.5 C7, 123.6, 121.4 C9, 

120.6, 116.5 C6, 115.3, 109.7, 106.9 C3, 106.4 C5, 55.6 C8, 55.4 C4, 50.2 C13; ESMS: calc for 

C29H24NO2 ([2.20 + H]+) = 418.1802, found 418.1786; calc for C29H23NO2 ([2.20·]+) = 417.1723, found, 

417.1726; IR (KBr)v/cm-1: 2953 w, 2927 w, 1616 m, 1529 m, 1469 s, 1238 s, 1207 s, 1038 s, 836 s, 803 s, 

732 s, 702 m; UV-Vis λmax (ε): 276 nm (49464), 309 nm (19528), 327 nm (16030), 378 nm (3900), 398 

nm (4416); Fluorometry λmax: 415 nm, 431 nm.  

N

O

O

1 2

3

4

5
6

7

8

9
10

11
12 13

14

1516

 

229 
 



 

Attempted syntheses of dibenzo[a,c]carbazoles using AlCl3/oxidant 

Attempted synthesis of 2.16 using AlCl3/CuCl2 

In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added AlCl3 (0.34 g, 

2.52 mmol) and the tube was placed back under vacuum for 15 minutes. The tube was backfilled with 

argon and CuCl2 (0.34 g, 2.52 mmol) and 1-ethyl-2,3-di(4-methoxyphenyl)indole, 2.6,  (0.100 g, 0.280 

mmol) were added. 30 mL of degassed CS2 was added to the solids and the reaction mixture was stirred 

under argon for four days, whilst monitoring with TLC. The CS2 was then evaporated and the remaining 

solid was stirred for two hours with 50 mL 1 mol.L-1 HCl solution. The solid was filtered and purification 

using flash column chromatography (Al2O3, 3:1 hexanes:ethyl acetate), did not isolate any products. 

 

Attempted synthesis of 2.16 using AlCl3/Cu(OTf)2 

The same general procedure was used as described above for the attempted synthesis of 2.16 using 

AlCl3/Cu(OTf)2. 

2.6 (0.050 g, 0.140 mmol), AlCl3 (0.17 g, 1.26 mmol), Cu(OTf)2 (0.46 g, 1.26 mmol). 

 

General procedure for the synthesis of dibenzo[a,c]carbazoles, using photocyclisation 

In an oven dry quartz tube flushed with argon, 400 mL of dry toluene was added, and sparged with argon 

for 5 minutes. The appropriate indole was added, along with I2 and propylene oxide. The solution was 

sparged with argon for 15 minutes and then irradiated with 300 nm light in a Rayonet photoreactor 

vernight with argon bubbling through the solution continuously. The solution was then washed with 200 

mL Na2S2O3 solution and 100 mL water, dried with MgSO4 and the solvent removed in vacuo. The 

residue was purified by flash column chromatography. 

 

Synthesis of 3,6-dimethyl-9H-dibenzo[a,c]carbazole, 2.25 

2.3 (0.150 g, 0.504 mmol), I2 (0.140 g, 0.555 mmol), propylene oxide (2 

mL), purification with flash column chromatography (SiO2, 1:1 

hexanes:dichloromethane). Yield: 0.086 g (58%). m.p. 202 – 205 ˚C; 1H 

NMR (400MHz, CDCl3): δH 8.83 (s, br, 1H, H13), 8.69 (d, 1H, J = 8 Hz, 

H7), 8.59 (s, 1H, H3), 8.56 (s, 1H, H5), 8.51 (d, 1H, J = 7.5 Hz, H9), 8.02 (d,  

1H, J = 8 Hz, H1), 7.63 (d, 1H, J = 8 Hz, H6), 7.58 (d, 1H, J = 7.5 Hz, H12), 7.51 (d, 1H, J = 8 Hz, H2), 

7.41 (t, 1H, J = 7.5 Hz, H11), 7.39 (t, 1H, J = 7.5 Hz, H10), 2.66 (s, 6H, H4, H8); 13C NMR (125MHz, 

CDCl3): δC 138.1 C12a, 135.8 C1aa, 133.5 C1a, 132.9 C8a, 130.0 C4a, 128.8 C12, 128.2 C2, 127.8 C7a, 

126.9 C7aa, 124.9 C9a, 123.9 C3, 123.6 C7, 123.5 C11, 123.4 C5, 121.7 C9, 120.4 C1, 120.3 C10, 111.2 
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C6, 22.2 C4, 21.9 C8; ESMS: calc for C27H22N ([2.25·]+) = 295.1356, found 295.1354; IR (KBr)v/cm-1: 

3420 s, 2915 m, 1539 s, 1469 s, 1359 m, 1291 s, 873 m, 800 s, 738 s, 540 s; UV-Vis λmax (ε): 272 nm 

(72416), 299 nm (22763), 325 nm (21116), 357 nm (4836), 377 nm (4956); Fluorometry λmax: 390 nm, 

407 nm. 

 

Synthesis of 3,6-ditertbutyl-9H-dibenzo[a,c]carbazole, 2.26  

2.4 (0.150 g, 0.393 mmol), I2 (0.110 g, 0.432 mmol), propylene oxide (2 

mL), purification with flash column chromatography (SiO2 3:2 

hexanes:dichloromethane). Crystals suitable for X-ray crystallography 

were obtained by recrystallisation from ethyl acetate and hexanes. Yield: 

0.060 g (40%). m.p. 192 – 194 ˚C; 1H NMR (400MHz, CDCl3): δH 8.87 – 

8.81 (m, 3H, H3, H5, H13), 8.74 (d, 1H, J = 8Hz, H7), 8.53 (d, 1H, J = 8  

Hz, H9), 8.06 (d, 1H, J = 8 Hz, H1), 7.84 (d, 1H, J = 8 Hz, H6), 7.76 (d, 1H, J = 8 Hz, H2), 7.64 (d, 1H, J 

= 8 Hz, H12), 7.44 – 7. 36 (m, 2 H, H10, H11), 1.56 (s, 9H, CH3, H4), 1.55 (s, 9H CH3, H8); 13C NMR 

(125MHz, CDCl3): δC 148.8, 145.6, 133.6, 129.9, 125.3 C6, 124.7 C2, 123.6 C7, 121.7 C9, 120.6 C1, 

120.4 C10, 119.5 C3, 119.1 C5, 111.3 C12, 31.6 C4, 31.5 C8;  ESMS: calc for C28H30N ([2.26 + H]+) = 

380.2373, found 380.2355, calc for C28H29N ([2.26·]+) = 379.2295, found 379.2301; IR (KBr)v/cm-1: 3435 

s, sh, 3414 s, 2961 s, 2903 s, sh, 2867 s, sh, 1534 m, 1461 s, 1359 s, 1265 m, 1255 m, 880 m, 812 s, 738 s, 

601 m; UV-Vis λmax (ε): 272 nm (74773), 297 nm (22095), 321 nm (22128), 355 nm (5805), 373 nm 

(5599); Fluorometry λmax: 384, 401. 

 

Synthesis of 9-ethyl-9H-dibenzo[a,c]carbazole, 2.15 

2.5 (0.150 g, 0.504 mmol), I2 (0.140 g, 5.55 mmol), propylene oxide (1.5 mL), 

purification with flash column chromatography (SiO2 3:2 

hexanes:dichloromethane). Crystals suitable for X-ray crystallography were 

obtained by recrystallisation from ethyl acetate and hexanes. Yield: 0.095 g 

(64%). m.p. 114 – 118 ˚C; 1H NMR (400MHz, CDCl3): δH 8.90 (d, br, 2H, H4, 

H5), 8.79 (d, 1H, J = 8.6 Hz, H1), 8.65 (d, 1H, J = 8 Hz, H9), 8.56 (d, 1H, J =  

7.4 Hz, H8), 7.77-7.69 (m, 3H, H3, H6, H7), 7.67 (d, 1H, J = 8 Hz, H12), 7.59 (t, 1H, J = 7.4 Hz, H2), 

7.51 (t, 1H, J = 8 Hz, H11), 7.42 (t, 1H, J = 8 Hz, H10), 4.90 (q, 2H, CH2, J = 7 Hz, H13), 1.74 (t, 3H, 

CH3, J = 7 Hz, H14); 13C NMR (125MHz, CDCl3): δC 140.0 C12a, 133.6 C1aa, 130.9 C8a, 130.0 C1a, 

127.3 C6, 126.8 C7, 126.4 C3, 125.5 C4a, 124.2 C5, 123.7 C4, 123.6 C11, 123.5 C1, 123.4 C2, 122.5 C8, 

121.9 C9, 120.3 C10, 113.6 C5a, 109.4 C12, 40.9 C13, 15.3 C14; ESMS: calc for C22H18N ([2.15 + H]+) 

= 296.1434, found 296.1428, calc for C22H17N ([2.15·]+) = 295.1356, found 295.1358; IR (KBr)v/cm-1: 
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2969 m, 1608 m, 1516 s, 1467 s, 1444 s, 1371 s, 1350 s, 1224 m, 1156 m, 1094 m, 935 m, 745 s, 733 s, 

716 s; UV-Vis λmax (ε): 275 nm (52363), 297 nm (15472), 326 nm (17219), 359 nm (4877), 378 nm 

(4659); Fluorometry λmax: 389 nm, 407 nm.  

 

Synthesis of 9-ethyl-3,6-dimethoxy-9H-dibenzo[a,c]carbazole, 2.16 

2.6 (0.150 g, 0.420 mmol), I2 (0.120 g, 0.462 mmol), propylene oxide (1.5 

mL), purification with flash column chromatography (SiO2, 

dichloromethane). Yield: 0.090 g (60%). m.p. 96 – 99 ˚C; 1H NMR 

(400MHz, CDCl3): δH 8.76 (d, 1H, J = 9 Hz, H1), 8.54 (d, 1H, J = 8 Hz, 

H7), 8.37 (d, 1H, J = 9 Hz, H9), 8.11 (s, 1H, H5), 8.04 (s, 1H, H3), 7.57 (d, 

1H, J = 8 Hz, H2), 7.48 (t, 1H, J = 7.5 Hz, H11), 7.40 (d, 1H, J = 8 Hz, 

H6), 7.29 (t, 1H, J = 7.5 Hz, H10), 7.21 (d, 1H, J = 7.5 Hz, H12), 4.72 (q,  

2H, CH2, J = 7 Hz, H13), 4.03 (s, 6H, OCH3, H4, H8), 1.66 (t, 3H, CH3, J = 7 Hz, H14); 13C NMR 

(125MHz, CDCl3): δC 157.2 C2a, 155.9 C6a, 139.87 C12a, 132.8, 132.2 C1aa, 127.7 C3a, 124.9 C1, 

124.1 C9, 123.5 C5a, 123.3 C11, 121.4 C7, 120.1 C6, 118.4, 116.3 C10, 115.5 C12, 112.1 C1a, 109.2 C2, 

106.8 C3, 106.3C5, 55.6 C4, 55.5 C8, 40.9 C13, 15.2 C14; ESMS: calc for C24H22NO2 ([2.16 + H]+) = 

356.1645, found 356.1630, calc for C24H21NO2 ([2.16·]+) = 355.1567, found 355.167; IR (KBr)v/cm-1: 

2983 m, 2929 m, 1616 m, 1574 m, 1528 m, 1465 s, 1377 m, 1236 s, 1038 m, 833 m, 800 m, 789 m, 737 

m; UV-Vis λmax (ε): 277 nm(59286), 310 nm (23439), 329 nm (18347), 380 nm (4693), 400 nm (5080); 

Fluorometry λmax: 420 nm, 435 nm. 

 

Synthesis of 9-ethyl-3,6-dimethyl-9H-dibenzo[a,c]carbazole, 2.17 

2.7 (0.150 g, 0.461 mmol), I2 (0.130 g, 0.507 mmol), propylene oxide (1.5 

mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Crystals suitable for X-ray crystallography were 

obtained by recrystallisation from ethyl acetate and hexanes. Yield: 0.130 g 

(85%). m.p. 137 – 141 ˚C; 1H NMR (400MHz, CDCl3): δH 8.77 (d, 1H, J = 

8.4 Hz, H1), 8.67 (s, 1H, H3), 8.60 (d, 1H, J = 8 Hz, H9), 8.57 (s, 1H, H5), 

8.45 (d, 1H, J = 8.4 Hz, H7), 7.63 (d, 1H, J = 8.4 Hz, H2), 7.57 (d, 1H, J =  

8.4 Hz, H6), 7.53 (d, 1H, J = 8 Hz, H12), 7.49 (t, 1H, J = 8 Hz, H11), 7.39 (t, 1H, J = 8 Hz, H10), 4.87 (q, 

2H, CH2, H13), 2.67 (s, 3H, CH3, H4), 2.66 (s, 3H, CH3, H8), 1.72 (t, 3H, CH3, H14); 13C NMR 

(125MHz, CDCl3): δC 140.0 C12a, 135.0 C6a, 133.4 C1aa, 132.7 C2a, 130.9 C7a, 128.7 C2, 127.9 C1a, 

127.8 C6, 126.8 C7aa, 124.1 C3, 123.7 C3a, 123.4 C1, 123.3 C11, 123.2 C9, 122.4 C7, 121.8 C5, 121.5 

C5a, 120.1 C10, 113.0 C9a, 109.3 C12, 40.8 C13, 21.9 C4, 21.8 C8, 15.3 C14; ESMS: calc for C24H22N 
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([2.17 + H]+) = 324.1747, found 324.1733, calc for C24H21H ([2.17·]+) = 323.1669, found 323.1668; IR 

(KBr)v/cm-1: 2975 w, 2919 w, 1528 s, 1466 s, 1371 m, 1348 m, 1333 m, 1297 m, 1226 m, 802 s, 739 s; 

UV-Vis λmax (ε): 277 nm (61425), 302 nm (19026), 327 nm (19612), 365 nm (5226), 384 nm (5212); 

Fluorometry λmax: 397 nm, 414 nm. 

 

Synthesis of 9-ethyl-3,6-ditertbutyl-9H-dibenzo[a,c]carbazole, 2.18 

2.8 (0.150 g, 0.366 mmol), I2 (0.100 g, 0.403 mmol), propylene oxide 

(1.5 mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Yield: 0.133 g (89%). m.p. 135 – 138 ˚C; 1H 

NMR (400MHz, CDCl3): δH 8.92 (s, 1H, H3), 8.83 (d, 1H, J = 8.8 Hz, 

H1), 8.81 (s, 1H, H5), 8.62 (d, 1H, J = 7.6 Hz, H9), 8.51 (d, 1H, J = 8.8 

Hz, H7), 7.84 (d, 1H, J = 8.4 Hz, H2), 7.79 (d, 1H, J = 8.4 Hz, H6), 

7.63 (d, 1H, J = 7.6 Hz, H12), 7.50 (t, 1H, J = 7.6 Hz, H11), 7.41 (t, 1H,  

J = 7.6 Hz, H10), 4.87 (q, 2H, CH2, J = 7 Hz, H13), 1.73 (t, 1H, CH3, J = 7 Hz, H14), 1.56 (s, 18H, CH3, 

H4, H8); 13C NMR (125MHz, CDCl3): δC 148.0 C6a, 145.8 C2a, 139.9 C12a, 133.5 C1aa, 130.8 C7aa, 

127.9 C5a, 126.6 C3a, 125.3 C2, 124.4 C6, 123.7 C9a, 123.4 C1, 123.3 C11, 122.4 C7, 121.8 C9, 121.5 

C7a, 120.1 C10, 119.8 C3, 118.9 C5, 113.0 C1a, 109.3 C12, 40.9 C13, 31.5 C4, 31.4 C8, 15.3 C14; 

ESMS: calc for C30H34N ([2.18 + H]+) = 408.2686, found 408.2684; IR (KBr)v/cm-1: 2956 s, 2902 m, sh, 

2866 m, sh, 1525 m, 1463 s, 1372 m, 1361 m, 1344 m, 1333 m, 1260 m, 879 m, 814 m, 733 s, 602 m; 

UV-Vis λmax (ε): 277 nm (63644), 299 nm (18444), 327 nm (19505), 362 nm (5523), 381 nm (5688); 

Fluorometry λmax: 392nm, 410 nm. 

 

Synthesis of 9-benzyl-9H-dibenzo[a,c]carbazole, 2.19 

2.9 (0.150 g, 0.417 mmol), I2 (0.120 g, 0.459 mmol), propylene oxide (1.5 

mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Yield: 0.125 g (84%). m.p. 141 – 143 ˚C; 1H NMR 

(400MHz, CDCl3): δH 8.94 (d, 1H, J = 7.6 Hz, H4), 8.86 (d, 1H, J = 8.4 Hz, 

H5), 8.80 (d, 1H, J = 7.6 Hz, H1), 8.70 (s, 1H, J = 8.4 Hz, H9), 8.27 (d, 1H, J 

= 8.4 Hz, H8), 7.791 (t, 1H, J = 7.6 Hz, H3), 7.63 – 7.61 (m, 2H, H2, H7), 

7.51 – 7.44 (m, 4H, H6, H10), 7.38 – 7.32 (m, 5H), 6.03 (s, 2H, CH2, H13); 
13C NMR (125MHz, CDCl3): δC 141.2 C12a, 137.4 C1aa, 134.7 C8aa, 130.9,  

129.9, 129.1, 127.5, 127.4 C3, 127.0, 126.5, 126.0, 125.7, 124.1, 124.0, 123.8 C5, 123.7 C4, 123.5 C1, 

123.2, 122.9 C7, 121.9 C9, 120.9, 110.0, 50.2 C13; ESMS: calc for C27H20N ([2.19 + H]+) = 358.1590, 

found 358.1594; IR (KBr)v/cm-1: 3041 w, 1514 m, 1470 s, 1359 m, 1334 m, 1210 w, 1155 w, 746 s, 729 
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m, 719 m; UV-Vis λmax (ε): 274 nm (56103), 295 nm (16745), 324 nm (19190), 357 nm (5568), 375 nm 

(5247); Fluorometry λmax: 385 nm, 402 nm. 

