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Abstract 

This thesis, entitled ‘Potent Chelators with Intrinsic Intermolecular Affinity’, investigates 

the development of unsymmetrically substituted 6-carboxy-4-aryl-2,2'-bipyridine (bpy) 

scaffolds for incorporation into coordination polymers and supramolecular materials, and 

the structural and mechanical properties governing their formation. The aim is to exploit 

the synthetic versatility of this moiety, to install additional binding sites and to then 

examine the resultant structural chemistry with d- and f-block metal ions. The knowledge 

obtained from single crystal X-ray data of the coordination environment of these systems 

will provide fundamental knowledge that will then be used in the design and engineering 

of complex, higher order metallosupramolecular assemblies. A library of functionalised 

2,2'-bipyridine compounds were synthesised and over 60 metal complexes were obtained; 

reported in this study are specific examples which demonstrate an understanding of the 

coordination environment. While this study is primarily concerned with solid-state 

structural chemistry of 2,2'-bipyridine derivatives, attention is paid where appropriate to 

solution-based measurements such as UV/Visible absorption spectroscopy and 1H NMR 

studies and the pertinent behaviour of functional materials, such as thermogravimetric 

analysis (TGA) for solvated species, scanning electron microscopy (SEM) for soft 

materials, and gas uptake studies for stable void-containing materials. Chapter 1 

introduces the central tenets of supramolecular chemistry and crystal engineering, with 

examples of discrete and infinite assemblies, specifically in the context of functionalised 

bipyridine derivatives.   

The focus of Chapter 2 is primarily on the preparation of a ligand family in which 

the functional group on the terminal phenyl ring is varied as a function of the synthetic 

procedure. The structural properties of the coordination complexes (mononuclear, 

trinuclear and one- and two-dimensional polymeric) obtained are examined in the solid-

state. The coordination chemistry investigated in this chapter provides the background 

for the development of this highly modular building block as a robust coordinating tecton 

for use in generating larger, more complex metallosupramolecular assemblies. 

Chapter 3 investigates the preparation of a new pyrazine-pyridine hybrid ligand 

family, formed by installing an additional binding site – the pyrazin-4-yl nitrogen atom 

– on the bipyridyl ring. The reaction of this ligand family with Cu(II) ions resulted in the 

formation of a soft material which then underwent a transition to a discrete complex. 

Reactions with Ag(I) ions demonstrates the importance of the regiochemistry employed. 
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The 3-isomer forms a three-dimensional polymer, while the change in the geometric 

substitution to the 4-isomer results in the formation of an octanucelar macrocycle, which 

showed fully reversible guest uptake and exchange.  

Chapter 4 presents an extension of this work to include the preparation of the 

amino-substituted pyrazine-pyridine hybrid ligands and a Schiff-base containing ligand 

species. These ligands are analysed in the solid state, and their properties in solution upon 

titration with Fe(II) and Cu(II) ions are examined. Investigations into the soft materials 

formed with these systems is also discussed.  

 Chapter 5 introduces the synthesis of three new rigid aromatic scaffolds with 

examples of dipyridyl and dicarboxylic acid functionalities. The pyridyl scaffolds are 

reacted with a variety of palladium salts in an attempt to form supramolecular cages in 

solution, and when in the presence of a carboxylic acid co-ligand produces crystalline 

MOF material. The reaction of the dicarboxylic acid functionalised bpy ligand with d-

metal ions also produces a porous coordination network capable of guest adsorption and 

evacuation. 

The conclusions are presented in Chapter 6, while Chapter 7 describes the 

experimental details of the work presented herein. The combined references for this thesis 

are found in Chapter 8. Additional information, such as characterisation, and 

supplementary data for each chapter are shown in the appendix. Crystallographic 

information files (.cif) for each crystal structure reported can be found on the 

accompanying USB to this thesis.  
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1.1  Preamble and Scope of Project 

This study investigates the coordination chemistry of functionalised unsymmetric 2,2´ 

bipyridine (bpy) and pyrazinylpyridine (PzPy) hybrid ligand scaffolds based on the 6-

carboxy-4-aryl 2,2´-bpy motif. Specifically, the research herein is focused on examining 

and understanding the preferred coordination modes of this new ligand, as a function of 

their regiochemistry (4- and 3-isomers) and the nature of the metal ions. Particular 

attention is paid to ligand design via a modular synthetic route, such that simple 

mononuclear complexes obtained from initial studies can be built up toward 

metallosupramolecular architectures of increasing complexity. Insight will be given to 

the synthesis of these complexes and aspects of their solid-state structural chemistry, 

specifically with respect to what impact geometric and electronic substitutions on the 

ligand scaffolds have on the local and extended structure, through the action of weak 

intermolecular forces, such as C-H···O and π-π interactions.  

The extensive area of supramolecular chemistry, which concerns weak forces 

between molecules which give rise to larger, self-assembled architectures, cannot be 

wholly summarised in this chapter. Instead, this chapter will provide a brief summary of 

the origins of supramolecular chemistry alongside general concepts and underlying 

principles, including the design principles. This will be followed by exploring 

applications of discrete and polymeric metallosupramolecular architectures (whose 

design inspired the work described in this thesis) in concert with the central tenets of 

topology, before concluding with, an overview of the coordination chemistry reported for 

functionalised bpy and pyrazine-pyridine hybrid ligands as binding motifs. More detailed 

insights into key concepts will also be given at the beginning of appropriate chapters. 

 

1.2 Crystal Engineering in Supramolecular Chemistry 

1.2.1 Supramolecular Chemistry 

Supramolecular chemistry involves the design and development of large and/or complex 

architectures from structurally simple molecules. These large architectures are held 

together by various non-covalent interactions between precursor molecules to yield 

polymolecular assemblies.1 Within this field, ‘self-assembly’ describes processes 

whereby a number of simple components form an organised system as a result of local 

non-covalent interactions between their constituents.2 The origins of self-assembled 
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multi-component architectures can be traced to the early studies of host-guest interactions 

in biological systems,3 and this research was advanced with studies of hydrogen bonding 

in the early 20th Century.4, 5 Supramolecular chemistry, as it is recognised in the literature 

today, originated in the late 1960s, whereby the nascent study reported by Lehn, Cram 

and Pederson which detailed inclusion compounds derived from crown ethers (i.e. 1), 

cryptands, macrocyclic polyethers, and polyamines capable of encapsulating a cation, led 

to their award of the Nobel Prize in Chemistry in 1987, Figure 1.1.2, 6, 7 

Figure 1.1 (a) Structure of 18-crown-6, 1, with a bound potassium ion; (b) Crystal structure of a cryptand with an 

encapsulated potassium ion.8 Hydrogen atoms are omitted for clarity. Atom colouring scheme: black = carbon, red = 

oxygen, blue = nitrogen, purple = potassium. 

 

Since this ground-breaking work, supramolecular chemistry has emerged as one 

of the fastest growing fields to date in modern chemistry for which the Nobel Prize in 

Chemistry in 2016 was awarded to Sauvage,9 Feringa10 and Stoddart11 ‘for the design and 

synthesis of molecular machines’. Organic supramolecular host architectures, such as 

calixarenes12 and cyclodextrins13 (examples of which are shown in Figure 1.2(a) and 

(b)), are continuing to gather attention for their application in molecular recognition and 

guest binding. Away from wholly organic systems, significant research efforts have been 

expended into the research concerning metallosupramolecular chemistry, in which metal-

ligand (M-L) bonds play an integral role in the assembly of polymolecular architectures, 

by directing geometry and connectivity through the coordination preferences of the metal 

ion.14, 15 Materials resulting from metallosupramolecular self-assembly can vary 

significantly in their morphology, and range from nano-materials16, 17 and soft gel 

materials,18-20 to porous crystalline structures,21 coordination polymers,22 and 

metallocages.23   
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Figure 1.2 (a) Crystal structure of a thiacalixarene;12 (b) Crystal structure of a dithiopyridine molecule encapsulated 

into a cyclodextrin.13 Hydrogen atoms and lattice solvent molecules are omitted for clarity. Atom colouring scheme: 

black = carbon, blue = nitrogen, green = fluorine, yellow = sulphur, red = oxygen. 

 

1.2.2 Crystal Engineering based on Supramolecular Chemistry 

The concept of ‘self-assembly’ revolves around reversible interactions, Whitesides 

described self-assembly as the ‘autonomous organisation of components into patterns or 

structures without human intervention’ and as involving ‘association by many weak, 

reversible, interactions to obtain a final structure that represents a thermodynamic 

minimum’.24, 25 Some interactions, such as many covalent bonds, show no spontaneous 

reversibility, whereas reversible interactions, as alluded to by Whitesides, can rapidly 

equilibrate to the most thermodynamically favourable state due to their lower activation 

barrier.25 The building blocks of an assembly aggregate to form the most 

thermodynamically favourable arrangement. The alternative kinetic intermediate 

products are short lived because under the equilibrium conditions they will disassemble, 

and new intermediates will continue to form and reform until the thermodynamically 

most favoured product is reached.26, 27 Crystal engineering can be employed in order to 

take advantage of this ‘error checking’ process, ensuring that the configuration of the 