 

Synthesis of 9-benzyl-3,6-dimethyl-9H-dibenzo[a,c]carbazole, 2.21 

2.11 (0.150 g, 0.387 mmol), I2 (0.110 g, 0.426 mmol), propylene oxide (1.5 

mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Crystals suitable for X-ray crystallography were 

obtained by recrystallisation from ethyl acetate and hexanes. Yield: 0.084 g 

(56%). m.p. 216 – 218 ˚C; 1H NMR (400MHz, CDCl3): δH 8.81 (d, 1H, J = 

8.4 Hz, H1), 8.63 (m, 2H, H3, H7), 8.57 (s, 1H, H5), 8.16 (d, 1H, J = 7.6 Hz, 

H9), 7.60 (d, 1H, J = 8.4 Hz, H2), 7.47 – 7.29 (m, 10 H), 6.00 (s, 2H, CH2, 

H13), 2.67 (s, 3H, CH3, H4), 2.60 (s, 3H, CH3, H8); 13C NMR (125MHz,  

CDCl3): δC 141.7, 137.6, 135.2, 134.8, 133.0, 131.2, 129.1, 128.9 C2, 127.9, 127.8, 127.5, 127.1, 126.0, 

124.0, 123.8 C1, 123.5 C3, 123.4 C5, 122.8 C2, 121.8 C7, 121.1, 120.6, 109.8, 50.1 C13, 22.0 C4, 21.9 

C8; ESMS: calc for C29H24N ([2.21 + H]+) = 386.1904, found 386.1873, calc for C29H23N ([2.21·]+) = 

385.1825, found 385.1828; IR (KBr)v/cm-1: 2917 w, br, 1528 m, 1467 m, 1454 m, 1357 m, 1332 m, 803 

s, 735 s, 696 w; UV-Vis λmax (ε): 276 nm (65698), 300 nm (19672), 326 nm (21264), 363 nm (5463), 382 

nm (5570); Fluorometry λmax: 394 nm, 411 nm. 

 

Synthesis of 9-benzyl-3,6-ditertbutyl-9H-dibenzo[a,c]carbazole, 2.22 

2.12 (0.150 g, 0.318 mmol), I2 (0.090 g, 0.350 mmol), propylene oxide 

(1.5 mL), purification with flash column chromatography (SiO2, 7:3 

hexanes:dichloromethane). Yield: 0.120 g (78%). m.p. 179 – 182 ˚C; 1H 

NMR (400MHz, CDCl3): δH 8.87 (s, 1H, H3), 8.85 (d, 1H, J = 7.6 Hz, 

H1), 8.80 (s, 1H, H5), 8.66 (d, 1H, J = 8.8 Hz, H9), 8.21 (d, 1H, J = 8.8 

Hz, H7), 7.85 (d, 1H, J = 8.8 Hz, H2), 7.54 (d, 1H, J = 8.8 Hz, H6), 7.49-

7.31 (m, 8H), 6.01 (s, 2H, CH2, H13), 1.56 (s, 9H, CH3, H4), 1.49 (s, 9H, 

CH3, H8); 13C NMR (125MHz, CDCl3): δC 148.1 C2a, 146.1 C6a, 141.2 

C12a, 137.7 C1aa, 134.5 C7aa, 130.9, 129.1, 127.8, 127.5, 126.7, 126.0  

C1a, 125.4, 124.5 C2, 124.0, 123.8 C6, 123.5 C1, 122.7 C7, 121.8 C9, 121.1, 120.6, 119.7 C3, 119.0 C5, 

113.3, 109.8 C12, 50.1 C13, 31.6 C4, 31.4 C8; ESMS: calc for C35H36N ([2.22 + H]+) = 470.2842, found 

470.2830, calc for C35H35N ([2.22·]+) = 469.2763, found 469.2769; IR (KBr)v/cm-1: 2962 s, 2903 m, sh, 

2868 m, sh, 1568 m, 1525 m, 1468 s, 1454 s, 1358 s, 1258 m, 948 m, 810 s, 733 s, 600 m; UV-Vis λmax 
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(ε): 276 nm (66433), 297 nm (19674), 325 nm (20986), 360 nm (6390), 379 nm (6227); Fluorometry λmax: 

389 nm, 407 nm. 

 

Attempted synthesis of 1-(2,2’:6’,2’’terpyridine)-2,3-di(4-methoxyphenyl)indole 

Method A: Following the general procedure outlined above for the the synthesis of N-ethyl-

2,3,diarylindoles 2.5 – 2.8, 2.2 (0.100 g, 0.304 mmol), sodium hydride (0.050 g, 0.912mmol), 2.28 (0.098 

g, 0.364 mmol) were used. After quenching the reaction 1H-NMR spectroscopy and ESMS indicate only 

starting materials present. 

 

Method B: Following a modified literature procedure,16 2.2 (0.110 g, 0.336 mmol), and KOtBu (0.045 g, 

0.404 mmol) were placed in a round bottom flask flushing with nitrogen and then 20 mL of dry 

dimethylformamide was added. The reaction mixture was stirred for thirty minutes under a nitrogen 

atomosphere and then 2.28 (0.110 g, 0.404 mmol) was added. The reaction mixture was stirred at 100 ˚C 

for five hours under a nitrogen atomosphere and then poured into 100 mL water. The reaction mixture 

was extracted with 3x 50 mL ethyl acetate, and the combined organic layer were washed with 2x 100 mL 

water. The organic layer was dried with MgSO4 and the solvent removed in vacuo. 1H-NMR spectroscopy 

and ESMS indicate only starting materials present. 

 

Method C: Following the general procedure outlined above for the the synthesis of N-ethyl-

2,3,diarylindoles 2.5 – 2.8, 2.2 (0.035 g, 0.101 mmol), sodium hydride (0.010 g, 0.302 mmol), 2.29 

(0.075 g, 0.084 mmol) were used. After quenching the reaction 1H-NMR spectroscopy and ESMS 

indicate only starting materials present. 

 

Synthesis of 1-(2,2’:6’,2’’terpyridine)indole 

Following the general procedure outlined above for the the synthesis of N-ethyl-2,3,diarylindoles 2.5 – 

2.8, indole (0.016 g, 0.135 mmol), sodium hydride (0.01 g, 0.410 mmol), and 2.29 (0.100 g, 0.112 mmol) 

were used. Purification with flash column chromatography (SiO2, 14:3:2 acetonitrile:sat. KNO3:H2O) 

afforded 1-(2,2’:6’,2’’terpyridine)indole by ESMS. ESMS: calc for C38H27N7Ru2+ = 341.5685, found 

341.5688, calc for C38H27N7RuPF6
+ = 828.1018, found 828.1032. 
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Chapter Three 
 

The following compounds were prepared according to literature methods, and all characterisation data 

were found to be consistent with that provided; NH-2,3,4,5-tetraphenylpyrrole, 3.117, deoxyanisoin,18 N-

ethyl-2,3,4,5-tetraphenylpyrrole, 3.5,11 9,10-phenanthrenediylbis(phenyl)methanone 3.4319 and 1,3-

diphenylcyclopenta[l]phenanthrene-2-one 3.44.19 

 

Synthesis of NH-2,3,4,5-tetraarylpyrroles, 3.3, 3.4 

General procedure for the synthesis of NH-2,3,4,5-tetraarylpyrroles, 3.3, 3.4 

Following a modified literature procedure,17 the appropriate benzoin was dissolved in glacial actic acid, 

zinc dust and ammonium acetate were then added and the mixture was refluxed for two hours. Boiling 

water was added and upon cooling a white precipitate formed. The precipitate was collected by filtration, 

dissolved in dichloromethane, washed with water and dried with MgSO4. The solvent was removed in 

vacuo and the solid was recrystallised from dichloromethane and hexanes. 

 

Synthesis of NH-2,3,4,5-tetra(4-methylphenyl)pyrrole 3.3 

2.3a (2.40 g, 10 mmol), zinc (0.65 g, 10 mmol), ammonium acetate (6.0 

g, 78 mmol). Yield: 1.10 g (52%). m.p. 237 – 239 ˚C; 1H NMR 

(500MHz, CDCl3): δH 8.31 (s, br, 1H, NH), 7.16 (d, 4H, J = 8.5 Hz), 7.07 

(d, 4H, J = 8.5 Hz), 6.67 (s, 8H), 2.33 (s, 3H, CH3), 2.30 (s, 3H, CH3); 

ESMS: calc for C32H30N ([3.3 + H]+) = 428.2373, found 428.2374, calc 

for C32H29N ([3.3·]+) = 427.2295, found 427.2297; IR (KBr)v/cm-1: 3418  

m, 3018 m, 2918 m, 1520 s 1500 s, 1293 m, 1262 m, 112 m, 836 m, 817 s, 736 m, 505 m; UV-Vis λmax 

(ε): 238 nm (14879), 262 nm (15138), 309  nm(16400); Fluorometry λmax: 394 nm. 

 

Synthesis of NH-2,3,4,5-tetra(4-tertbutylphenyl)pyrrole 3.4 

2.4a (1.90 g, 5.89 mmol), zinc (0.40 g, 5.89 mmol), ammonium 

acetate (3.50 g, 45.9 mmol). Yield: 0.75 g (43%). m.p. 241 – 245 

˚C; 1H NMR (500MHz, CDCl3): δH 8.28 (s, br, 1H, NH) 7.26 (d, 

4H, J = 8 Hz, H1), 7.21 (d, 4H, J = 8 Hz, H2), 7.15 (d, 4H, J = 8 

Hz, H4), 7.01 (d, 4H, J = 8 Hz, H5), 1.30 (s, 9H, CH3, H3), 1.29 (s, 

9H, CH3, H6); 13C NMR (125MHz, CDCl3): δC 149.2 C2a, 148.3  
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C5a, 132.6, 130.5 C5, 130.2, 128.3, 128.0, 126.5 C2, 125.4 C1, 125.3, 124.5 C4, 31.4 C3, 31.3 C6; ESMS 

calc for C44H54N ([3.4 + H]+) = 596.4256, found 596.4284, calc for C44H53N ([3.4·]+) = 595.4177, found 

595.4237; IR (KBr)v/cm-1: 3425 m, 2956 s, 2903 m, sh, 2868 m, sh, 1521 m, sh, 1497 m, 1462 m, 1362 

m, 1268 m, 836 s, 566 m, 537 m; UV-Vis λmax (ε): 236 nm (18524), 265 nm (17423), 316 nm (20350); 

Fluorometry λmax: 392 nm. 

 

Attempted synthesis of NH-2,3,4,5-tetra(4-methoxyphenyl)pyrrole, 3.2 

Synthesis of 1,2,3,4-tetra(4-methoxyphenyl)-1,4-butadione20 

Following a modified literature procedure,11 KOtBu (0.310 g, 2.8 

mmol) was added to an oven dry Schlenk flask, cooled under 

vacum and backfiled with argon, dissolved in 10 mL dry 

tetrahydrofuran and then cooled to – 75 ˚C using an acetone/dry ice 

bath. Deoxyanisoin (1.0 g, 3.9 mmol) was added to an oven dry 

Sclenk tube cooled under vacuum and backfilled with argon, 

dissolved in 10 mL dry tetrahydrofuran and added to the reaction 

mixture dropwise. I2 (0.71 g, 2.8 mmol) was dissolved in 20 mL  

dry tetrahydrofuran and added to the reaction mixture dropwise. The reaction mixture was stirred for two 

hours at 0 ˚C using an ice bath. 50 mL sat. aqeous Na2S2O5 was added to quench the reaction, and the 

aqueous layer was extracted with 3x 20 mL ethyl acetate. The combined organic residue was washed with 

1x 50 mL brine, dried with MgSO4 and the solvent was removed in vacuo. Recrystallise from hexanes to 

give 1,2,3,4-tetra(4-methoxyphenyl)-1,4-butadione. Yield: 0.68 g (68%). m.p. 210 – 212 ˚C; 1H NMR 

(500MHz, CDCl3): δH 7.97 (d, 4H, J = 9 Hz), 6.94 (d, 4H, J = 9 Hz), 6.83 (d, 4H, J = 9 Hz), 6.66 (d, 4H, J 

= 9 Hz), 5.27 (s, 2H), 3.79 (s, 6H, OCH3), 3.69 (s, 6H, OCH3). 

 

Attempted synthesis of NH -2,3,4,5-tetra(4-methoxyphenyl)pyrrole, 3.2 

Following a modified literature procedure,11 1,2,3,4-tetra(4-methoxyphenyl)-1,4-butadione (0.5 g, 9.8 

mmol) and ammonium acetate (0.75 g, 9.8 mmol) were added to a round bottom flask and dissolved in 20 

mL glacial acetic acid. The reaction mixture was heated to 130 ˚C and stirred overnight. The reaction 

mixture was poured into 100 mL water, and the precipitate formed was filtered and dissolved in 50 mL 

ethyl acetate. The ethyl acetate was washed with 2x 20 mL of sat. aqueous Na2CO3 and 2x 20 mL water 

and dried with MgSO4. The solvent was removed in vacuo. The 1H-NMR spectrum of the resulting 

residue matched that of the starting material. 
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Synthesis of N-ethyl-2,3,4,5-tetraarylpyrroles, 3.6, 3.7 

General procedure for the synthesis of N-ethyl-2,3,4,5-tetraarylpyrroles, 3.6, 3.7 

Following a modified literature procedure,11 in a round bottom flask flushing with N2, was added the 

appropriate NH-2,3,4,5-tetraarylpyrrole and 25 mL dry dimethylformamide. The solution was cooled to 

0˚C using an ice bath and sodium hydride was added. The solution was stirred at 0˚C for 10 minutes and 

then ethyl bromide was added and the solution stirred at room temperature overnight. The solution was 

poured into 100 mL water and extracted with 3x 75 mL ethyl acetate. The combined organic layers were 

washed with 3x 200 mL water, dried with sodium sulfate and the solvent removed in vacuo. The solid 

obtained was recrystallised from ethyl acetate / hexanes. 

 

Synthesis of N-ethyl-2,3,4,5-tetra(4-methylphenyl)pyrrole, 3.6 

3.3 (0.300 g, 0.702 mmol), sodium hydride (0.050 g, 2.1 mmol), ethyl 

bromide (0.095 g, 0.06 mL, 0.845 mmol). Yield: 0.220 g (69%). m.p. 

161 – 165 ˚C; 1H NMR (500MHz, CDCl3): δH 7.21 (d, 4H, J = 8 Hz, 

H1), 7.12 (d, 4H, J = 8 Hz, H2), 6.82 (s, 8H, H4, H5), 3.84 (q, 2H, 

CH2, J = 7 Hz, H7), 2.36 (s, 3H, CH3, H3), 2.21 (s, 3H, CH3, H6), 0.95 

(t, 3H, CH3, J = 7 Hz, H8); 13C NMR (125MHz, CDCl3): δC 136.8,  

134.0, 132.8, 131.3, 130.6, 130.4, 128.8, 128.1, 121.7, 39.3 C7, 21.3 C3, 21.1 C6, 16.7 C8; ESMS calc 

for C34H34N ([3.6 + H]+) = 456.2686, found 456.2693; IR (KBr)v/cm-1: 2973 m, br, 1522 s, 1498 s, 1338 

m, 1114 m, 1021 s, 834 m, sh, 817 s, 741 m, 524 s; UV-Vis λmax (ε): 256 nm (22312), 289 nm (14988); 

Fluorometry λmax: 392 nm. 

 

Synthesis of N-ethyl-2,3,4,5-tetra(4-tertbutylphenyl)pyrrole, 3.7 

3.4 (0.340 g, 0.571 mmol), sodium hydride (0.04 g, 1.71 mmol), 

ethyl bromide (0.075 g, 0.05 mL, 0.685 mmol). Yield: 0.140 g 

(39%). m.p. 171 – 174 ˚C; 1H NMR (500MHz, CDCl3): δH 7.31 

(d, 4H, J = 8 Hz, H1), 7.25 (d, 4H, J = 8 Hz, H2), 6.99 (d, 4H, J = 

8 Hz, H4), 6.84 (d, 4H, J = 8 Hz, H5), 3.85 (q, 2H, CH2, J = 7 

Hz, H7), 1.32 (s, 9H, H3, H3’, H3’’), 1.22 (s, 9H, H6, H6’, H6’’), 

0.94 (t, 3H, CH3, J = 7 Hz, H8); 13C NMR (125MHz, CDCl3): δC  

171.2 C2a, C5a, 149.8 C1a, 147.1 C4a, 132.8, 131.1 C2, 130.7 C5, 130.5, 130.4, 124.8 C1, 124.0 C4, 

121.9, 39.6 C7, 31.5 C3, 31.3 C6, 16.7 C8; ESMS calc for C46H57NNa ([3.7 + Na]+) = 646.4389, found 

646.4381; IR (KBr)v/cm-1: 2961 s, br, 1739 w, 1462 m, 1362 m, 1269 m, 836 s, 569 m; UV-Vis λmax (ε): 

255 nm (24323), 287 nm (17437); Fluorometry λmax: 393 nm. 
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Synthesis of N-benzyl-2,3,4,5-tetraarylpyrroles, 3.8 – 3.10 

General procedure for the synthesis of N-ethyl-2,3,4,5-tetraarylpyrroles, 3.8 – 3.10 

Following a modified literature procedure,11 in a round bottom flask flushing with N2, was added the 

appropriate NH-2,3,4,5-tetraarylpyrrole and 25 mL dry dimethylformamide. The solution was cooled to 

0˚C using an ice bath and sodium hydride was added. The solution was stirred at 0˚C for 10 minutes and 

then benzyl bromide was added and the solution stirred at room temperature overnight. The solution was 

poured into 100 mL water and extracted with 3x 75 mL ethyl acetate. The combined organic layers were 

washed with 3x 200 mL water, dried with sodium sulfate and the solvent removed in vacuo. The solid 

obtained was recrystallised from ethyl acetate / hexanes. 