thermodynamic product dominates.1, 28  

In molecular chemistry, Desiraju defines the fundamental building block or 

‘synthon’ as the atom. The interaction of atoms allows the formation of molecules via 

covalent bond formation. Within the field of supramolecular self-assembly, however, the 

term ‘synthon’ is used to describe the weak interactions which bind the building blocks 

together, whereas the ‘tecton’ or building block is one of the organic ligands that will 
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form the supramolecular architecture.1, 29 By incorporating specific characteristics into 

the building block or tecton employed, the molecular shape, number and nature of 

interaction sites, and the receptor geometry can be tuned, and as such the design of the 

supramolecular assembly can be controlled.27  

‘Crystallisation’ is a process of recognition and interaction of constituents to form 

an ordered aggregate, which will then interact further with other molecules and 

aggregates present. Nucleation occurs when a nucleus of critical mass is formed. The 

self-assembly process to form crystals is non-equilibrated as it includes both kinetic and 

thermodynamic contributions.30 Schmidt coined the term ‘crystal engineering’ in the 

1970s, with the understanding that crystals may be thought of as the result of a series of 

molecular recognition events, i.e. self-assembly.31 Desiraju et al. detailed how crystal 

engineering aims to create reliable connections between molecular and supramolecular 

structures using intermolecular interactions to facilitate the crystallisation process.29 

Therefore, it can be viewed as a novel synthetic method which exploits intermolecular as 

opposed to valence interactions.29 Since the 1990s, this area of chemistry has thrived as 

a result of an immense interest arising from novel applications combined with 

increasingly powerful analytical tools. Through innovative design, molecular systems 

such as catenanes,32 rotaxanes,33 helices,34 chains,35 molecular cubes36 and ladders37 that 

employ supramolecular crystal engineering methodologies in their synthesis are now 

accessible due to the large variety of tectons and synthetic techniques available. 

 Examples of recent supramolecular materials developed, which utilise the bpy 

motif as a chelator are illustrated in Figure 1.3(a) and (b). Nitschke et al. reported a series 

of heteroleptic assemblies containing multitopic pyridyl-imine species coordinated to 

zinc metal centres. This was obtained using a subcomponent synthesis, whereby the M3L3 

complex converts to give rise to a singular twisted ‘half-pipe’ architecture upon addition 

of chemical stimuli, a base and templating anion, and is shown in Figure 1.3(a). Another 

example was outlined by Leigh et al. in which four building blocks were assembled into 

three braided strands, whereby the multiple octahedral Fe(II) ions control the orientations 

of the three strands at each crossing point in a circular triple helicate. The approach by 

Leigh and co-workers allows the two-step process to produce a molecular knot with eight 

non-alternating crossings in a 192-atom closed loop which is approximately 20 nm in 

length, Figure 1.3(b).38, 39 
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Figure 1.3 Examples of metallosupramolecular architectures (a) a half pipe reported by Nitschke et al.;38 (b) a 

molecular knot with eight crossings “octofoil” by Leigh et al. Hydrogen atoms, lattice solvent and associated counter 

ions are omitted for clarity. Atom colouring scheme: black = carbon, blue = nitrogen, red = oxygen, grey = zinc, orange 

= iron.39 

 

In summary, modern crystal engineering is employed as a strategy to construct 

crystals with purpose, where design principles are employed to synthesise predefined 

crystal structures with tuneable properties40 and desired characteristics for their 

envisioned applications.28, 41  

 

1.2.3 Metals as Tectons in Metallosupramolecular Assemblies 

The area of metallosupramolecular chemistry merges expertise from supramolecular 

chemistry with established knowledge in inorganic and organometallic chemistry.42 

Metal ions are used as building blocks as they confer highly defined stereochemical and 

structural features on the assembly that are crucial in metallosupramolecular synthesis. 

The relationship of coordination geometry, thermodynamic, and kinetic properties of the 

metal ions, and the structural features of the ligands result in well-defined 

metallosupramolecular architectures. The forces of the M-L bond define the primary 

structure and the choice of metal will depend on the preferred coordination number, 

geometry and affinity for the chosen building blocks. By varying the design of the ligand 

series, the binding sites and their respective geometries can be controlled.43, 44  

The use of d- and f-block metals provide access to properties that are not readily 

accessible to wholly organic systems. In particular, the first-row transition metals in their 

+2 oxidation state are highly desirable choices for metallosupramolecular assemblies for 

a number of reasons. Firstly, although M-L dative bonds are relatively strong interactions, 
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they have varying degrees of lability, and thus can promote dynamic and reversible 

coordination processes in order to facilitate self-assembly. This balance results in both a 

robust framework, and also allows the assembly to reach a thermodynamic equilibrium 

state in achievable conditions. Secondly, because of ligand field effects, these ions have 

highly defined geometric arrangements about their coordination sphere, which allows the 

metal ions to both control and precisely direct the supramolecular assembly. Some 

common geometries are exemplified in Figure 1.4. In addition, the metal ion can impart 

the supramolecular assembly with these unique properties that can produce materials with 

a range of desirable photochemical, electronic, magnetic and redox properties.45 

Figure 1.4 Schematic of common transition metal geometries. From left to right: linear, trigonal planar, square planar, 

tetrahedral, trigonal bipyramidal, square pyramidal and octahedral.  

 

In contrast to transition metal ions, the coordination preferences of  lanthanide 

metals are entirely based on size and not orbital character.46 These metals possess larger 

atomic radii than d-block metals, and typically exhibit much higher coordination 

numbers, ranging from six to twelve.47,48 The small, regular decrease in ionic radii across 

the period due to poor shielding of nuclear charge by the 4f orbitals is known as the 

‘lanthanide contraction’. As nuclear charge increases across the lanthanide series, 

electrons are drawn towards the nucleus, decreasing the atomic radius.49, 50 Their use in 

supramolecular chemistry has received significant interest due to their unique 

photophysical and magnetic properties, which affords applications in medical 

diagnostics,51, 52 optical imaging,53 and technological applications such as light emitting 

diodes (LEDs) and telecommunications.54 The importance of optical and magnetic 

materials for these applications led to an extensive study of physical properties and solid 

state chemistry of f-block metals.50 Similarly, the development of contrast agents for 

magnetic resonance imaging (MRI), and luminescent chemosensors for optical imaging 

of cells has led to an interest in their coordination chemistry in solution, particularly 

within the field of supramolecular chemistry.49, 55 

In addition to M-L interactions, weaker forces should also be taken into 

consideration when designing metallosupramolecular assemblies. The presence of a 

hydrogen bond donor or acceptor site within a molecule plays a crucial role in the 
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structural outcomes of supramolecular assemblies,56
 whereby the species can dictate the 

secondary structure of the assembly.57,58 Groups such as N-H and O-H acting as hydrogen 

bond donors are commonly recognised, but in many instances, and especially within the 

work detailed in this thesis, C-H groups can act as hydrogen bond donors where the donor 

carbon is in an electron poor environment, imparting a larger electrostatic contribution to 

the interaction.59, 60 

When tectons are aromatic in nature, π-π stacking interactions are ubiquitous 

throughout their structural chemistry.61 Amongst reported examples, there is myriad 

information regarding the propensity for π-systems to interact via parallel ‘stacking’ 

interactions, whereby the π-systems of parallel rings partially overlap, (typically at 

interplanar distances of ca. 3.4 Å), and slightly offset face-to-face interactions. 

Stabilisation energy is also gained in edge-to-face interactions, C-H···π interactions, and 

combinations of the two.62, 63 An example of which is the parallel fourfold aryl embrace 

(P4AE) motif, in which two L-shaped aromatic systems, for instance in complexes of 

triphenylphosphine or phenanthroline, associate with the formation of one offset face-to-

face interaction and two edge-to-face interactions.64-66 Halogen bonding,67 aurophilic,68 

cuprophilic,69 argentophilic,70 and additional metal-metal attractive forces (i.e. anion- and 

cation-π interactions and other weak intermolecular forces) are also often found in many 

types of supramolecular assemblies, although the structure directing ability of weaker 

interactions in solid state structures can be limited when stronger forces are present.71, 72 

 

1.3 Discrete Assemblies  

Within the field of supramolecular coordination chemistry, learning from the work by 

pioneers Lehn, Cram and Pederson, a large amount of research was carried out into the 

area of discrete assemblies, including rings,73 cages,74 capsules,75 rotaxanes,76 and 

knots.39 Continually at the forefront of discrete supramolecular chemistry is the concept 

of host-guest chemistry, wherein the term ‘host’ denotes a species containing an internal 

cavity of designed shape and size which is capable of selectively encapsulating a ‘guest’ 

molecule.77  

  The properties of the M-L bond (in conjunction with the influence on the 

molecular geometry dictated by the coordination preferences of a metal ion) in such 

assemblies is particularly useful as the reversibility of binding promotes the self-assembly 

process, allowing for the association and subsequent dissociation of the host-guest 
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species.78 Swager and co-workers published several reports as part of their research on 

polymetallorotaxanes (where M = Cu(I)/Zn(II)) 2 and 3 and corresponding metal-free 

polyrotaxanes, portrayed in Figure 1.5, in which the threading component consists of a 

thiophene substituted 2,2'-bpy motif. Their research outlines the electrochemical and 

conductivity studies of Cu-2 and Cu-3 which display sensitivity to the Lewis acidity and 

redox properties of the metal ion.79, 80 

Figure 1.5 Polymetallorotaxanes 2 and 3 reported by Swager et al. where M = Cu(I)/Zn(II).79, 80 