 

Synthesis of N-benzyl-2,3,4,5-tetraphenylpyrrole, 3.8 

3.1 (1.60 g, 4.17 mmol), sodium hydride (0.30 g, 12.51 mmol), benzyl bromide 

(0.86 g, 0.60 mL, 5.01 mmol). Yield: 1.30 g (68%). m.p. 186 – 188 ˚C; 1H 

NMR (500MHz, CDCl3): δH 7.20 – 7.13 (m, 15H), 7.04 (d, 4H, J = 7 Hz), 6.98 

(d, 4H, J = 7 Hz), 6.76 (d, 2H, J = 7 Hz), 5.08 (s, 2H, CH2, H7); 13C NMR 

(125MHz, CDCl3): δC 139.2, 135.6, 132.8, 131.9, 131.5, 130.9, 128.2, 128.0, 

127.9, 127.4, 127.3, 126.7, 126.0, 125.1, 122.6, 48.2 C7; ESMS calc for 

C35H28N ([3.8 + H]+) = 462.2216, found 462.2225; IR (KBr)v/cm-1: 3063 w,  

3030 w, 1601 m, 1501 m, 1337 m, 1073 w, 1028 w, 757 m, 739 m, 703 s; UV-Vis λmax (ε): 251 nm 

(27416), 291 nm (16018); Fluorometry λmax: 392 nm. 

 

Synthesis of N-benzyl-2,3,4,5-tetra(4-methylphenyl)pyrrole, 3.9 

3.3 (1.40 g, 3.28 mmol), sodium hydride (0.25 g, 9.82 mmol), benzyl 

bromide (0.68 g, 0.45 mL, 3.94 mmol). Yield: 1.30 g (75%). m.p. 213 – 

217 ˚C; 1H NMR (500MHz, CDCl3): δH 7.14 (d, 2H, J = 7.5 Hz, H8), 7.04 

(d, 4H, J = 7.5 Hz, H1), 6.98 (d, 4H, J = 7.5 Hz, H2), 6.85 (s, 9 H), 6.74 

(d, 2H, J = 7 Hz), 5.02 (s, 2H, CH2, H7), 2.27 (s, 3H, CH3, H3), 2.22 (s, 

3H, CH3, H6); 13C NMR (125MHz, CDCl3): δC 139.5, 136.8, 134.1, 

132.8, 131.6, 131.4, 130.6, 130.0, 128.7, 128.1, 128.0, 126.5, 126.0,  

122.2, 48.0 C7, 21.2 C3, 21.1 C6; ESMS calc for C39H36N ([3.9 + H]+) = 518.2842, found 518.2852; IR 

(KBr)v/cm-1: 3027 w, sh, 2917 w, 1520 s, 1494 s, 1454 s, 1351 s, 1113 m, 836 s, 824 s, 734 m, 525 m; 

UV-Vis λmax (ε): 253 nm (25573), 284 nm (16291); Fluorometry λmax: 396 nm. 
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Synthesis of N-benzyl-2,3,4,5-tetra(4-tertbutylphenyl)pyrrole, 3.10 

3.4 (0.80 g, 1.34 mmol), sodium hydride (0.10 g, 4.02 mmol), 

benzyl bromide (0.27 g, 0.2 mL, 1.61 mmol). Yield: 0.40 g (43%). 

m.p. 277 – 282 ˚C; 1H NMR (500MHz, CDCl3): δH 7.18 (d, 4H, J = 

8.5 Hz, H8), 7.11 – 7.09 (m, 7H), 7.02 (d, 4H, J = 8.5 Hz, H4), 

6.90 (d, 4H, J = 8.5 Hz, H5), 6.69 – 6.67 (m, 2H), 5.00 (s, 2H, 

CH2, H7), 1.27 (s, 9H, CH3, H3), 1.23 (s, 9H, CH3, H6); 13C NMR 

(125MHz, CDCl3): δC 149.8, 127.3, 139.6, 132.8, 131.7, 131.2, 

130.4, 130.1, 127.9, 126.4, 126.2, 124. 7, 124.0, 122.3, 48.3 C7,  

31.4 C3, 31.3 C6; ESMS calc for C51H60N ([3.10 + H]+) = 686.4720, found 686.4743; IR (KBr)v/cm-1: 

2965 s, 2902 w, sh, 2867 w, sh, 1495 w, 1362 m, 1268 w, 1130 w, 1019 w, 837 m, 820 w, 564 w; UV-Vis 

λmax (ε): 253 nm (26405), 289 nm (17660); Fluorometry λmax: 399 nm. 

 

General procedure for oxidative cyclodehydrogenation using FeCl3 dissolved in nitromethane 

In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added iron (III) chloride 

and placed back under vacuum for 15 minutes. In an oven dry three-necked round bottom flask cooled 

whilst flushing with argon was added the appropriate N-substituted-2,3,4,5-tetraarylpyrrole (~ 0.150 g), 

and the solid was flushed with argon for five minutes. 150 mL dry dichloromethane was added and the 

solution was stirred with argon bubbling through for five minutes. The schlenk tube was refilled with 

argon and the iron (III) chloride was dissolved in nitromethane. The nitromethane solution was added 

dropwise to the dichloromethane solution and the solution was stirred with argon bubbling through for six 

hours, then the bubbling argon was removed and the solution was stirred under argon overnight. The 

reaction was quenched with 100 mL methanol and then 100 mL water was added. The layers were 

separated and the organic layer was washed with 50mL of water, dried with MgSO4 and the solvent 

removed in vacuo. Purification by flash column chromatography was attempted usually using SiO2, 9:1 

hexanes : ethyl acetate or SiO2 4:1 hexanes:ethyl acetate. 

 

General procedure for oxidative cyclodehydrogenation using FeCl3 added to the reaction as a solid 

In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added iron (III) chloride 

and placed back under vacuum for 15 minutes. In an oven dry three-necked round bottom flask cooled 

whilst flushing with argon was added the appropriate N-substituted-2,3,4,5-tetraarylpyrrole (~ 0.150 g), 

and the solid was flushed with argon for five minutes. 150 mL dry dichloromethane was added and the 

solution was stirred with argon bubbling through for five minutes. The schlenk tube was refilled with 

argon and the solid iron (III) chloride was added in one go to the dichloromethane solution. The solution 
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was stirred with argon bubbling through for six hours, then the bubbling argon was removed and the 

solution was stirred under argon overnight. The reaction was quenched with 100 mL methanol and then 

100 mL water was added. The layers were separated and the organic layer was washed with 50 mL of 

water, dried with MgSO4 and the solvent removed in vacuo. Purification by flash column chromatography 

was attempted usually using SiO2, 9:1 hexanes:ethyl acetate or SiO2, 4:1 hexanes:ethyl acetate. 

 

Synthesis of 3,6,12,15-tetrachloro-9-ethyl-tetrabenzo[a,c,g,i]carbazole, 3.14 

3.5 (0.180 g, 0.458 mmol), FeCl3 (3.37 g, 20.61 mmol), upon 

attempting to dissolve in dichloromethane to purify by column 

chromatogaphy a solid formed. This solid was collected, and washed 

with a small amount of dichloromethane to give 3.14. Yield: 0.019 g 

(8%). m.p. ˚C 306 – 307 ; 1H NMR (500MHz, CDCl3): δH 8.70 (d, 1H, 

J = 9 Hz, H1), 8.69 (s, 2H, H3), 8.58 (s, 2H, H4), 8.44 (d, 2H, J = 9  

Hz, H6), 7.70 (d, 2H, J = 9 Hz, H5), 7.55 (d, 2H, J = 9 Hz, H2), 5.12 (q, 2H, CH2, J = 7 Hz, H7), 1.70 (t, 

3H, CH3, J = 7 Hz, H8); 13C NMR (125MHz, CDCl3): δC 135.3, 132.0, 131.4,131.0, 128.6, 127.9, 127.1, 

127.0, 126.9, 124.4, 123.9, 123.8, 117.3, 45.2 C7, 16.1 C8; IR (KBr)v/cm-1: 2975 w, 2925 w, 1566 s, 

1518 m, 1433 s, 1350 m, 1131 m, 1100 m, 1027 m, 953 m, 875 s, 802 s, 697 w, 541 w. 

 

Synthesis of N-benzyl-2,3-diphenyl-dibenzo[e,g]indoles 3.15 – 3.17 

Synthesis of N-benzyl-2,3-diphenyl-dibenzo[e,g]indole, 3.15 

3.8 (0.150 g, 0.325 mmol), iron (III) chloride (0.81 g, 4.87 mmol), 

purification with flash column chromatography (SiO2, 9:1 hexanes:ethyl 

acetate). Crystals suitable for X-ray crystallography were obtained by 

diffusion of methanol into a benzene solution of 3.15. Yield: 0.045 g 

(30%). m.p. 243 – 244 ˚C; 1H NMR (400MHz, CDCl3): δH 8.77 (d, 1H, J = 

8.4 Hz, H4), 8.68 (d, 1H, J = 8.8 Hz, H5), 8.15 (d, 1H, J = 8.4 Hz, H1), 

7.84 (d, 1H, J = 8.8 Hz, H8), 7.48 – 7.27 (m, 17H, H3, H2, H6, H7), 7.13  

(d, 2H, J = 8 Hz, H9), 5.73 (s, 2H, CH2, H15); 13C NMR (125MHz, CDCl3): δC 138.8, 138.6, 137.3, 

131.7, 131.6, 131.4, 129.3, 128.9, 128.8, 128.2, 127.9, 127.8, 127.6, 127.2, 126.6, 126.3, 126.2, 125.8, 

124.2 C8, 124.0, 123.9, 123.8 C4, 123.2 C5, 121.8 C1, 119.7, 119.6, 51.1 C15; ESMS calc for C35H26N 

([3.15 + H]+) = 460.2060, found 460.2056; IR (KBr)v/cm-1: 3056 w, br, 1608 m, 1512 m, 1441 m, 1357 

m, 1031 m, 761 s, 728 s, 701 s; UV-Vis λmax (ε): 267 nm (62766), 294 nm (28055), 318 nm (17661), 365 

nm (3071); Fluorometry λmax: 394 nm. 

 

N
Cl

Cl

Cl

Cl

12

3

4

5

6

7
8

 

N
1

2
3

4

5

6 7

8 9

10 11

12
13

14
15

16
17

18

 

241 
 



Synthesis of N-benzyl-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indole, 3.16 

3.9 (0.150 g, 0.290 mmol), iron (III) chloride (0.71 g, 4.35 mmol), 

purification with flash column chromatography (SiO2, 9:1 hexanes:ethyl 

acetate). Crystals suitable for X-ray crystallography were obtained by 

diffusion of methanol into a benzene solution of 3.16. Yield: 0.057 g 

(38%). m.p. 256 – 257 ˚C; 1H NMR (400MHz, CDCl3): δH 8.53 (s, 1H, 

H3), 8.45 (s, 1H, H5), 7.99 (d, 1H, J = 7.2 Hz, H1), 7.71 (d, 1H, J = 7.2 

Hz, H7), 7.30 – 7.25 (m, 4H), 7.23 (d, 1H, J  = 7.2 Hz, H2), 7.17 (d, 1H,  

J = 7.2 Hz, H6), 7.14 – 7.10 (m, 5H), 7.05 (d, 2H, J = 6.4 Hz, H9), 6.96 (d, 2H, J = 6.4 Hz, H10), 5.67 (s, 

2H, CH2, H15), 2.53 (s, 6H, CH3, H4, H8), 2.39 (s, 3H, CH3, H14), 2.27 (s, 3H, CH3, H11); 13C NMR 

(125MHz, CDCl3): δC 138.9, 138.2, 137.3, 135.8, 134.4, 133.1, 132.9, 131.4, 131.2 C9, 129.2, 129.0, 

128.9 C2, 128.6 C10, 127.8, 127.6 C2, 127.5, 127.0, 126.9, 125.8, 124.1 C7, 123.8 C3, 123.0 C5, 121.7 

C1, 119.0, 51.3 C15, 21.8 C4, 21.7 C8, 21.3 C14, 21.2 C11; ESMS calc for C39H34N ([3.16 + H]+) = 

516.2686, found 516.2684; IR (KBr)v/cm-1: 2914 w, br, 1525 s, 1496 m, 1453 s, 1355 s, 1033 w, 1024 w, 

955 w, 821 s, 806 m, 749 s, 732 s, 547 m; UV-Vis λmax (ε): 269 nm (64982), 299 nm (30645), 322 nm 

(17828), 373 nm (3551); Fluorometry λmax: 393nm, 403 nm. 

 

Synthesis of N-benzyl-2,3-di(4-tertbutylphenyl)-6,9-ditertbutyl-dibenzo[e,g]indole, 3.17 

3.10 (0.150 g, 0.219 mmol), iron (III) chloride(0.53 g, 3.28 mmol), 

purification with flash column chromatography (SiO2, 9:1 

hexanes:ethyl acetate). Crystals suitable for X-ray crystallography 

were obtained by diffusion of methanol into a benzene solution of 

3.17. Yield: 0.038 g (25%). m.p. 294 – 295 ˚C; 1H NMR (400MHz, 

CDCl3): δH 8.75 (s, 1H, H3), 8.66 (s, 1H, H5), 8.04 (d, 1H, J = 7.2 

Hz, H1), 7.79 (d, 1H, 6.8 Hz, H7), 7.40 (d, 1H, J = 7.2 Hz, H2), 

7.35 – 7.24 (m, 8H), 7.13 (s, br, 4H, H9), 7.05 (d, 2H, J = 6.4 Hz,  

H10), 5.71 (s, 2H, CH2, H15), 1.45 (s, 18H, CH3, H4, H8), 1.36 (s, 9H, CH3, H14), 1.24 (s, 9H, CH3, 

H11); 13C NMR (125MHz, CDCl3): δC 150.24, 149.0, 145.9, 139.2, 138.3, 134.4, 131.2, 130.9 C10, 

129.1, 128.9, 128.8, 127.9, 127.4, 127.0, 125.9, 124.8, 124.6, 124.1 C2, 123.9 C7, 121.6 C1, 119.5 C3, 

119.4, 118.8 C5, 51.0 C15, 31.5 C4, 31.4 C8, 31.3 C14, 31.2 C11; ESMS calc for C51H58N ([3.17 + H]+) 

= 684.4564, found 684.4580; IR (KBr)v/cm-1: 2961 s, 2903 w, sh, 2867 w, sh, 1456 w, 1361 m, 1265 w, 

1025 w, 839 w, 599 w; UV-Vis λmax (ε): 269 nm (62144), 296 nm (29750), 323 nm (17470), 369 nm 

(3472);  Fluorometry λmax: 389 nm, 399 nm. 
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General procedure for the photocyclisation reactions 

In an oven dry quartz tube flushed with argon, 400 mL of dry toluene was added, and sparged with argon 

for 5 minutes. The appropriate N-substituted-2,3,4,5-tetraarylpyrrole was added, along with I2 and 

propylene oxide. The solution was sparged with argon for 15 minutes and then irradiated with 300 nm 

light in a Rayonet photoreactor vernight with argon bubbling through the solution continuously. The 

solution was then washed with 200 mL Na2S2O3 solution and 100 mLwater, dried with MgSO4 and the 

solvent removed in vacuo. The residue was purified by flash column chromatography. 

 

Synthesis of N-ethyl-2,3-diphenyl-dibenzo[e,g]indoles, 3.27 – 3.29 

Synthesis of N-ethyl-2,3-diphenyl-dibenzo[e,g]indole, 3.27 

3.5 (0.150 g, 0.375 mmol), I2 (0.310 g, 1.24 mmol), propylene oxide (2 

mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Yield: 0.110 g (73%). m.p. 174 – 175 ˚C; 1H 

NMR (400MHz, CDCl3): δH 8.82 (d, 1H, J = 8.8 Hz, H4), 8.68 (d, 1H, J = 

8.8 Hz, H5), 8.45 (d, 1H, J = 8.8 Hz, H1), 7.78 (d, 1H, J = 8.4 Hz, H8), 

7.66 (t, 1H, J = 7.2 Hz, H2), 7.58 (t, 1H, J = 7.2 Hz, H3), 7.43 (t, 1H, J =  

7.2 Hz, H7), 7.36 – 7.22 (m, 11H, H6, H9, H10, H11, H12, H13, H14), 4.55 (q, 2H, CH2, J = 7.2 Hz, 

H15), 1.47 (t, 3H, CH3, J = 7.2 Hz, H16); 13C NMR (125MHz, CDCl3): δC 137.4 C1aa, 132.4, 131.6, 

131.5, 129.3, 128.1, 128.0, 127.8, 126.5 C2, 126.4, 126.1 C12aa, 124.3, 124.2 C4, 124.1 C8, 123.9 C3, 

123.8 C7, 123.2 C5, 121.4 C1, 41.9 C15, 16.2 C16; ESMS calc for C30H24N ([3.27 + H]+) = 398.1903, 

found 398.1905; IR (KBr)v/cm-1: 3056 w, 2991 w, 1608 m, 1516 m, 1442 m, 1354 m, 1171 w, 1069 w, 

1028 m, 750 s, 725 s, 705 s; UV-Vis λmax (ε): 267 nm (65681), 296 nm (28569), 319 nm (16423), 365 nm 

(2655); Fluorometry λmax: 394 nm. 

 

Synthesis of N-ethyl-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indole, 3.28  

3.6 (0.150 g, 0.329 mmol), I2 (0.270 g, 1.09 mmol), propylene oxide 

(1.5 mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Crystals suitable for X-ray crystallography 

were obtained by diffusion of methanol into a benzene solution of 3.28. 

Yield: 0.110 g (71%). m.p. 168 – 170 ˚C; 1H NMR (400MHz, CDCl3): 

δH 8.59 (s, 1H, H3), 8.45 (s, 1H, H5), 8.30 (d, 1H, J = 8.4 Hz, H1), 7.66  

(d, 1H, J = 8 Hz, H7), 7.45 (d, 1H, J = 9.2 Hz, H2), 7.23 – 7.19 (m, 4H), 7.13 – 7.07 (m, 5H), 4.49 (q, 2H, 

CH2, J = 7.2 Hz, H15), 2.63 (s, 3H, CH3, H4), 2.52 (s, 3H, CH3 H8), 2.35 (s, 6H, CH3, H11, H14), 1.43 (t, 

3H, CH3, J = 7.2 Hz, H16); 13C NMR (125MHz, CDCl3): δC 137.5, 137.3 C13a, 135.6 C10a, 134.4, 133.0 
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C2a, 132.7 C6a, 131.5, 131.3, 129.6, 129.1, 128.8 C2, 128.7, 127.8, 127.5, 127.4, 126.9, 126.8, 124.1 C3, 

123.9 C7, 123.0 C5, 122.2, 121.3 C1, 119.2, 118.8, 41.7 C15, 21.8 C11, 21.7 C14, 21.3 C8, C4, 16.2 C16; 

ESMS calc for C34H32N ([3.28 + H]+) = 454.2535, found 454.2521; IR (KBr)v/cm-1: 2916 s, br, 1908 w, 

1527 s, 1453 s, 1373 m, 1351 m, 1024 m, 821 s, 804 s, 745 m, 548 m; UV-Vis λmax (ε): 268 nm (61052), 

301 nm (27660), 323 nm (14852), 374 nm (3140); Fluorometry λmax: 394 nm, 405 nm. 

 

Synthesis of N-ethyl-2,3-di(4-tertbutylphenyl)-6,9-ditertbutyl-dibenzo[e,g]indole, 3.29 

3.6 (0.06 g,0.0962 mmol), I2 (0.081 g, 0.317 mmol), propylene 

oxide (1 mL), purification with flash column chromatography 

(SiO2, 3:2 hexanes:dichloromethane). Yield: 0.040 g (69%). m.p. 

230 – 232 ˚C; 1H NMR (400MHz, CDCl3): δH 8.82 (s, 1H, H3), 

8.68 (s, 1H, H5), 8.37 (d, 1H, J = 8.4 Hz, H1), 7.74 (d, 1H, J = 8.4 

Hz, H7), 7.71 (d, 1H, J = 8.4 Hz, H2), 7.34 – 7.21 (m, 9H), 4.52 (q, 

CH2, J = 7 Hz, H15), 1.57 (s, 9H, CH3, %4), 1.52 (s, 9H, CH3, H8),  

1.44 (s, 18H, CH3, H11, H14), 1.34 (t, 3H, CH3, J = 7 Hz, H16) ; 13C NMR (125MHz, CDCl3): δC 150.3 

C2, 148.9 C6, 145.9 C13, 145.7 C10, 137.7, 134.5, 131.3, 131.1, 129.6, 129.1, 127.3, 127.1, 126.9, 124.7, 

124.6, 124.2, 124.1, 123.8, 122.3 C7, 121.1 C1, 119.8 C3, 119.4 C5, 119.0, 118.7, 41.7 C15, 31.5 C4, 

31.4, C8, 31.3 C11, C14, 16.3 C16; ESMS calc for C46H56N ([3.29 + H]+)= 622.4407, found 622.4421; IR 

(KBr)v/cm-1: 2961 s, 2903 m, sh, 2868 m, sh, 1461 m, 1362 s, 1266 m, 1022 w, 850 w, 600 w; UV-Vis 

λmax (ε): 269 nm (64653), 298 nm (30069), 324 nm (16262), 371 nm (3291); Fluorometry λmax: 390 nm, 

400 nm. 

 

Synthesis of 3-benzyl-2,3-diaryl-bibenzo[e,g]indoles 3.36 – 3.38 

Synthesis of 3-benzyl-2,3-diphenyl-dibenzo[e,g]indole, 3.36 

3.8 (0.150 g, 0.325 mmol), I2 (0.270 g, 1.07 mmol), propylene oxide (1.5 

mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Yield: 0.005 g (4%). m.p. 218 – 220 ˚C; 1H 

NMR (500MHz, CDCl3): δH 8.78 (d, 1H, J = 8 Hz, H4), 8.72 (m 2H, H5), 

7.93 (d, 2H, 7 Hz), 7.89 (d, 1H, 7.6 Hz, H1), 7.68 (m, 2H, H6), 7.60 (t, 1H, 

J = 6.8 Hz, H3), 7.52 (t, 1H, J = 7.6 Hz, H2), 7.45 – 7.27 (m, 10H), 6.81 (t, 

1H, J = 7.6 Hz, H18), 6.63 (t, 2H, J = 7.6 Hz, H17), 6.11 (d, 2H, J = 7.6  

Hz, H16), 4.32 (d, 1H, J = 12.4 Hz, H15), 4.05 (d, 1H, J = 12.4 Hz, H15); 13C NMR (125MHz, CDCl3): 

δC 145.9, 131.8, 131.5,129.5, 128.9, 128.7, 128.6 C16, 127.1, 127.0 C2, 126.9 C17, 126.8 C18, 126.6, 

125.6 C3, 124.9 C4, 124.0, 123.4 C1, 122.7 C5, 40.7 C15; ESMS calc for C35H26N ([3.36 + H]+) = 
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460.2060, found 460.2070; IR (KBr)v/cm-1: 3060 w, 3028 w, 1524 m, 1493 m, 1443 m, 1315 w, 1027 w, 

753 s, 725 m, 702 s, 526 m; UV-Vis λmax (ε): 258 nm (40432), 291 nm (23671), 301 nm (17474), 364 nm 

(13590); Fluorometry λmax: 453 nm. 

 

Synthesis of 3-benzyl-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indole, 3.37 

3.9 (0.150 g, 0.290 mmol), I2 (0.150 g, 0.608 mmol), propylene oxide 

(1.5 mL), purification with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). Crystals suitable for X-ray crystallography 

were obtained by diffusion of methanol into a benzene solution of 3.37. 

Yield: 0.007 g (5%). m.p. 274 – 276 ˚C; 1H NMR (400MHz, CDCl3): δH 

8.54 (s, 1H, H3), 8.49 (s, 1H, H5), 7.85 (d, 2H, J = 7.6 Hz, H12), 7.78 (d, 

1H, J = 8.4 Hz, H1), 7.49 (d, 1H, J = 7.6 Hz, H7), 7.33 (d, 1H, J = 7.6  

Hz, H2);7.27 (m, 2H, H9), 7.20 (d, 2H, J = 7.6 Hz, H13), 7.12 (m, 3H, H6, H10), 6.80 (t, 1H, J = 7.2 Hz, 

H18), 6.63 (t, 2H, J = 7.2 Hz, H17), 6.13 (d, 2H, J = 7.2 Hz, H16), 4.27 (d, 1H, J = 12.8 Hz, H15), 4.00 

(d, 1H, J = 128 Hz, H15), 2.64 (s, 3H, CH3), 2.60 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.30 (s, 3H, CH3); 13C 

NMR (125MHz, CDCl3): δC 148.6 C4a, 140.5 C14a, 136.7, 136.6, 136.0, 135.9, 134.9, 134.6, 131.3, 

131.0, 130.0, 129.6 C11, 129.3, 129.0 C16, 128.5 C2, 128.3 C12, 128.2 C7, 126.9 C17, 126.3 C18, 126.0, 

124.9, 124.6, 123.7, 123.1 C1, 122.5 C5, 68.1 C16a, 40.7 C15, 22.3 C4, 22.1 C8, 21.6 C14, 21.1 C11; 

ESMS calc for C39H34N ([3.37 + H]+) = 516.2686, found 516.2694; IR (KBr)v/cm-1: 3032 w, 2918 m, br, 

1608 w, 1509 s, 1311 w, 1183 m, 1021 w, 819 s, 809 m, sh, 763 w, 739 w, 701 s, 524 s; UV-Vis λmax (ε): 

262 nm (30986), 281 nm (24451), 294 nm (19158), 306 nm (13655), 375 nm (9741); Fluorometry λmax: 

463 nm. 

 

Synthesis of 3-benzyl-2,3-di(4-tertbutylphenyl)-6,9-ditertbutyl-dibenzo[e,g]indole, 3.38 

3.10 (0.150 g, 0.219 mmol), I2 (0.190 g, 0.722 mmol), propylene 

oxide (1.5 mL), purification with flash column chromatography 

(SiO2, 7:3 hexanes:dichloromethane). Yield: 0.006 g (4%). m.p. 

251 – 252 ˚C; 1H NMR (400MHz, CD2Cl2): δH 8.79 (s, 1H, H3), 

8.74 (s, 1H, H5), 8.61 (d, 1H, J = 8.8 Hz, H7), 7.89 (d, 3H, J = 8.4 

Hz, H1, H12), 7.78 (d, 1H, J = 8.8 Hz, H6), 7.64 (d, 1H, J  = 7.6 

Hz, H2), 7.44 (d, 2H, J = 8.8 Hz, H13), 7.36 (d, 2H, J = 8 Hz, H9),  

7.31 (m, br, 2H, H10), 6.83 (t, 1H, J = 7.6 Hz, H18), 6.60 (t, 2H, J = 7.6 Hz, H17), 6.19 (d, 2H, J = 7.6 

Hz, H16), 4.35 (d, 1H, J = 12.4 Hz, H15), 4.08 (d, 1H, J = 12.4 Hz, H15), 1.47 (s, 9H, CH3, H4), 1.45 (s, 

9H, CH3, H8), 1.31 (s, 9H, CH3, H14), 1.23 (s, 9H, CH3, H11); 13C NMR (125MHz, CD2Cl2): δC 135.8, 
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135.5, 129.0, 128.1, 126.9, 126.2, 125.8, 125.5, 125.2, 125.0, 124.1, 123.0, 119.6, 1183, 40.5 C15, 31.2 

C4, 31.1 C8, 30.9 C14, 30.8, C11; ESMS calc for C51H58N ([3.38 + H]+) = 684.4564, found 684.4583; IR 

(KBr)v/cm-1: 2961 s, 2905 m, sh, 2868 m, sh, 1606 w, 1507 m, 1363 m, 1264 m, 111 w, 1017 w, 838 m, 

700 m; UV-Vis λmax (ε): 262 nm (43251), 279 nm (34494), 295 nm (28320), 307 nm (19733), 375 nm 

(15564); Fluorometry λmax: 461 nm. 

 

Synthesis of N-substituted-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indoles, 3.16, 3.28 using 

DDQ/CH3SO3H 

Following a modified literature procedure,21 in an oven dried Schlenk tube, cooled under vacuum, and 

backfilled with argon, was added the appropriate N-substituted-2,3,4,5-tetra(4-methylphenyl)pyrrole (1 

equiv). 20 mL of dry dichloromethane and 2 mL of CH3SO3H was added and the solution was cooled to 0 

˚C using an ice bath. DDQ was added (3 equiv) and the reaction was stirred at room temperature 

overnight, and then quenched with 20 mL sat. aqueous NaHCO3. The organic layer was washed with 50 

mLwater, then 50 mL brine. The organic layer was dried with MgSO4 and the solvent was removed in 

vacuo and the residue was purified with flash column chromatography (SiO2, 3:2 

hexanes:dichloromethane). 

Compounds 3.6 and 3.9 formed 3.28 and 3.16 respectively, 1H NMR spectroscopy and ESMS matched 

that of compounds 3.28 and 3.16 described above. 

 

Attempted synthesis of N-substituted-2,3-di(4-methylphenyl)-6,9-dimethyl-dibenzo[e,g]indoles, 3.16, 

3.28 using CF3COO)2IIIIC6H5 (PIFA)/BF3.OEt2 

Following a modified literature procedure,22 in an oven dried Schlenk tube, cooled under vacuum, and 

backfilled with argon, was added 3.5 (0.200 g, 0.5 mmol). 10 mL of dry dichloromethane was added and 

the solution was cooled to – 40 ˚C using an acetonitrile/dry ice bath. PIFA (0.240 g, 0.55 mmol) and 

BF3.OEt2 (0.085 g, 0.08 mL, 0.60 mmol) were added to an oven dry Schlenk tube cooled under vacuum 

and backfilled with argon, and 10 mL of dry dichloromethane was added. This solution was cooled to – 

40 ˚C and added dropwise to the reaction mixture. After three hours stirring at – 40 ˚C the reaction 

mixture was quenched with 20 mL sat. aqueous NaHCO3. The organic layer was washed with 50 mL 

water and the mixture was dried with MgSO4. The solvent was removed in vacuo. The 1H-NMR spectrum 

of the crude residue matched that of the starting material. 
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Synthesis of 1,3-diphenyl-dibenzo[e,g]isoindole, 3.42 

9,10-phenanthrenediylbis(phenyl)methanone, 3.43, (0.20 g, 0.520 mmol) 

was added to a round bottom flask and dissolved in 20 mL glacial acetic 

acid. Zinc (0.07 g, 1.036 mmol) and ammonium acetate (0.16 g, 2.07 mmol) 

were added and the reaction mixture was refluxed overnight. The reaction 

mixture was added to 100 mL water and extracted with 2x 50 mL ethyl 

acetate. The combine organic layer was washed with 2x 100 mL sat. aqueous  

NaHCO3, 100 mL water and 50 mL brine. The organic layer was then dried with MgSO4 and the solvent 

removed in vacuo. Purification using flash column chromatography (SiO2, 9:1 hexanes:ethyl acetate) gave 

1,3-diphenyl-dibenzo[e,g]isoindole. Crystals suitable for X-ray crystallography were obtained by the slow 

evaporation of a dichloromethane solution of 3.42. Yield: 0.035 g (20%). 1H NMR (400MHz, CDCl3): δH 

8.37 (d, 2H, J = 8.4 Hz), 8.17 (d, 2H, J = 8 Hz), 7.82 (d, 4H, J = 7.2 Hz), 7.55 – 7.42 (m, 10H); 13C NMR 

(125MHz, CDCl3): δC 133.8, 130.1, 129.3, 128.8, 128.7, 128.5, 128.0, 127.1, 126.9, 124.1, 123.8, 123.0. 

 

Attempted synthesis of 2-ethyl-1,3-diphenyl-dibenzo[e,g]indole, 3.41 

Following the general procedure outlined above for the the synthesis of N-ethyl-2,3,4,5-tetraarylpyrroles 

3.6 and 3.7, 3.42 (0.085 g, 0.23 mmol), sodium hydride (0.020 g, 0.69 mmol) and ethyl bromide (0.030 g, 

0.02 mL, 0.28 mmol) were used. After removal of the solvent in vacuo, multiple products were present 

according to TLC. Purification using flash column chromatography was attempted (SiO2, 3:2 

hexanes:dichloromethane) but no products with data matching that expected for 3.41 was obtained. 
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Chapter Four 
 

The following compounds were prepared according to literature methods, and all characterisation data 

were found to be consistent with that provided; pentaphenylpyrrole, 4.1,23 1,2,3,4-tetraphenyl-1.4-

butadione, 4.3,11 deoxybenzoin, 4.6,24 deoxyanisoin, 4.7,18 deoxy-4,4’-tertbutylanisoin, 4.8,8 

tertbutylaniline, 4.11,25 1,2,5-triphenyl-3,4-dibromopyrrole, 4.23,23 phenylboronic acid, 4.24,26 1,4-

diphenylbutane, 4.25,27,28 4-methoxyphenylboronic acid, 4.3029 and 4’-(4-aminophenyl)-

2,2’:6,2’’terpyridine, 4.34.30  

 

Synthesis of 1,2,3,4-tetra(4-tertbutylphenyl)-1,4-butadione, 4.5 

Following a modified literature procedure,11 KOtBu (0.065 g, 0.58 

mmol) was added to an oven dry Schlenk flask, cooled under 

vacum and backfiled with argon, dissolved in 10 mL dry 

tetrahydrofuran and then cooled to – 75 ˚C using an acetone/dry ice 

bath. Deoxy-4,4’-tertbutylanisoin, 4.8, (0.25 g, 0.81 mmol) was 

added to an oven dry Sclenk tube cooled under vacuum and 

backfilled with argon, dissolved in 10 mL dry tetrahydrofuran and 

added to the reaction mixture dropwise. I2 (0.150 g, 0.58 mmol) 

was dissolved in 20 mL dry tetrahydrofuran and added to the  

reaction mixture dropwise. The reaction mixture was stirred for two hours at 0 ˚C using an ice bath. 50 

mL sat. aqeous Na2S2O5 was added to quench the reaction, and the aqueous layer was extracted with 2x 

20 mL ethyl acetate. The combined organic residue was washed with 2x 20 mL brine, dried with MgSO4 

and the solvent was removed in vacuo. Recrystallised from hexanes/ethylacetate to give 1,2,3,4-tetra(4-

tertbutylphenyl)-1,4-butadione. Yield: 0.15 g (60%). m.p. 140 – 142 ˚C; 1H NMR (500MHz, CDCl3): δH 

7.82 (d, 4H, J = 8.5 Hz, H5), 7.35 (d, 4H, J = 8.5 Hz, H4), 7.27 (d, 4H, J = 8.5 Hz, H2), 7.20 (d, 4H, J = 

8.5 Hz, H1), 5.84 (s, 2H, H7), 1.22 (s, 18H, H6), 1.20 (s, 18H, H3); 13C NMR (125MHz, CDCl3): δC 

198.4 C7a, 157.8 C2a, 151.4 C5a, 136.3 C1a, 130.9 C4a, 129.2 C5, 127.4 C1, 126.1 C2, 125.7 C4, 75.6 

C7, 31.3 C6, 31.0 C3; ESMS calc for C44H52O2 ([4.5 + H]+) = 615.4202, found 615.4191; IR (KBr)v/cm-1: 

3402 s, 3425 s, 2959 s, 1673 s, 1604 m, 1463 m, 1410 m, 1267 m, 1220 m, 1185 m, 1089 m, 980 m, 872 

m, 826 m, 818 m, 654 m, 580 m. 
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General procedure for the synthesis of 2,3,4,5-tetraarylfurans, 4.14 – 4.16 

In a round bottom flask was added the appropriate 1,2,3,4-tetraaryl-1,4-butadione, aniline and 20 mL 

glacial acetic acid. The reaction mixture was heated to refux and refluxed for two hours. A white 

precipate formed, which was filtered to give the corresponding 2,3,4,5-tetraarylfuran. 