 

As well as their uses as functional materials, there has been a significant drive 

from a synthetic perspective to prepare discrete supramolecular assemblies of novel 

structural types.81 This approach has been fruitful, with numerous reports in recent years 

outlining the rational, systematic synthesis of aesthetically pleasing molecular species.82-

84 Perhaps most famously is the work conducted in the area of self-assembled palladium 

cage species reported by Fujita et al. in several publications, depicted in Figure 1.6(a).74 

Aside from their appealing aesthetics, these synthetic methods which form such complex 

species, (in a one-step reaction from simple pyridyl-derived ligands, i.e. 4 and 5, Figure 

1.6(b)), offers a fundamental understanding of the chemical processes involved in 

molecular association. Moreover, an example of a copper metallocage was outlined by 

Schmitt et al. wherein the cross-sectional diameters of the cage are composed of multiple 

sub-cages. In this instance, the building principles involve both Archimedean and 

Platonic bodies which liken the supramolecular Keplerate’s topology and composition to 

Cu2-paddlewheel metal-organic-framework (MOF) materials.85 This concept, and the 

area of metallocage chemistry, is discussed in further detail in Chapter 5. 
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Figure 1.6 (a) Crystal structure an M30L30 palladium reported by Fujita et al.74 Hydrogen atoms and counterions are 

omitted for clarity. Atom colouring scheme black = carbon, red = oxygen, blue = nitrogen, yellow = palladium, orange 

= selenium, pink = boron, green = fluorine; (b) Schematic representation of MnLn cages and ligands 4 and 5. Image 

(b) reproduced from reference.74 

 

1.3.1 Applications of Discrete Assemblies  

This metal-mediated self-assembly of organic ligands into discrete nanoscopic objects 

has afforded a large number of exquisite structures over the last few decades.86, 87 Some 

of these assemblies were synthesised solely for their visual appeal or in order to 

demonstrate the capabilities of rational design in supramolecular chemistry, whereas 

other structures, were prepared with the aim of encapsulating certain guest compounds 

with high selectivity, often motivated by the search for new receptors sensors, and 

molecular transporters.88, 89 To date, the majority of research conducted in the area of 

discrete supramolecular assemblies is based on host-guest chemistry portraying 

recognition,90 selective encapsulation,91 and/or reaction with and controlled release of a 

substrate by a supramolecular host.92, 93   

 Reports by Raymond et al. confirmed it was feasible to stabilise reactive 

compounds inside self-assembled cages. Their report details the first trapping of the 

cationic [Me2C(OH)PET3]
+ in a gallium tetrahedron species, 6, Figure 1.7(a).94  The 

encapsulated guest experiences  a completely different local environment within the 

cavity, independent of the nature of the bulk solution. The impact of encapsulation on the 

behaviour of a chemical species has been demonstrated by Nitschke and co-workers, who 

reported that encapsulation of white phosphorous P4 by a self-assembled host imparted 

air stability to the usually pyrophoric molecule.95 Encapsulation of a guest can also affect 

the properties of the host molecule itself, which was detailed by Batten et al., who 
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reported a self-assembled ‘nanoball’, which displayed guest dependent spin crossover 

behaviour for the Fe(II) ions present in the host framework.96, 97 

The number of chemical reactions carried out inside the confined environments 

of such artificial nanoscopic cavities is steadily increasing. For example, work by Fujita 

et al. showed that within the cavity of a pyridyl derived palladium cage, Figure 1.7(b), 

the stable Cp´Mn(CO)2 (Cp´=methylcyclopentadienyl) liberates carbon monoxide via 

photodissociation in the crystalline state, and, in situ generation of Cp´Mn(CO)2 is 

directly observed by X-ray diffraction.98 

Figure 1.7 (a) Schematic representation of gallium tetrahedron species [Ga464]; (b) Palladium cage reported by Fujita 

et al. where the carbon monoxide molecule can be observed within the cage. Hydrogen atoms, lattice water molecules 

and counterions are omitted for clarity. Atom colouring scheme: black = carbon, blue = nitrogen = red = oxygen, pale 

yellow = palladium, purple = manganese.94, 98 

 

A recent development in the area of coordination cages is the implementation of 

functionality, rather than structure forming shape into the ligand backbones. In particular, 

redox active or photo-switchable ligands are studied as essential components of cage 

assemblies, as they result in systems that can then subsequently undergo multi-electron 

redox or light-triggered structural changes, respectively.99 Recently, Clever et al. 