 

Synthesis of 2,3,4,5-tetraphenylfuran, 4.1431 

4.3 (0.150 g, 0.380 mmol), aniline (0.110 g, 0.11 mL, 1.15 mmol). Yield: 0.120 

g (84%). m.p. 190 – 193 ˚C; 1H NMR (500MHz, CDCl3): δH 7.51 (d, 4H, J = 7.5 

Hz), 7.26 – 7.22 (m, 12H), 7.17 – 7.14 (m, 4H). 

 

 

Synthesis of 2,3,4,5-tetra(4-methoxyphenyl)furan, 4.1532 

4.4 (0.120 g, 0.240 mmol), aniline (0.070 g, 0.07 mL, 0.720 mmol). 

Yield: 0.095 g (80%). m.p. 201 – 204 ˚C; 1H NMR (500MHz, CDCl3): 

δH 7.44 (d, 4H, J = 9 Hz), 7.06 (d, 4H, J = 9Hz), 6.81 (d, 4H, J = 9 

Hz), 6.79 (d, 4H, J = 9 Hz), 3.80 (s, 6H, CH3), 3.79 (s, 6H, CH3). 

 

 

Synthesis of 2,3,4,5-tetra(4-tertbutylphenyl)furan, 4.1631 

4.5 (0.100 g, 0.162 mmol), aniline (0.45 g, 0.45 mL, 0.488 mmol). 

Yield: 0.080 g (82%). m.p. 198 – 200 ˚C;  1H NMR (500MHz, 

CDCl3): δH 7.42 (d, 4H, J = 8.5 Hz), 7.16 (d, 4H, J = 8.5 Hz), 7.12 

(d, 4H, J = 8.5 Hz), 6.99 (d, 4H, J = 8.5 Hz), 1.25 (s, 18H, CH3), 

1.23 (s, 18H, CH3). 

 

 

General procedure for the synthesis of N-substituted-N-benzoyl-phenylglycines, 4.18 and 4.21 

In a round bottom flask was added phenyl acetic acid (10.0 g, 73.4 mmol), 80 mL ethanol and 5 mL conc. 

H2SO4 and the reaction mixture was refluxed overnight. The reaction mixture was cooled and the solvent 

removed in vacuo. Purification using flash column chromatography (Al2O3, 1:1 hexanes:ethyl acetate) 

gave 10.50 g (95%) phenyl acetic acid ethyl ester. 

Following literature procedure,33 in a round bottom flask was added sodium bromate (11.9 g, 78.9 mmol) 

dissolved in 40 mL water. Over the course of 15 minutes phenyl acetic acid ethyl ester (4.0 g, 26.3 mmol) 

dissolved in 50 mL of ethyl acetate was added, followed by sodium metabisulfite (7.6 g, 39.5 mmol) 

O

 

O
O

O O

O

 

O

 

249 
 



dissolved in 100 mL water. The reaction mixture was stirred at room temperature for five hours. The 

reaction mixture was extracted with 3x 100 mL diethyl ether, and the combined organic layers were 

washed with 100 mL sat. aqueous sodium thiosulfate, dried with MgSO4 and the solvent removed in 

vacuo. Purification using flash column chromatography (SiO2, 9:1 hexanes:ethyl acetate) gave 4.5 g 

(70%) of α-bromophenyl acetic acid ethyl ester. 

In a round bottom flask, α-bromophenyl acetic acid ethyl ester (0.60 g, 2.5 mmol), the appropriate amine 

(1 equiv) and triethylamine (1 equiv) were added, followed by 20 mL dry toluene. The reaction mixture 

was refluxed for overnight, and then cooled. The solution was washed with 50 mL water, dried with 

MgSO4 and the solvent removed in vacuo. The resulting residue was recrystallised from pentane to give 

the corresponding α-amino phenyl acetic acid ethyl ester (methyl amino 0.38 g (78%) and phenyl amino 

0.30 g (47%)). 

In a round bottom flask, the appropriate α-amino phenyl acetic acid ethyl ester (0.40 mmol), benzoyl 

chloride (0.60 g, 0.05 mL, 0.40 mmol) and triethylamine (0.40 g, 0.55 mL, 0.40 mmol) were added, 

followed by 20 mL dry toluene. The reaction mixture was refluxed overnight, and then cooled. The 

resulting precipitate was filtered to give the appropriate α-benzoylamino phenyl acetic acid ethyl ester 

(methylamino 0.084 g (71%) and phenylamino 0.075 g (52%)). 

In a round bottom flask the appropriate α-benzoylamino phenyl acetic acid ethyl ester (2 mmol), NaOH 

(0.090 g, 2.2 mmol), 2 mL water and 5 mL ethanol were added and refluxed for 45 minutes. The resulting 

solution was diluted with 10 mL water, acidified with 10% HCL and extracted into 20 mL 

dichloromethane. The dichloromethane solution was dried with MgSO4, and the solvent removed in 

vacuo. The resulting residue was recrystallised from chloroform to give 4.18 (0.65 g (95%) or 4.21 (0.50 

g (92%). 

 

General procedure for the synthesis of münchnones, 4.17 and 4.20 

In an on oven dry Schlenk tube cooled under vacuum and backfilled with argon was added the 

appropriate N-substituted-N-benzoyl-phenylglycine (0.33 mmol) and 2 mL freshly distilled acetic 

anhydride. The reaction mixture was heated at 50 ˚C for 30 minutes and cooled. The reaction mixture was 

stirred in 10 mL diethyl ether and the resulting solid was filtered, to give the corresponding münchnone. 

In each case 4.17 and 4.20 quickly changed from a solid to an oily residue, and as a result were too 

unstable to characterised. 

 

General procedure for the synthesis of N-substituted-2,3,4,5-tetraphenylpyrroles, 4.1 and 4.19 

In an on oven dry Schlenk tube cooled under vacuum and backfilled with argon was added the 

appropriate N-substituted-N-benzoyl-phenylglycine, 5 mL freshly distilled acetic acid and diphenyl 
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acetylene (0.60 g, 3.41 mmol). The recation mixture was heated at 130 ˚C for seven hours. The solution 

was cooled and the solvent removed in vacuo. The remaining reside was washed with methanol to give 

the corresponding pyrrole. 

 

Synthesis of N-methyl-2,3,4,5-tetraphenylpyrrole, 4.1934 

4.21 (0.31 g, 1.22 mmol). Yield: 0.100 g (21%). m.p. 205 – 207 ˚C; 1H NMR 

(500MHz, CDCl3): δH 7.34 – 7.25 (m, 10H), 7.09 – 7.01 (m, 6H), 6.94 – 6.89 

(m, 4H), 3.45 (s, 3H, CH3). 

 

 

Synthesis of pentaphenylpyrrole 4.123 

4.18 (0.232 g, 0.70 mmol). Crystals suitable for X-ray crystallography were 

obtained by the slow evaporation of a dichloromethane solution of 4.1. Yield: 

0.045 g (15%). m.p. 275 – 279 ˚C; 1H NMR (500MHz, CDCl3): δH 7.14 – 7.11 

(m, 4H), 7.09 – 7.05 (m, 11H), 6.94 – 6.89 (m, 10H); ESMS calc for C34H26N 

([4.1 + H]+) = 448.2060, found 448.2068. 

 

 

General procedure for the synthesis of 1,2,5-triarylpyrroles, 4.22, 4.26 and 4.27  

1,4-diphenyl-1,4-butanedione, 4.25, and the appropriate aniline (1.2 equiv) were added to a round bottom 

flask and then 10 mL of glacial acetic acid was added. The mixture was refluxed for two hours, and then 

cooled to room temperature. The resulting white solid was filtered and washed with acetone. 

 

Synthesis of 1,2,5-triphenylpyrrole, 4.2235 

4.25 (0.50 g, 2.0 mmol), aniline (0.23 g, 0.23 mL, 2.5 mmol). Yield: 0.36 g 

(61%). m.p. 228 – 231 ˚C; 1H NMR (500MHz, CDCl3): δH 7.25 – 7.22 (m, 4H), 

7.19 – 7.14 (m, 5H), 7.09 – 7.03 (m, 6H), 6.48 (s, 2H). 
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Synthesis of 1-(4-methoxyphenyl)-2,5-diphenylpyrrole, 4.2635 

4.25 (0.50 g, 2.1 mmol), 4-anisidine (0.33 g, 2.6 mmol). Yield: 0.40 g (60%). 

m.p. 225 – 229 ˚C; 1H NMR (500MHz, CDCl3): δH 7.20 – 7.14 (m, 6H), 7.08 (d, 

4H, J = 7 Hz), 6.96 (d, 2H, J = 8.5 Hz), 6.76 (d, 2H, J = 8.5 Hz), 6.47 (s, 2H), 

3.78 (s, 3H, CH3). 

 

Synthesis of 1-(4-tertbutylphenyl)-2,5-diphenylpyrrole, 4.27 

4.25 (0.30 g, 1.25 mmol), 4-tertbutylaniline (0.23 g, 1.56 mmol). Yield: 0.27 g 

(62%). m.p. 241 – 242 ˚C; 1H NMR (500MHz, CDCl3): δH 7.23 (d, 2H, J = 8 

Hz, H5), 7.16 – 7.14 (m, 6H, H1, H3), 7.07 – 7.04 (m, 4H, H2), 6.95 (d, 2H, J 

= 8 Hz, H4), 6.48 (s, 2H, H7), 1.29 (s, 9H, CH3, H6); 13C NMR (125MHz, 

CDCl3): δC 133.3 C7a, 128.6 C2, 128.3 C4, 127.8 C3, 126.1 C1, 125.6 C5, 

109.7 C7, 31.3 C6; ESMS calc for C26H25NNa ([4.27 + Na]+) = 374.1879,  

found 374.1878; IR (KBr)v/cm-1: 3050 w, 2965 m, 2904, w, sh, 1869, w, sh, 1599 m, 1516 s, 1485 s, 1396 

m, 838 m, 759 s, 747 m, sh, 698 s, 604 w. 

 

General procedure for the synthesis of 1,2,5-triaryl-3,4-dibromopyrroles, 4.28 and 4.29 

Following a modified literature procedure,23 in a round bottom flask flushing with argon was added the 

appropriate 1,2,5-triarylpyrrole. After flushing with argon for a further 5 minutes 40mL of dry 

dimethylformamide was added and the solution cooled to 0˚C in an ice bath. In another round bottom 

flask flushing with argon was added N-bromosuccinamide and 10mL of dry dimethylformamide. This 

solution was added dropwise to the solution of the 1,2,5-triarylpyrrole at 0˚C. The solution was stirred 

overnight at room temperature. 300 mL of water was added to the solution and the white precipitate 

formed was filtered and washed with water and ethanol. The 1,2,5-triaryl-3,4-dibromopyrrole formed was 

then recrystallised from ethyl acetate. 
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Synthesis of 1-(4-methoxyphenyl)-2,5-diphenyl-3,4-dibromopyrrole, 4.28 

4.26 (1.50 g, 4.60 mmol), N-bromosuccinamide (1.8 g, 10.1 mmol). Yield: 

1.60 g (71%). m.p. 182 – 184 ˚C; 1H NMR (500MHz, CDCl3): δH 7.26 – 7.22 

(m, 6H, H1, H3), 7.19 – 7.17 (m, 4H, H2), 6.77 (d, 2H, J = 7 Hz, H4), 6.61 (d, 

2H, J = 7 Hz, H5), 3.70 (s, 3H, OCH3, H6); 13C NMR (125MHz, CDCl3): δC 

158.5 C5a, C4a, 132.5 C7, 130.7 H2, 129.6 C4, 127.8 C3, 127.6 C1, 113.7 C5, 

55.3 C6; ESMS calc for C23H18NOBr2 ([4.28 + H]+) = 481.9750, found 

481.9750; IR (KBr)v/cm-1: 3057 w, 2968 w, 2840 w, 1597, w, 1514 s, 1478 m,  

1459 m, 1441m, 1297 m, 1251 s, 1031 m, 834 m, 779 m, 765 m, 746 m, 700 m; UV-Vis λmax (ε): 236 nm 

(14833), 284 nm (15251). 

 

Synthesis of 1-(4-tertbutylphenyl)-2,5-diphenyl-3,4-dibromopyrrole, 4.29 

4.27 (0.72 g, 2.1 mmol), N-bromosuccinamide (0.80 g, 4.5 mmol). Yield: 0.85 

g (79%). m.p. 166 – 168 ˚C; 1H NMR (500MHz, CDCl3): δH 7.26 – 7.21 (m, 

6H, H1, H3), 7.17 – 7.15 (m, 4H, H2), 7.10 (d, 2H, J = 9 Hz, H5), 6.75 (d, 2H, 

J = 9 Hz, H4), 1.21 (s, 9H, CH3, H6); 13C NMR (125MHz, CDCl3): δC 150.6 

C5a, 135.3 C1a, 132.3 C7, 130.7 C2, 128.0 C4, 127.7 C3, 127.6 C1, 125.4 C5, 

31.2 C6; ESMS calc for C26H23NBr2Na ([4.29 + Na]+) = 530.0089, found  

532.0067; IR (KBr)v/cm-1: 3052, w, 2967 s, 2905 w, sh, 2872 w, sh, 1600 w, 1516 m, 1484 m, 1331 s, 

1030 w, 843 m, 775 m, 752 m, 701 s. 

 

General procedure for the synthesis of pentaarylpyrroles, 4.12, 4.13, 4.31, 4.32 

In a round bottom Schlenk flask, the appropriate 1,2,5-triaryl-3,4-dibromopyrrole, the appropriate aryl 

boronic acid and tetrakis(triphenylphosphine)palladium(0) were added and the flask vacuum/argon 

exchanged three times. 50 mL of degassed toluene and 2 mL degassed 2 mol.L-1 potassium carbonate 

solution were added and the reaction mixture was stirred overnight at 110 ˚C. The reaction mixture was 

cooled and the solvent was removed in vacuo. The resulting residue was purified by flash column 

chromatography (SiO2, dichloromethane) and then recrystallised from ethyl acetate. 
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Synthesis of 1-(4-methoxyphenyl)-2,3,4,5-tetraphenylpyrrole, 4.1210 

4.28 (0.46 g, 0.95 mmol), phenyl boronic acid, 4.24, (0.35 g, 2.9 mmol), 

tetrakis(triphenylphosphine)palladium(0) (0.05 g). Yield: 0.15 g (33%). m.p. 

265 – 268 ˚C; 1H NMR (500MHz, CDCl3): δH 7.08 – 7.05 (m, 12H),6.95 – 

6.90 (m, 8H), 6.85 (d, 2H, J = 8.5 Hz), 6.65 (d, 2H, J = 8.5 Hz), 3.74 (s, 3H, 

OCH3, H9); ESMS calc for C35H28NO ([4.12 + H]+) = 478.2165, found 

478.2163; UV-Vis λmax (ε): 258 nm (28545), 296 nm (17402). 

 

Synthesis of 1-(4-tertbutylphenyl)-2,3,4,5-tetraphenylpyrrole, 4.13 

4.29 (0.50 g, 0.98 mmol), phenyl boronic acid, 4.24, (0.36 g, 2.9mmol), 

tetrakis(triphenylphosphine)palladium(0) (0.05 g). Yield: 0.13 g (26%). m.p 

282 – 283 ˚C; 1H NMR (500MHz, CDCl3): δH 7.12 (d, 2H, J = 7 Hz, H8), 

7.08 – 7.02 (m, 12H), 6.94 (m, 4H), 6.89 (d, 4H, J = 7.5 Hz), 6.83 (d, 2H, J 

= 7 Hz, H7), 1.24 (s, 9H, CH3, H9); 13C NMR (125MHz, CDCl3): δC 149.9 

C8a, 135.8, 135.4, 132.3, 131.6, 131.4, 131.1, 128.5 C7, 127.5, 127.4, 126.3, 

125.3, 125.1 C8, 122.7, 31.2 C9; ESMS calc for C38H33NNa ([4.13 + Na]+) = 

526.2505, found 526.2516; IR (KBr)v/cm-1: 3047 m, 2959 s, 2904 w, sh,  

2868 w, sh, 1601 m, 1508 s, 1484 m, 1467 m, 1443 m, 1370 s, 1266 w, 1148 w, 1113 w, 1073 w, 1024 m, 

914 m, 846 m, 800 m, 786 m, 749 m, 734 m, 701 s; UV-Vis λmax (ε): 259 nm (28678), 294 nm (16777). 

 

Synthesis of 1,2,5-triphenyl-3,4-(4-methoxyphenyl)pyrrole, 4.31 

4.23 (0.86 g, 0.95 mmol), 4-methoxy phenyl boronic acid, 4.30, (0.44 g, 2.9 

mmol), tetrakis(triphenylphosphine)palladium(0) (0.25 g). Yield: 0.13 g 

(26%). m.p 274 – 275 ˚C; 1H NMR (500MHz, CDCl3): δH 7.13 – 7.06 (m, 

8H), 6.93 – 6.87 (m, 7H), 6.86 (d, 4H, J = 8 Hz, H4), 6.65 (d, 4H, J = 8 Hz, 

H5), 3.75 (s, 6H, OCH3, H6) ; 13C NMR (125MHz, CDCl3): δC 157.3 C5a, 

132.4, 132.0 C4, 131.4, 131.3, 129.2, 128.2, 127.7, 127.5, 126.7, 126.3, 

122.3, 113.1 C5, 55.0 C6; ESMS calc for C36H30NO2 ([4.31 + H]+) = 

508.2271, found 508.2274; IR (KBr)v/cm-1: 3040 w, 2950 w, 2930 w, 2832  

w, 1537 m, 1509 s, 1496 m, sh, 1486 m, sh, 1369 m, 1292 m, 1245 s, 1181 m, 1107 w, 1033 m, 838 m, 

795 w, 770 m, 699 s; UV-Vis λmax (ε): 255 nm (32112), 297 nm (21821). 
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Synthesis of 1,3,4-(4-methoxyphenyl)-2,5-diphenylpyrrole, 4.32 

4.28 (0.92 g, 1.9 mmol), 4-methoxy phenyl boronic acid, 4.30, (0.87 g, 5.7 

mmol), tetrakis(triphenylphosphine)palladium(0) (0.20 g). Yield: 0.25 g 

(25%). m.p 223 – 226 ˚C; 1H NMR (500MHz, CDCl3): δH 7.08 – 7.06 (m, 

6H), 6.92 – 6.90 (m, 4H), 6.87 – 6.83 (m, 6H), 6.66 – 6.63 (m, 6H), 3.75 (s, 

6H, OCH3, H6), 3.73 (s, 3H, OCH3, H9); 13C NMR (125MHz, CDCl3): δC 

158.0, 15.7.3, 132.5, 132.0, 131.4, 130.0, 127.8, 127.5, 126.2, 122.1, 113.4, 

113.0, 55.3 C9, 55.0 C6; ESMS calc for C37H32NO3 ([4.32 + H]+) = 

538.2377, found 538.2385; IR (KBr)v/cm-1: 3039 w, 3005 w, 2954 w, 2931 

w, 2833 m, 1600 w, 1577 w, 1536 m, sh, 1514 s, 1486 m, 1466 m, 1440 m,  

1301 m, 1287 m, 1245 s, 1181 m, 1108 w, 1034 s, 834 s, 767 m, 699 m; UV-Vis λmax (ε): 256 nm 

(32053), 296 nm (21900). 

 

Attempts at oxidative cyclodehydrogenation of 4.1 

Method A: In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added iron 

(III) chloride (0.71 g, 4.4 mmol) and placed back under vacuum for 15 minutes. In an oven dry three-

necked round bottom flask cooled whilst flushing with argon was added pentaphenylpyrrole, 4.1, (0.05 g, 

0.11 mmol), and the solid was flushed with argon for five minutes. 50 mL dry dichloromethane was 

added and the solution was stirred with argon bubbling through for five minutes. The schlenk tube was 

refilled with argon and the iron (III) chloride was added to the dichloromethane solution in one go. The 

solution was stirred with argon bubbling through for six hours, then the bubbling argon was removed and 

the solution was stirred under argon overnight. The reaction was quenched with 50 mL methanol and then 

50 mL water was added. The layers were separated and the organic layer was washed with 50mL of 

water, dried with MgSO4 and the solvent removed in vacuo. Purification by flash column chromatography 

was attempted usually using SiO2, 4:1 hexanes : ethyl acetate, did not isolate any products. 

 

Method B: In an oven dry schlenk tube cooled under vacuum and backfilled with argon was added AlCl3 

(0.44 g, 2.60 mmol) and the tube was placed back under vacuum for 15 minutes. The tube was backfilled 

with argon and CuCl2 (0.55 g, 2.60 mmol) and pentaphenylpyrrole, 4.1, (0.040 g, 0.090 mmol) was 

added. 30 mL of degassed CS2 was added to the solids and the reaction mixture was stirred under argon 

for six days, whilst monitoring with TLC. The CS2 was evaporated and the remaining solid was stirred for 

two hours with 10 mL 10% NH3 solution and 10 mL dichloromethane. The aqueous layer was extracted 

with 10 mL dichloromethane and the combined organic layers were washed with 10 mL 10% NH3 
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solution and then 10 mL water. Purification using flash column chromatography (SiO2, 9:1 hexanes:ethyl 

acetate), did not isolate any products. 

 

Photocyclisation of 4.1 

In an oven dry quartz tube flushed with argon, 200 mL of dry toluene was added, and sparged with argon 

for 5 minutes. Pentaphenylpyrrole, 4.1, (0.05 g, 0.110 mmol) was added, along with I2 (0.150 g, 0.57 

mmol) and propylene oxide 5mL. The solution was sparged with argon for 15 minutes and then irradiated 

with 300 nm light in a Rayonet photoreactor overnight with argon bubbling through the solution 

continuously. The solution was then washed with 200 mL Na2S2O3 solution and 100 mL water, dried with 

MgSO4 and the solvent removed in vacuo. Yield: 0.04 g (81%). m.p. 309 – 311 ˚C; 1H NMR (500MHz, 

CDCl3): δH 8.72 (d, 1H, J = 8.4 Hz), 8.68 (d, 1H, J = 9.2 Hz), 7.84 (d, 1H, J = 7.6 Hz), 7.43 – 7.28 (m, 

12H), 7.19 – 7.17 (m, 2H), 7.05 – 6.99 (m, 6H); ESMS calc for C34H24N = 446.1903, found 446.1899; IR 

(KBr)v/cm-1: 3054 w, 1495 s, 1476 w, 1449 s, 1398 m, 1071 w, 755 s, 726 m, 701 s; 

 

Attempted synthesis of 1-(4’(4-aminophenyl)2.2’:6,2’’-terpyridine)-2,5-diphenylpyrrole, 4.33 

1,4-diphenyl-1,4-butanedione, 4.25, (0.150 g, 0.62 mmol) and 4.34 (0.250 g, 0.77 mmol) were added to a 

round bottom flask and then 25 mL of glacial acetic acid was added. The mixture was refluxed for two 

hours, and then cooled to room temperature. 50 mL of water was added and the solution was extracted 

with 50 mL dichloromethane. The organic layer was washed with 3x 100 mL water, dried with MgSO4 

and the solvent removed in vacuo. ESMS indicates the formation of 4’-(4-acetylphenyl)-

2,2’:6,2’’terpyridine. ESMS calc for 234H19N4O = 367.1553, found 367.1552. 
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Chapter 5 
 

Synthesis of ligands 5.1, 5.2, 5.3 and 5.7 

The following compounds were prepared according to literature methods, and all characterisation data 

were found to be consistent with that provided; 2,2-biimidazole, N,N’-dimethylene-2,2’-biimidazole 

5.1,36 N,N’-trimethylene-2,2’-biimidazole 5.2,36 and N,N’-(α,α’-o-xylylene)-2,2’-biimidazole 5.3,36 1,2-

diimidazoylbenzene, 5.8.37 

 

Synthesis of N,N’-o-benzyl-2,2’-biimidazole 5.737 

Under standard Schlenk conditions, 5.8 (0.321 g, 1.53 mmol) was added to a Schlenk 

tube and placed under vacuum for 10 minutes. 30 mL of anhydrous tetrahydrofuran 

was added into the Schlenk tube, and the solution was cooled to -78 ˚C using an 

acetone/ dry ice bath. Over the course of 5 minutes nBuLi (2.1 mL, 3.36 mmol, 1.6 M) 

was added dropwise with stirring, and the solution was left to stir for 90 minutes at 0  

˚C in an ice bath. After this time CuBr.SMe2 (0.63 g, 3.06 mmol) was added in one go and the solution 

was left to stir under Ar for 30 minutes and a brown/red solution with a black precipitate formed. The 

solution was left to stir under an atmospher of O2 overnight. The reaction mixture was added to 50 mL 

dichloromethane and 50 mL 10% NH3 solution and stirred vigourosly overnight. The organic and aqueous 

layers were seperated, and the aqueous layer was washed with 50 mL of dichloromethane. The organic 

layers were then combined and washed with 50 mL 10% NH3 solution, 50 mL water and 50 mL brine. 

The organic layer was then dried with Na2SO4 and the solvent removed in vacuo. The resultant brown 

solid was washed with tetrahydrofuran to give a white powder, 5.7. Yield: 0.075 g (24%, 0.036 mmol). 

M.p. 258 – 260 ˚C; 1H NMR (500MHz, CDCl3): δH 7.88 (s, br, 2H), 7.87 (dd, 2H, J = 4 Hz and 6.4 Hz), 

7.63 (s, br, 2H), 7.54 (dd, 2H, J = 4 Hz and 6.4 Hz). 

 

Synthesis of silver complexes with 5.1 

Synthesis of [Ag25.12][NO3]2, 5.9 

5.1 (10 mg, 0.06 mmol) and AgNO3 (6 mg, 0.03 mmol) were each dissolved in 5ml of acetonitrile and 

heated. The solutions were mixed and left to cool. Colourless needles of 1 suitable for X-ray 

crystallographic analysis were obtained after 48 h. Yield: 3.3 mg (33%). m.p. > 300 °C; Elemental anal. 

calcd (found) for C16H16N10O6Ag2 (657.94): C, 29.11 (28.55); H, 2.44 (2.28); N, 21.22 (20.58) %; IR 

(KBr) v/cm-1: 3119 m, 3003 w, 2398 w, br, 1598 w, 1508 m, 1472 w, 1435 m, 1362 s, br, 1286 s, 1216 m, 

1140 m, 1124 w, 1099 w, 1057 w, 965 w, 828 w, 788 m, 763 m, 722 m, 674 m. 
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Synthesis of [Ag35.14][ClO4]3·CH3CN, 5.10 

5.1 (10 mg, 0.06 mmol) and AgClO4 (7 mg, 0.03 mmol) were each dissolved in 5ml of acetonitrile and 

heated. The solutions were mixed and left to cool. After 24 h  1 ml of this solution was used for vapour 

diffusion with diisopropyl ether. Colourless needles of 2 suitable for X-ray crystallographic analysis were 

obtained after 24 h. Yield: 5.7 mg (45%). Elemental anal. calcd (found) for C32H32N16O12Cl3Ag3 (1257.9): 

C, 31.32 (27.79); H, 2.71 (2.21); N, 18.26 (15.94) %; IR (KBr) v/cm-1: 3136 m, br, 1555 m, 1520 m, 1436 

m, 1351 m, 1287 m, 1091 s, br, 967 m, 776 m, 674 m, 623 s. 

 

Synthesis of poly-[Ag25.13][PF6]2, 5.11 

5.1 (10 mg, 0.06 mmol) and AgPF6 (8 mg, 0.03 mmol) were each dissolved in 5ml of methanol and 

heated. The solutions were mixed and left to cool. Colourless needles of 3 suitable for X-ray 

crystallograhic analysis were obtained after 48 h. Yield: 3.1 mg (21%). m.p. 289-292 ˚C; Elemental anal. 

calcd (found) for C24H24N12F12P2Ag2 (1293.7): C, 29.23 (28.15); H, 2.45 (2.40); N, 17.04 (15.94) %; IR 

(KBr) v/cm-1: 31078w, br, 1500 m, 1468 w, 1436 w, 1347 w, 1284 m, 1123 m, 1059 w, 841 s, br, 764 m, 

720 w, 670 w, 559 s.  

 

Synthesis of copper(I) complexes with 5.1 

General procedure for the preparation of complexes 5.12, 5.13, 5.14 and 5.15. 

5.1 and the appropriate Cu(I) salt were each dissolved in 5mL of acetonitrile and heated. The solutions 

were combined and left to cool. Benzene was slowly diffused into the combined solution and after 24h 

colourless cubes suitable for X-ray diffraction were obtained in each case. 

 

Synthesis of [Cu25.13][BF4]2·C6H6, 5.12 

5.1 (10 mg, 0.062 mmol) and Cu(CH3CN)4BF4 (9.8 mg, 0.031 mmol). Yield: 6.2 mg (47%). m.p. 240 ˚C 

(decomp); 1H NMR (500MHz, CD3CN): δH = 7.37 (s, 1H, benzene), 7.34 (s, 1H), 7.31 (s, 1H), 4.40 (s, 

2H); MS(ESI): m/z: calc for [Cu25.13]2+: 303.0414, found 303.0450; calc for [Cu25.12]2+: 223.0039, 

found: 223.0069; calc for [Cu5.12]+: 383.0788, found 383.0838; Elemental anal calcd (found) for 

C30H30B2N12F8Cu2 (858.14): C, 41.93 (41.93); H, 3.52 (3.53); N 19.56 (19.46) %; IR (KBr) v/cm-1: 3151 

m, 3040 w, 2941 w, 1508 s, 1467 m, 1438 s, 1395 w, 1343 s, 1282 s, 1255 w, 1207 w, 1122 s 1062 s, br, 

978 w, 961 w, 881 w, 784 s, 721 w, 693 m, 675 m; UV-Vis λmax (ε): 204 nm (70051), 279 nm (44831), 

288 nm (45908). 
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Synthesis of [Cu25.13][ClO4]2·C6H6, 5.13 

5.1 (10 mg, 0.062 mmol) and Cu(CH3CN)4ClO4 (10.2 mg, 0.031 mmol). Yield: 7.6 mg (56%). 1H NMR 

(500 MHz, CD3CN): δH = 7.37 (s, 1H, benzene), 7.34 (s, 1H), 7.31 (s, 1H), 4.40 (s, 2H). MS(ESI): m/z: 

calc for [Cu25.13]2+: 303.0414 found 303.0417; calc for [Cu25.12]2+: 223.0039, found: 223.0049; calc for 

[Cu5.12]+: 383.0788, found 383.0796; Elemental anal calc (found) for C30H30N12O8Cl2Cu2 (882.03): C, 

40.73 (40.96); H, 3.42 (3.47); N, 19.00 (18.95) %; IR (KBr) v/cm-1: 3145 m, 3033 m, 2938 m, 2011 w, br, 

1836 w, 1741 w, br, 1643 w, br, 1508 s, 1465 m, 1436 s, 1343 s, 1281 s, 1253 m, 1204 m, 1092 s, br, 961 

m, 878 m, 781 s, 720 m, 692 s, 675 s, 623 s; UV-Vis λmax (ε): 201 nm (79501), 279 nm (45341), 288 nm 

(46419). 

 

Synthesis of [Cu25.13][NO3]2·C6H6, 5.14 

5.1 (5 mg, 0.031mmol) and Cu(PPh3)2NO3 (10.1 mg, 0.015 mmol). Yield: 2.5 mg (41%). m.p. 260-263 

˚C; MS(ESI): m/z: calc for [Cu25.13]2+: 303.0414, found 303.0413; calc for [Cu25.12]2+: 223.0039, found: 

223.0039; calc for [Cu5.12]+: 383.0788, found 383.0793. Elemental anal calc (found) for C30H30N14O6Cu2 

(808.11): C, 44.50 (44.79); H, 3.73 (3.80); N, 24.22 (24.20)%; IR (KBr) v/cm-1: 3110 m, 3015 m, 2937 m, 

2379 w, 1746 w, br, 1664 w, br, 1507 s, 1466 s, 1438 s, 1357 s, br, 1280 s, 1122 m, 830 m, 786 s, br, 722 

m, 694 s, 675 s.  

 

Synthesis of [Cu25.13][PF6]2·2C6H6, complex 5.15 

5.1 (10 mg, 0.062 mmol) and Cu(CH3CN)4PF6 (11.5 mg, 0.031 mmol). Yield: 0.002 g (4%). 

 

Synthesis of [Cu25.13][ClO4]2·CH3CN, 5.16 

5.1 (10 mg, 0.062 mmol) and Cu(CH3CN)4ClO4 (10.2 mg, 0.031 mmol) were each dissolved in 5mL of 

acetontrile and heated. The solutions were combined and left to cool. Hexafluorobenzene was slowly 

diffused into the solution and after 24h colourless plates suitable for X-ray diffraction were obtained. 

Yield: 7.2 mg (41%). Elemental anal calc (found) for C26H27N13O8Cl2Cu2 (845.01); C, 36.85 (36.86); H, 

3.21 (3.13); N, 21.48 (21.24) %; IR (KBr) v/cm-1: 3140 m, br, 3081 w, 2989 w, 2245 w, 2013 w, br, 1715 

w, 1609 w, 1515 s, 1466 m, 1443 s, 1398 w, 1346 s, 1288 s, 1250 w, 1106 s, br, 961 m, 937 w, 910 w, 

865 w, 750 s, br, 724 m, 673 m, 623 s.  

 

Synthesis of fluorobenzene enclathration complex with Cu(CH3CN)4BF4 

5.1 (10 mg, 0.062 mmol) and Cu(CH3CN)4BF4 (9.8 mg, 0.031 mmol) were each dissolved in 5mL of 

acetontrile and heated. The solutions were combined and left to cool. Fluorobenzene was slowly diffused 
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into the solution and after 24h colourless plates suitable for X-ray diffraction were obtained. Yield: 7.1 

mg (40%). 