described a photochromic coordination cage composed of four bis-monodentate pyridyl 

ligands, (7) to give the complex [Pd274]. This complex is based on a light-switchable 

dithienylethene (DTE) backbone and two square planar coordinated Pd(II) ions, the 

crystal structure of which is depicted in Figure 1.8(b).100 The DTE photoswitch itself can 

exist in a colourless “open-ring” photoisomeric (o-7) form which contains rotatable single 

bonds, and a deep blue “closed-ring” form (c-7) which becomes dominant upon exposure 
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to UV-light irradiation, stiffening the ligand scaffold as a result of an electrocyclic ring 

closure, Figure 1.8(a). The photoreaction was found to be fully reversible upon 

irradiation with white light.100 

 

Figure 1.8 (a) Light induced interconversion between photoisomeric ligands o-4 and c-4; (b) X-ray crystal structure 

of [Pd2(o-7)4] photoisomer of the cage with closo-borate anion encapsulated. Hydrogen atoms and lattice molecules 

are omitted for clarity. Atom colouring scheme: black = carbon, blue = nitrogen, green = fluorine, yellow = sulphur, 

coral = boron, pale yellow = palladium.100  

 

The ability of both isomers of the cages to uptake anionic guests was also 

investigated. It was found that o-7 had a much higher affinity for the uptake of the 

spherical closo-borate anion, [B12F12]
2-

 shown encapsulated in the cage in Figure 1.8(b). 

Upon irradiation, the complexes showed light controlled uptake and subsequent release 

of the guest anion, which may be useful in drug delivery applications.  

 

1.4 Coordination Polymers and Metal Organic Frameworks; Infinite 

Assemblies  

The growth of research into coordination polymers has been fuelled by both the 

emergence of supramolecular chemistry, which concerns the self-assembly of discrete 

structures via non-covalent interactions in solution, and crystal engineering, which deals 

with designing new materials with predefined properties based on non-covalent 

interactions.28 Coordination polymers can be defined as a class of M-L complexes that 

extend “infinitely” in one-, two-, or three-dimensions via M-L bonding, in addition to a 

combination of other intermolecular interactions.101 Prussian Blue, Figure 1.9, a 

polymeric assembly of cyanide-bridged Fe(II) and Fe(III) ions, was the first reported 

synthetic coordination compound in 1724,102 although its structure was not determined 
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until 1977 by Ludi et al.103 It is still commonly used today as a pigment in paints (and the 

traditional blue in ‘blueprints’) as well as in the medical field, where the polymer’s non-

toxic nature allows it to be employed as an antidote to heavy metal poisoning and act as 

a sequestering agent for toxic heavy metals (thallium or radioactive caesium).103 

Figure 1.9 X-ray crystal structure of Prussian Blue, showing the cubic lattice network between cyanide bridged Fe(II) 

and Fe(III) ions Atom colouring scheme: black = carbon, blue = nitrogen, orange = iron.103 

 

The term coordination polymer was first coined in 1964, but significant interest 

was sparked in the field in 1990 when Robson outlined the first intentional design of 

hybrid organic-inorganic coordination polymers and proposed that ‘scaffolding-like’ 

material could be obtained by the linking of octahedral or tetrahedral centres through 

what was called the ‘node and spacer’ approach.104 This not only increased the range of 

possible materials that could be synthesised, but also expanded the scope of the specific 

properties that could be targeted.28, 101  Their novel physical and chemical properties give 

them applications in areas such as catalysis, conductivity, chirality, luminescence, 

magnetism, spin-transition, and non-linear optics.101, 105 These applications are all based 

on the prospect of a stable, porous material in which pore shape, size, and functionality 

are controllable via chemical synthesis.
101 

A large proportion of ongoing research in the field of coordination polymers is 

directed towards the synthesis and investigation of new framework materials,106, 107 

utilising new polyfunctional ligands, and discerning what effects thermal and chemical 

robustness, and framework flexibility, can have on the bulk framework properties. As 

well how to control interpenetration, polymorphism and, most importantly, the 
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incorporation of porosity into the framework. Porous coordination polymers (PCPs), also 

commonly referred to as MOFs, are a class of materials constructed from metal ions and 

clusters coordinated to organic linkers.108 They are conceptually a sub-class of 

coordination polymers which differ in that they contain significant accessible void space, 

and with that, utilise the void space through guest adsorption or exchange.109  Important 

contributions in engineering stable porous coordination polymers were made by Yaghi 

with, for example, MOF-5 ZnO(1,4-benzenedicarboxylate)3, illustrated in Figure 1.10,110 

as well as other pioneers Kitagawa,111 and Férey.112 The synthesis of these MOFs from 

the 1990s towards the early 2000s brought MOFs into the forefront of modern chemistry 

where they have continued to grow in popularity as functional materials.113 

Figure 1.10 (a) X-ray crystal structure connectivity of MOF-5 between the zinc metal and the 1,4-

benzenedicarboxylate moieties; (b) Extended porous network of MOF-5. Hydrogen atoms are omitted for clarity. Atom 

colouring scheme: black = carbon, red = oxygen, grey = zinc.110 

 

Because MOFs are also a hybrid material, the physical and chemical properties 

of both components respectively can be exploited. The surfaces of MOFs can be 

customised due to their modular design and their high porosity, tuneable pores, and the 

large variety of functional sites making them a unique subset of coordination polymers.106 

Careful design methodologies need to be considered when coordination polymers are to 

be used in gas sorption applications. While early coordination polymer research was often 

focused on preparing materials with the largest possible void spaces, this became 

progressively more difficult to achieve and resulted in materials where the guest 

molecules experience little or no interaction with the pore walls.114 Therefore, an ideal 

sorption material would contain pores of a size sufficiently large to allow the desired 
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guest access to sorption sites, but sufficiently small to maximise the surface to volume 

ratio.115 

 

 

Figure 1.11 (a) Structure of the cyclen-derived MOF with Cd(II) by Turner et al; (b) The Cu(II)-templated MOF by 

Zaworotko using 4,4'-bpy and hexafluorosilicate. Hydrogen atoms and acetylene molecules (b) are omitted for 

clarity.Atom colouring scheme: purple = cadmium, dark blue = cobalt, green = fluorine.116, 117  

 

Due to their intrinsically porous nature, MOF materials have found applications 

in gas uptake and storage, gas separations, enantioselective separations, heterogeneous 

catalysis, chemical sensing and drug delivery.118-120 Turner et al., for example, reported 

an example of a cyclen-derived MOF with Cd(II) ions, Figure 1.11(a), which was used 

for the separation of polycyclic aromatic hydrocarbons from polar analyte mixtures.118 

Furthermore, the pores within MOFs can also be utilised to encapsulate a large number 

of different species of diverse functionality so a variety of MOF/composite materials can 

be readily synthesised.106 The large diversity in both structure and pore size is enhanced 

by in-pore functionalities, which include metal sites.118 Work by Zaworotko et al. 

presented the design of SIFSIX-1, an example of a Cu(II)-templated MOF with 4,4´-bpy, 

and hexafluorosilicic acid, Figure 1.11(b). This MOF was shown to exhibit selective 

acetylene uptake and storage, even when acetylene is a minor component within a gas 

mixture.117  

 

1.4.1 Applications of Infinite Assemblies and Porous Coordination Polymers 

On the global stage, where the problem of climate change is exacerbated with each 

passing year, the development of environmentally benign and renewable methods of 
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energy generation, storage, and transport is a 

significant challenge in modern chemistry. 

With atmospheric CO2 levels setting a record 

high by reaching 410 ppm in March 2019, 

Figure.1.12,121 research efforts have focused 

on the development of new technologies to 

reduce greenhouse gas emissions while 

concurrently providing affordable alternatives 

for energy generation.122, 123 With this concept 

in mind, the area of sorption materials offers 

several routes to generate alternative energy sources and to improve current 

technologies.124 With regards to CO2 absorption abilities, in the context of sorbent-based 

separation, ‘Mg-MOF-74’ reported by Long et al. is notable for its high CO2 uptakes at 

low pressure (5.28 mmol/g at 40°C and 0.15 bar), which stem primarily from the high 

density of open metal sites.125 Another example, described by Rosi et al. describes a 

cobalt adenine-acetate ‘bio-MOF’, illustrated in Figure 1.13. This ‘bio-MOF’ was shown 

to exhibit exceptional CO2 adsorption abilities (6 mmol/g at 1 bar, 273 K) alongside 

selectivity for CO2 over N2 (81:1 at 273 K and 75:1 at 298 K).126 

Figure 1.13 Bio-MOF reported by Rosi and co-workers formed by reacting adenine and cobalt acetate tetrahydrate in 

DMF, which exhibits excellent CO2 uptake as well as selectivity for CO2 over N2. Atom colour scheme: black = carbon, 

light blue = nitrogen, red = oxygen, dark blue = cobalt.126 

 

As addressed by Fujita in the development of the ‘crystalline sponge’ method for 

structure determination,127 another advantage within MOF chemistry is the ability to 

adsorb and exchange larger guest molecules from the solution phase, with such a property 