 

Anion competition experiment between PF6
- and ClO4

- 

5.1 (10 mg, 0.062 mmol) and Cu(CH3CN)4PF6 (11.5 mg, 0.031 mmol) were each dissolved in 5mL of 

acetontrile and heated. The solutions were combined and left to cool. After cooling an acetonitrile 

solution (2mL) of NaClO4 (4mg, 0.031 mmol) was added, and then benzene was slowly diffused into the 

combined solutions. After 24h colourless plates suitable for X-ray diffraction were obtained. 

 

Synthesis of poly-[Cu25.1]I2, 5.17 

5.1 (10 mg, 0.0622 mmol) and CuI (5.9 mg, 0.0311 mmol) were each dissolved in 5mL of acetonitrile and 

heated. The solutions were combined and small colourless needles suitable for X-ray diffraction formed 

instantly. Yield: 5.8 mg (35%). m.p. >  300 ˚C. Elemental anal calc (found) for C8H8N4CuI2; C, 20.12 

(19.34); H, 1.69 (1.48); N, 11.73 (10.98) %; IR (KBr) v/cm-1: 3118 m, 2987 w, 2943 w, 2245 w, 1604 w, 

1523 m, sh, 1510 s, 1465 m, 1433 s, 1400 w, 1341 s, 1281 s, 1213 w, 1170 m, 1125 s, 1055 m, 967 m, 

944 w, 917 w, 882 w, 851 m, 772 s, 742 s, 720 m, 673 m, 615 w, 484 m, 451 m.  

 

Synthesis of copper(II) complexes with 5.1 

Synthesis of [Cu25.14][ClO4]2·3CH3CN·0.5C6H6, 5.18 

5.1 (10 mg, 0.062 mmol) and Cu(ClO4)2 (11.5 mg, 0.031 mmol) were each dissolved in 5 mL acetonitrile 

and heated. The solutions were combined and left to cool. Benzene was slowly diffused into the solution 

and after 24h brown rods suitable for X-ray diffraction were obtained. Yield: 9.0 mg (25%). MS(ESI): 

m/z: calc for [Cu25.12]2+: 223.0039, found 223.0037. Elemental anal calc (found) for C32H32N16O16Cl4Cu2 

(1165.42): C, 32.97 (32.78); H, 2.77 (2.74); N, 19.23 (18.79) %; IR (KBr) v/cm-1: 3147 w, 1736 w, 1622 

w, 1515 m, 1441 m, 1356 m, 1286 m, 1110 s, br, 1080 s, br, 972 m, 921 w, 763 m, 725 m, 669 m, 625 s.  

 

Synthesis of [Cu25.12(CH3COO)2]·CH3CN, 5.19 

5.1 (5 mg, 0.0311 mmol) and Cu(CH3COO)2 (12.0 mg, 0.0622 mmol) were each dissolved in 5 mL 

acetonitrile and heated. The solutions were combined and left to cool, after 4 weeks blue plates suitable 

for X-ray diffraction were obtained. Yield: 13 mg (61%). m.p. 175-179 ˚C. MS(ESI): m/z: calc for 

[Cu25.12CH3COO]1+: 282.0176, found 282.0174, calc for [Cu25.12]2+: 223.0039, found 223.0039. 

Elemental anal calc (found) for C24H31N9O8Cu2 (700.56): C, 41.14 (40.87); H, 4.46 (4.73); N, 17.99 

(17.61) %; IR (KBr) v/cm-1: 3141 w, 3004 w, 2922 w, 1587 s, br, 1510 m, 1426 s, 1415 s, 1393 m, 1346 s, 

1291 m, 1135 m, 1060 w, 1026 w, 965 m, 925 w, 764 m, 725 m, 676 s, 619 m. 
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Synthesis of cadmium and cobalt complexes with 5.1 

Synthesis of [Cd5.12(NO3)2OH2], 5.20 

51 (10 mg, 0.0622 mmol) and Cd(NO3)2 (9.6 mg 0.031 mmol) were each dissolved in 5mL of acetonitrile 

and heated. The solutions were combined and left to cool. Diisopropyl ether was slowly diffused in and 

small colourless needles suitable for X-ray diffraction were formed after one week. Yield: 12 mg (65%). 

m.p. 227-229 ˚C. Elemental anal calc (found) for C16H18N10O7Cd (574.79); C, 33.43 (33.63); H, 3.16 

(3.10); N, 24.37 (24.10) %; IR (KBr) v/cm-1: 3130 m, 3112 m, 2940 m, br, 2297 w, 1759 w, 1731 w, 1591 

m, 1512m, 1469 s, 1443 s, 1430 s, 1372 m, 1340 s, 1303 s, 1280 s, 1210 m, 1174 w, 1127 s, 1095 m, 

1082 m, 1058 m, 1028 s, 981 w, 956 s, 931 m, 914 m, 864 m, 821 m, 768 s, 753 s, 718 s, 675 s, 616 m, 

590 m, 472 m.  

 

Synthesis of [Co5.12(OH2)4][NO3]2, 5.21 

5.1 (10 mg, 0.0622 mmol) and Co(NO3)2 (9.1 mg, 0.031 mmol) were each dissolved in 5mL of 

acetonitrile and heated. The solutions were combined and left to cool. Diisopropyl ether was slowly 

diffused in and small back plates suitable for X-ray diffraction were formed after one week. Yield: 8.7 mg 

(24%). m.p. 159-162 ˚C. Elemental anal calc (found) for C16H24N10O10Co (575.10); C, 33.40 (33.23); H, 

4.20 (3.81); N, 24.34 (24.13) %; IR (KBr) v/cm-1: 3483 m, 3168 m, 3131 m, 3017 w, 2750 w, 2254 w, 

1968 w, 1729 w, 1611 m, 1494 s, 1443 m, 1384 s, 1357 m, sh, 1273 s, 1134 m, 1060 w, 993 s, 955 w, sh, 

860 m, 796 m, 756 m, 679 m,556 m.  

 

Synthesis of copper(II) complexes with 5.2 

Synthesis of [Cu5.2SO4(OH2)2], 5.22 

5.2 (10 mg, 0.0574 mmol) and CuSO4 (7.2 mg, 0.0287 mmol) were each dissolved in 5mL of acetonitrile 

and heated. The solutions were combined and left to cool. After two weeks light green cubes suitable for 

X-ray crystallography were obtained. Yield: 6.8 mg (32%). m.p. 179 ˚C (decomp). Elemental anal calc 

(found) for C9H14N4O6SCu (368.99); C, 29.23 (29.30); H, 3.82 (3.69); N, 15.15 (15.08) %; IR (KBr) 

v/cm-1: 2965 m, br, 2457 w, 2353 w, 1744 w, 1669 w, 1647 w, 1563 w, 1505 w, 1482 m, 1454 w, 1427 w, 

1387 w, 1345 m, 1308 w, 1265 w, 1215 w, 1172 s, 1093 s, 1034 s, sh, 1015 s, 973 s, 950 m, 907 w, 899 

w, 880 w, 792 s, 731 m, 682 m, 632 m, 620 m.  

 

Synthesis of [Cu5.2Cl2], 5.23 

5.2 (10 mg, 0.0574 mmol) and CuCl2 (4.9 mg, 0.0287 mmol) were dissolved in 5mL of acetonitrile and 

heated. The solutions were combined and left to cool, after two weeks dark green needles suitable for X-

ray crystallography were obtained. Yield: 4.8 mg (27%). m.p. 192 ˚C (decomp). Elemental anal calc 
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(found) for C9H10N4Cl2Cu (306.96); C, 35.02 (35.12); H, 3.27 (3.06); N, 18.15 (18.03) %; IR (KBr)   

v/cm-1: 3106 m, 2934 m, 1724 w, 1649 m, 1556 m, 1499 m, 1474 s, 1434 m, 1380 m, 1345 m, 1308 w, 

1256 m, 1212 m, 1151 s, 1094 w, 1069 w, 1032 m, 964 m, 946 m, 866 m, 766 m, sh, 750 s, 681 s, 643 m, 

619 m.  

 

Synthesis of [Cu5.22(OH2)2][NO3]2, 5.24 

5.2 (10 mg, 0.0574 mmol) and Cu(NO3)2 (6.9 mg, 0.0287 mmol) were each dissolved in 5mL of 

acetonitrile and heated. The solutions were combined and left to cool. Yield: 3.4 mg (10%). m.p. > 300 

˚C. Calc for C18H24N10O8Cu (571.11); C, 37.80 (37.76); H, 4.23 (4.52), N, 24.49 (24.53) %; IR (KBr) 

v/cm-1: 3476 m, br, 3158 w, 3131 m, 2942 w, 2405 w, 1751 w, 1628 m, br, 1549 m, 1509 m, 1474 s, 1449 

s, 1385 s, br, 1342 s, br, 1261 w, 1239 w, 1212 w, 1162 m, 1148 s, 1099 w, 1076 w, 1034 w, 964 m, 950 

w, 827 w, 787 m, br, 688 m.  

 

Synthesis of [Cu5.22(OH2)2]I2, 5.25 

5.2 (10 mg, 0.0574 mmol) and CuI (5.5 mg, 0.0287 mmol) were dissolved in 5mL of acetonitrile and 

heated. The solutions were combined and left to cool, after two weeks dark green needles suitable for X-

ray crystallography were obtained. Yield: 3.7 mg (11%). m.p. > 300 ˚C. Elemental anal calc (found) for 

C18H24N8O2CuI (574.04); C, 30.81 (30.90); H, 3.45 (3.24); N, 15.97 (15.86) %; IR (KBr) v/cm-1: 3479 s, 

br, 3111 m, 2931 m, 2011 w, br, 1703 w, br, 1642 m, 1533 m, 1507 s, 1471 s, 1445 m, 1425 m, 1387 m, 

1340 s, 1264 m, 1212 w, 1161 m, 1146 s, 1098 w, 1073 m, 1034 w, 964 s, 950 m, 878 w, 862 w, 776 s, 

685 s, 641 w, 619 m. 

 

Synthesis of [Cu5.22(OH2)2][ClO4]2, 5.26 

5.2 (10 mg, 0.0574 mmol) and Cu(ClO4)2 (10.6 mmol, 0.0287 mmol) were dissolved in 5mL of 

acetonitrile and heated. The solutions were combined and left to cool. Diisopropyl ether was diffused in 

and light green needles suitable for X-ray crystallography were obtained. Yield: 5.6 mg (12%). Elemental 

anal calc (found) for C18H24N8O10Cl2Cu (645.03); C, 33.42 (33.74); H, 3.74 (3.47); N, 17.32 (17.63) %; 

IR (KBr) v/cm-1: 3575 w, 3140 w, sh, 3132 m, 2944 w, 2327 w, 2030 w, br, 1722 w, br, 1643 w, 1610 w, 

br, 1556 m, 1510 m, 1476 s, 1450 m, 1426 w, 1388 m, 1344 m, 1262 w, 1213 w, 1150 s, sh, 1103 s, br, 

965 m, 948 m, 882 w, 770 s, 688 m, 623 s, 525 w, 462 m.  
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Table A1. Crystal data and structure refinement for 2.3, 2.5, 2.8, 2.11 and 2.12. 

Compound 2.3 2.5 2.8 2.11 2.12 
Emperical formula C66H57N3 C22H19N C30H35N C32H32N C35H37N 
Formula weight 892.15 297.38 409.59 430.59 471.66 
Radiation source CuKα MoKα CuKα CuKα CuKα 
Temperature (K) 120.01(10) 115.15(10) 120.01(10) 120.01(10) 120.01(10)  
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 
Space group P21/c P21/c P21/c P21/n P21/c 
Unit cell dimensions: a (Å) 19.0427(4) 10.6885(3)  19.4295(7)  14.3654(4)  11.6427(5)  
                                  b (Å) 13.1257(3) 8.48170(3)  10.5714(3)  9.5078(2)  10.0763(4)  
                                  c (Å) 20.3761(4) 18.2331(6)  12.1842(4)  18.6740(6)  23.5686(8)  
                                  α (˚) 90.00 90.00 90.00 90.0 90.00 
                                  β (˚) 104.024(2) 91.469(2) 99.070(4) 105.746(3) 98.765(3) 
                                  γ (˚) 90.00 90.00 90.00 90.0 90.00 
Volume (Å3) 4941.18(19) 1652.41(9) Å3 2471.31(15)  2454.82(11)  2732.68(18)  
Z 4 4 4 4 4 
Density (calculated) (Mg/m3) 1.199 1.195  1.101  1.165  1.146  
Absorption coefficient (mm-1) 0.525 0.069 0.468 0.500 0.489 
F(000) 1896.0 632.0 888.0 924.0 1016.0 
Crystal dimensions 0.31 x 0.12 x 0.09 0.35 × 0.25 × 0.03 0.27 x 0.18 x 0.06 0.21 x 0.19 x 0.08 0.29 x 0.24 x 0.11 
Theta range for data collection (˚) 8.08 to 148.18 3.82 to 60.24 9.22 to 146.64 6.92 to 147.36 7.6 to 139.98 
Reflections collected 19949 42210 8345 8964 9882 
Independent reflections [R(int)] 9711 [0.0257] 4851 [0.0583] 4791 [0.0201] 4820 [0.0263] 5153 [0.0397] 
Observed reflections [I>2σ(I)] 8278 3756 3895 3817 3726 
Data / restraints / parameters 9711/0/628 4851/0/209 4791/0/317 4820/0/301 5153/0/331 
Goodness-of-fit on F2 1.030 1.074 1.047 1.056 1.017 
R1 [I>2σ(I)] 0.0443 0.0571 0.0495 0.0754 0.0481 
wR2 (all data) 0.1197 0.1799 0.1411 0.2554 0.1266 
Flack parameter      
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Table A2. Crystal data and structure refinement for 2.13, 2.15, 2.17, 2.20 and 2.21. 
Compound 2.13 2.15 2.17 2.20 2.21 
Emperical formula C26H19N C22H17N C24H21N C29H23NO2 C29H23N 
Formula weight 345.42 295.37 323.42 417.48 385.48 
Radiation source MoKα CuKα CuKα CuKα CuKα 
Temperature (K) 113.15(10) 120.01(10) 120.01(10) 120.01(10) 120.01(10) 
Crystal system monoclinic monoclinic orthorhombic triclinic triclinic 
Space group P21/n P21/c Pbca P-1 P-1 
Unit cell dimensions: a (Å) 11.1554(5) 9.6538(3)  18.8849(4)  10.1458(4)  5.5885(3)  
                                  b (Å) 8.4340(4)  10.3800(2)  8.9852(2)  10.8567(5)  10.2475(5)  
                                  c (Å) 19.6631(10)  15.3298(4)  20.2021(4)  11.2936(5)  17.7072(8)  
                                  α (˚) 90.00 90.00 90.00 84.384(4) 87.263(4) 
                                  β (˚) 96.071(3) 102.907(3) 90.00 64.476(4) 88.399(4) 
                                  γ (˚) 90.00 90.00 90.00 66.539(4) 81.698(4) 
Volume (Å3) 1839.62(15)  1497.34(6)  3427.96(13)  1025.70(8)  1002.06(9)  
Z 4 4 8 2 2 
Density (calculated) (Mg/m3) 1.247  1.310  1.253  1.352  1.278  
Absorption coefficient (mm-1) 0.072 0.578 0.547 0.664 0.558 
F(000) 728.0 624.0 1376.0 440.0 408.0 
Crystal dimensions 0.18 x 0.09 x 0.07 0.28 x 0.17 x 0.10 0.29 x 0.15 x 0.05 0.16 x 0.10 x 0.06 0.31 x 0.27 x 0.11 
Theta range for data collection (˚) 5.26 to 50.04 9.4 to 147.86 8.76 to 147.36 8.72 to 137 8.72 to 147.7 
Reflections collected 31728 14893 8498 13116 8149 
Independent reflections [R(int)] 3243 [0.0620] 2989 [0.0320] 3378 [0.0212] 3758 [0.0161] 3895 [0.0310] 
Observed reflections [I>2σ(I)] 3058 2666 2831 3360 3316 
Data / restraints / parameters 3243/0/245 2989/0/209 3378/0/229 3758/0/291 3895/0/273 
Goodness-of-fit on F2 1.345 1.064 1.026 1.053 1.185 
R1 [I>2σ(I)] 0.0973 0.0404 0.0403 0.0347 0.0491 
wR2 (all data) 0.2000 0.1100 0.1093 0.0976 0.1612 
Flack parameter      
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Table A3. Crystal data and structure refinement for 2.26, 3.14, 3.15, 3.16 and 3.17. 
Compound 2.26 3.14 3.15 3.16 3.17 
Emperical formula C28H29N C30H17Cl4N C35H25N C45H39N C54H57N 
Formula weight 379.52 533.25 459.56 593.77 720.01 
Radiation source CuKα MoKα CuKα CuKα CuKα 
Temperature (K) 120.01(10) 113.15(10) 120.01(10) 120.01(10)  130.15(10) 
Crystal system monoclinic triclinic monoclinic monoclinic orthorhombic 
Space group P21/c P-1 P21/c P21/c Pbcn 
Unit cell dimensions: a (Å) 14.2220(5)  9.9632(3)  10.1062(2)  5.95712(11)  37.2161(19)  
                                  b (Å) 11.7212(4)  11.2079(3)  13.1190(3)  24.7533(5)  10.0990(3)  
                                  c (Å) 12.9459(5)  11.9471(4)  18.1079(4)  22.2920(4)  23.5559(8)  
                                  α (˚) 90.00 64.541(2) 90.00 90.00 90.00 
                                  β (˚) 101.179(3) 74.712(2) 97.158(2) 94.0305(17) 90.00 
                                  γ (˚) 90.00 75.154(2) 90.00 90.00 90.00 
Volume (Å3) 2117.13(12)  1146.18(6)  2382.09(9)  3279.02(11)  8853.3(6)  
Z 4 2 4 4 8 
Density (calculated) (Mg/m3) 1.191  1.545  1.281  1.203  1.080  
Absorption coefficient (mm-1) 0.512 0.539 0.560 0.518 0.458 
F(000) 816.0 544.0 968.0 1264.0 3104.0 
Crystal dimensions 0.27 x 0.13 x 0.09 0.50 × 0.29 × 0.04 0.34 x 0.25 x 0.12 0.25 x 0.21 x 0.06 0.31 x 0.13 x 0.10 
Theta range for data collection (˚) 11.34 to 130.16 3.84 to 68.08 8.34 to 147.94 5.34 to 147.64 7.5 to 134 
Reflections collected 6931 24533 9069 18660 21923 
Independent reflections [R(int)] 3614 [0.0173] 6734 [0.0607] 4678 [0.0219] 6468 [0.0193] 7884 [0.0463] 
Observed reflections [I>2σ(I)] 3189 3429 3749 5731 5585 
Data / restraints / parameters 3614/0/268 6734/0/317 4678/0/325 6468/0/419 7884/3/498 
Goodness-of-fit on F2 1.044 0.924 1.038 1.042 1.057 
R1 [I>2σ(I)] 0.0384 0.0459 0.0418 0.0599 0.0717 
wR2 (all data) 0.1075 0.1324 0.1132 0.1537 0.2160 
Flack parameter      
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Table A4. Crystal data and structure refinement for 3.28, 3.37, 3.42, 4.1 and 4.14. 
Compound 3.28 3.37 3.42 4.1 4.14 
Emperical formula C40H37N C39H33N C28H19N C34H25N C28H20O 
Formula weight 531.71 515.66 369.44 447.55 372.44 
Radiation source CuKα CuKα CuKα MoKα MoKα 
Temperature (K) 120.01(10) 120.01(10) 120.01(10)  110.15(10) 121.15(10) 
Crystal system triclinic triclinic orthorhombic monoclinic monoclinic 
Space group P-1 P-1 Pbca P21/n C2/c 
Unit cell dimensions: a (Å) 9.8521(3)  10.2655(5)  14.5573(3)  10.7089(4)  25.5834(12)  
                                  b (Å) 10.1991(4)  11.6330(5)  10.4805(2)  9.7575(4)  8.0040(4)  
                                  c (Å) 16.8567(6) 12.7175(6)  24.5848(6)  23.6999(9)  21.5645(10)  
                                  α (˚) 99.880(3) 109.469(4) 90.00 90.00 90.00 
                                  β (˚) 95.857(3) 101.265(4) 90.00 95.351(2) 117.152(3) 
                                  γ (˚) 116.117(3) 91.218(4) 90.00 90.00 90.00 
Volume (Å3) 1467.81(9)  1398.13(11)  3750.83(14)  2465.66(17)  3929.1(3)  
Z 2 2 8 4 8 
Density (calculated) (Mg/m3) 1.203  1.225  1.308  1.206  1.259  
Absorption coefficient (mm-1) 0.517 0.529 0.576 0.069 0.075 
F(000) 568.0 548.0 1552.0 944.0 1568.0 
Crystal dimensions 0.26 x 0.19 x 0.12 0.17 x 0.09 x 0.05 0.21 x 0.14 x 0.06 0.50 × 0.19 × 0.09 0.31 × 0.31 × 0.1 
Theta range for data collection (˚) 5.44 to 147.68 7.54 to 147.92 7.2 to 147.8 3.46 to 50 3.58 to 51 
Reflections collected 15596 10379 12515 45093 34864 
Independent reflections [R(int)] 5812 [0.0197] 5488 [0.0215] 3714 [0.0355] 4341 [0.0762] 3660 [0.0787] 
Observed reflections [I>2σ(I)] 5247 4674 3292 3038 2507 
Data / restraints / parameters 5812/36/364 5488/0/365 3714/0/262 4341/0/316 3660/0/262 
Goodness-of-fit on F2 1.058 1.038 1.038 1.163 1.130 
R1 [I>2σ(I)] 0.0551 0.0444 0.0577 0.0500 0.0509 
wR2 (all data) 0.1416 0.1232 0.1699 0.1756 0.1671 
Flack parameter      
 
 
 
 
 
 
 

270 
 



Table A5. Crystal data and structure refinement for 4.15, 4.32, 5.7, 5.8 and 5.9. 
Compound 4.15 4.32 5.7 5.8 5.9 
Emperical formula C64H56O10 C37H31NO3 C12H8N4 C12H11N4  C16H16Ag2N10O6 
Formula weight 985.09 537.63 208.22 211.25 660.13 
Radiation source MoKα CuKα MoKα MoKα MoKα 
Temperature (K) 111.15(10) 120.01(10) 114.15(10) 113.15(10) 114.15(10) 
Crystal system triclinic triclinic monoclinic monoclinic monoclinic 
Space group P-1 P-1 P21/n C2/c P21/c 
Unit cell dimensions: a (Å) 9.8656(14)  9.8317(6)  6.8793(2)  26.3747(11)  13.4409(8) 
                                  b (Å) 11.0149(18)  11.3469(6)  10.4066(4)  5.4938(2)  15.3904(8) 
                                  c (Å) 24.145(4)  13.6689(8)  13.3454(5)  19.1398(14)  19.3895(10) 
                                  α (˚) 87.821(10) 70.917(5) 90.00 90.00 90.00  
                                  β (˚) 81.527(11) 89.640(5) 95.882(2) 132.888(2) 91.252(3) 
                                  γ (˚) 78.580(11) 82.046(5) 90.00 90.00 90.00 
Volume (Å3) 2543.7(7)  1426.00(15)  950.37(6)  2031.96(19)  4010.0(4) 
Z 2 2 4 8 8 
Density (calculated) (Mg/m3) 1.286  1.252  1.455  1.381  2.187 
Absorption coefficient (mm-1) 0.086 0.622 0.093 0.088 2.016 
F(000) 1040.0 568.0 432.0 888.0 2592 
Crystal dimensions 0.32 × 0.14 × 0.07 0.23 x 0.17 x 0.08 0.54 × 0.13 × 0.12 0.58 × 0.19 × 0.05 0.16 × 0.11 × 0.02 
Theta range for data collection (˚) 1.7 to 50.22 6.84 to 147.56 4.98 to 66.38 4.22 to 55 3.04 to 60 
Reflections collected 49003 9643 27497 17915 98654 
Independent reflections [R(int)] 9001 [0.0973] 5559 [0.0182] 3524 [0.0391] 2335 [0.0424] 11680 [0.0790] 
Observed reflections [I>2σ(I)] 4877 4616 2338 1824 8356 
Data / restraints / parameters 9001/0/695 5559/0/373 3524/0/145 2335/0/145 11680/0/613 
Goodness-of-fit on F2 1.016 1.043 1.024 1.129 1.045 
R1 [I>2σ(I)] 0.0550 0.0418 0.0487 0.0400 0.0357 
wR2 (all data) 0.1920 0.1195 0.1491 0.1523 0.0774 
Flack parameter      
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Table A6. Crystal data and structure refinement for 5.10, 5.11, 5.12, 5.13 and 5.14. 
Compound 5.10 5.11 5.12 5.13 5.14 
Emperical formula C34H35Ag3Cl3N17O12 C12H12AgF6N6P  C30H30B2Cu2F8N12  C30H30Cl2Cu2N12O8  C30H30Cu2N14O6  
Formula weight 1303.75 493.12  859.36  884.64  809.76  
Radiation source MoKα MoKα MoKα MoKα MoKα 
Temperature (K) 114.15(10) 114.15(10) 117.15(10)  116.15(10)  114.15(10)  
Crystal system monoclinic orthorhombic cubic  cubic  cubic  
Space group Pc  Pbcn  P4332  P4132  P4332  
Unit cell dimensions: a (Å) 11.8432(4),  21.9927(5) 15.0798(6)  15.1915(10)  14.9000(5)  
                                  b (Å) 12.4409(4), 12.7858(3) 15.0798(6)  15.1915(10)  14.9000(5)  
                                  c (Å) 15.8426(4) 11.2203(3) 15.0798(6)  15.1915(10)  14.9000(5)  
                                  α (˚) 90.00 90.00 90.00  90.00  90.00  
                                  β (˚) 109.1470(10) 90.00 90.00  90.00  90.00  
                                  γ (˚) 90.00 90.00 90.00  90.00  90.00  
Volume (Å3) 2205.12(12) 3155.08(13)  3429.2(2)  3505.9(4)  3307.95(19)  
Z 2 8  4  4  4  
Density (calculated) (Mg/m3) 1.964 2.076  1.665  1.676  1.626  
Absorption coefficient (mm-1) 1.583 1.456  1.328  1.435  1.353  
F(000) 1292 1936  1736.0  1800.0  1656.0  
Crystal dimensions 0.51 × 0.13 × 0.06 0.47 × 0.12 × 0.08  0.41 × 0.36 × 0.23  0.39 × 0.26 × 0.17  0.51 × 0.49 × 0.48  
Theta range for data collection (˚) 3.28 to 62 3.68 to 60  6.04 to 61.02 6 to 58.84 4.74 to 56.04 
Reflections collected 60862  80245  10847  12809  21241  
Independent reflections [R(int)] 13766 [0.0339]  4581 [0.0443]  1760 [0.0501]  1634 [0.0546]  1344 [0.0566]  
Observed reflections [I>2σ(I)] 12881 3806 1510 1443 1220 
Data / restraints / parameters 13766/8/633  4581/0/235 1760/0/96  1634/0/95  1344/1/92  
Goodness-of-fit on F2 1.163  1.228 1.056  1.072  1.056  
R1 [I>2σ(I)] 0.0247 0.0236  0.0386 0.0398 0.0281  
wR2 (all data) 0.0783 0.0883 0.0767  0.0814  0.0774  
Flack parameter   0.00(2) 0.03(2) -0.02(2) 
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Table A7. Crystal data and structure refinement for 5.15, 5.16, fluorobenzene encapsulation, 5.17 and 5.18. 
Compound 5.15 5.16 fluorobenzene  

encapsulation 
5.17 5.18 

Emperical formula C36H36Cu2F12N12P2  C26H27Cl2Cu2N13O8  C30H29B2Cu2F9N12  C8H8Cu2I2N4  C80H85Cl8Cu4N37O32 
Formula weight 1053.79  847.59  877.35  541.06  2614.61 
Radiation source CuKα CuKα CuKα MoKα  MoKα 
Temperature (K) 120.01(10)  120.01(10)  120.01(10)  114.15(10)  114.15(10)  
Crystal system monoclinic  triclinic  cubic  monoclinic  monoclinic  
Space group P2/n  P-1  P4132  P21/c  P2/c  
Unit cell dimensions: a (Å) 12.1604(2)  11.2261(5)  15.0849(2)  9.7533(3)  17.8116(5)  
                                  b (Å) 26.8329(5)  11.5771(5)  15.0849(2)  16.7961(4)  18.5505(6)  
                                  c (Å) 13.3566(2)  14.3370(7)  15.0849(2)  7.9741(2)  16.6880(5)  
                                  α (˚) 90.00  111.278(4)  90.00  90.00  90.00  
                                  β (˚) 105.0689(19)  95.599(4)  90.00  111.4780(10)  107.597(2)  
                                  γ (˚) 90.00  110.426(4)  90.00  90.00  90.00  
Volume (Å3) 4208.38(14)  1572.57(15)  3432.63(8)  1215.58(6)  5255.9(3)  
Z 4  2  4  4  2 
Density (calculated) (Mg/m3) 1.663  1.790  1.698  2.956  1.652  
Absorption coefficient (mm-1) 2.853  3.873  2.365  8.554  1.099  
F(000) 2128.0  860.0  1768.0  992.0  2664.0  
Crystal dimensions 0.37 × 0.16 × 0.05  0.41 × 0.38 × 0.26  0.34 × 0.16 × 0.09  0.08 × 0.07 × 0.04  0.42 × 0.14 × 0.08  
Theta range for data collection (˚) 6.58 to 139.96 6.84 to 139.98 13.12 to 132.98  6 to 60 2.2 to 55.52 
Reflections collected 24073  17185  3343  32195 120806 
Independent reflections [R(int)] 7942 [0.0230]  5927 [0.0182]  1019 [0.0265]  3543 [0.0447]  12331 [0.0696]  
Observed reflections [I>2σ(I)] 5334 5718 989 3110 8304 
Data / restraints / parameters 7942/4/579  5927/0/461  1019/1/100  3542/0/145  12331/0/796 
Goodness-of-fit on F2 1.176  1.054  1.060  1.041 1.035 
R1 [I>2σ(I)] 0.0532  0.0295 0.0547 0.0207 0.0466 
wR2 (all data) 0.1259  0.0762  0.1576  0.0437 0.1559 
Flack parameter   0.07(9)   
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Table A8. Crystal data and structure refinement for 5.19, 5.20, 5.21, 5.22 and 5.23. 
Compound 5.19 5.20 5.21 5.22 5.23 
Emperical formula C14H17CuN5O4  C16H18CdN10O7 C16H24CoN10O10 C9H14CuN4O6S C9H10N4Cl2Cu 
Formula weight 382.87  574.80 575.38 369.84 308.65 
Radiation source MoKα MoKα MoKα MoKα MoKα 
Temperature (K) 114.15(10)  116.15(10) 114.15(10) 117.15(10) 114.15(10) 
Crystal system triclinic  monoclinic monoclinic orthorhombic orthorhombic 
Space group P-1  P21/n P21/n Pnma Pbca 
Unit cell dimensions: a (Å) 9.3775(6)  9.8819(3)  10.4573(4)  17.5961(5)  9.0794(2)  
                                  b (Å) 9.6247(6)  14.4993(4)  10.4800(3)  9.8074(3)  12.5910(4)  
                                  c (Å) 10.3197(6)  15.2185(4)  10.5684(4)  7.3662(2)  19.4921(5)  
                                  α (˚) 75.145(4)  90.00 90.00 90.00 90.00 
                                  β (˚) 63.674(3)  108.6290(10) 101.689(2) 90.00 90.00 
                                  γ (˚) 79.154(4)  90.00 90.00 90.00 90.00 
Volume (Å3) 803.92(9)  2066.27(10)  1134.20(7)  1271.20(6)  2228.31(10)  
Z 2  4 2 4 8 
Density (calculated) (Mg/m3) 1.582  1.848  1.685 1.932  1.840  
Absorption coefficient (mm-1) 1.388  1.123 0.834 1.919 2.414 
F(000) 394.0  1152.0 594.0 756.0 1240.0 
Crystal dimensions 0.17 × 0.11 × 0.07  0.32 × 0.25 × 0.02 0.47 × 0.4 × 0.16 0.51 × 0.45 × 0.45 0.26 × 0.18 × 0.04 
Theta range for data collection (˚) 4.4 to 52.9 3.98 to 55 5.54 to 56.56 6 to 52.74 4.18 to 62.74 
Reflections collected 15384  45623 24846 24939 60423 
Independent reflections [R(int)] 3271 [0.0613]  4739 [0.0584] 2804 [0.0378] 1377 [0.0382] 3673 [0.0558] 
Observed reflections [I>2σ(I)] 2478 4175 2500 1332 2886 
Data / restraints / parameters 3271/0/220  4739/4/313 2804/8/181 1377/0/109 3673/0/155 
Goodness-of-fit on F2 1.132 1.169 1.047 1.185 0.911 
R1 [I>2σ(I)] 0.0459 0.0341 0.0261 0.0255 0.0280 
wR2 (all data) 0.1489 0.1017 0.0690 0.0721 0.1204 
Flack parameter      
 
 
 
 
 
 

274 
 



 
Table A9. Crystal data and structure refinement for 5.24, 5.25 and 5.26. 
Compound 5.24 5.25 5.26   
Emperical formula C18H24CuN10O8 C18H24CuI2N8O2 C18H24Cl2CuN8O10   
Formula weight 572.01 701.79 646.89   
Radiation source MoKα MoKα MoKα   
Temperature (K) 113.15(10) 113.15(10) 114.15(10)   
Crystal system monoclinic monoclinic monoclinic   
Space group P21/n P21/n P21/n   
Unit cell dimensions: a (Å) 7.2965(4)  7.1026(2)  7.4380(3)    
                                  b (Å) 11.8046(7)  11.4709(3)  11.6175(4)    
                                  c (Å) 13.1310(8)  13.7992(4)  14.1375(5)    
                                  α (˚) 90.00 90.00 90.00   
                                  β (˚) 101.091(4) 96.3370(10) 92.112(2)   
                                  γ (˚) 90.00 90.00 90.00   
Volume (Å3) 1109.88(11)  1117.40(5)  1220.81(8)    
Z 2 2 2   
Density (calculated) (Mg/m3) 1.712  2.086  1.760    
Absorption coefficient (mm-1) 1.056 3.774 1.186   
F(000) 590.0 678.0 662.0   
Crystal dimensions 0.45 × 0.22 × 0.08 0.49 × 0.16 × 0.16 0.57 × 0.36 × 0.18   
Theta range for data collection (˚) 4.68 to 56.68 5.94 to 57.36 4.54 to 58.46   
Reflections collected 24688 26405 28285   
Independent reflections [R(int)] 2769 [0.0507] 2877 [0.0366] 3308 [0.0475]   
Observed reflections [I>2σ(I)] 2345 2637 2544   
Data / restraints / parameters 2769/4/175 2877/4/148 3308/0/224   
Goodness-of-fit on F2 1.131 1.119 1.137   
R1 [I>2σ(I)] 0.0310 0.0228 0.0770   
wR2 (all data) 0.0955 0.0641 0.2039   
Flack parameter      
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