Figure 1.12 The increase in atmospheric CO2 levels over the 

past thirteen years measured at Mauna Loa Observatory, 

Hawaii. Image reproduced from reference.121
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vein particularly useful for the area of chemical sensors. Work by Gunnlaugsson and 

Hawes et al. report the first examples of crystalline coordination polymers containing the 

tetrarylpyrrolo[3,2-b]pyrrole (TPP) fluorophore. The TPP ligand species, 8 and 9 

portrayed in Figure 1.14, contain carboxylate and mixed imidazole-carboxylate donor 

functionalities respectively, and each show significant fluorescence in the solution 

phase.128 

Figure 1.14 The TPP ligand scaffolds 8 and 9 reported by the Hawes and co-workers to generate three-dimensional 

materials.128 

 

A three-dimensional polymeric structure was obtained from the reaction of 8 with 

zinc nitrate hexahydrate, giving a porous MOF with pcu topology that also displays 

notable luminescence in the solid state, Figure 1.15(a). This complex was shown to 

readily undergo guest exchange accompanied by a reversible switching in emission 

colour, with no subsequent change in the chemical structure. Compound 9 was then 

reacted with cadmium nitrate tetrahydrate, with the resulting coordination network 

showing a twofold interpenetrated pts topology with hexagonal symmetry, Figure 

1.15(b). Both resultant coordination networks were analysed for solvent exchange and 

gas adsorption studies, respectively and were shown to maintain porosity upon 

evacuation, with Cd-MOF-9 showing an impressive 22 wt% CO2 uptake capacity (1 bar, 

278 K). Both three-dimensional polymers display permanent porosity, but the Zn-MOF-

8 displayed prominent luminescence which provides very useful results in the ongoing 

search for MOF-based fluorescent sensor devices.129 
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Figure 1.15 (a) Zn-MOF-8, where the red and blue colour denotes the interpenetration; (b) Cd-MOF-9.128 Atom 

colouring scheme: black = carbon, red = oxygen, blue = nitrogen, purple = cadmium. 

 

Recently, Schmitt and co-workers reported a photoactive heterometallic 

Co(II)/Ru(II)-based MOF material with large accessible helical one-dimensional 

channels approximately 21 Å in size. The MOF material was synthesised by employing 

a ruthenium complex with carboxylic acid terminals as a metallo-ligand, 10, in a reaction 

with cobalt nitrate, Figure 1.16(a) and (b). The ‘propeller-like’ phenanthroline derived 

ligand directs the assembly into a honeycomb hcb topology. The heterometallic material 

shows gas sorption material typical of mesoporous materials and selectivity for CO2 over 

N2. The light-harvesting and emission spectral properties of the metallo-ligand itself is 

maintained in the resultant framework structure and significant lifetime quenching is 

observed. These results are an indication that these types of MOFs could have potential 

application in future photo-catalysis and photo-chemical reactions.130  
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Figure 1.16 (a) Metallo-ligand 10 employed in the formation of the (b) heterometallic MOF reported by Schmitt et al. 

 

MOFs have appeared as favourable candidates for novel drug delivery systems as 

they possess properties such as high pore volumes, large surface areas, tuneable pore size, 

and surface chemistry, which make them particularly interesting by allowing the selection 

and design of biocompatible and biodegradable systems.131 Since the mid-2000s several 

therapeutic compounds have been loaded in materials of this type for use in a variety of 

biological applications.132, 133 One example is nitric oxide, which has been loaded into 

MOF systems for its use in antibacterial, antithrombotic, and healing applications.134, 135 

Furthermore, the famous anticancer compound cisplatin and small interfering RNA 

(SiRNA) have been incorporated together into MOFs to enhance their therapeutic 

effects.136 Numerous other anti-cancer, anti-viral, anti-bacterial agents as well as nucleic 

acids, and biological gases have been successfully loaded into MOFs and, by applying 

heparin, cyclodextrin or chitosan coatings to Fe(II)-based MOFs, it has been possible to 

improve the biological properties of the anti-viral and anti-cancer agents.137-139 In some 

MOFs, the moderately low chemical and aqueous stability they possess limits their 

industrial application in CO2 removal in post-combustion processes.140 However, this 

drawback is considered an advantage for drug delivery system applications, wherein the 

MOF’s biodegradability  facilitates its excretion from the body following drug release to 

its desired location.141 

Forgan and co-workers have recently made a number of reports into the use of 

zirconium-based MOFs as drug delivery systems, intentionally choosing zirconium due 

to its low toxicity in the body and the high stability of UiO MOFs. In order to be an 

effective drug delivery agent, the MOF needs to be able to penetrate the cell and release 
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the encapsulated drug into a precise location. In one report, they synthesized a number of 

Zr-MOF systems using a selection of ligand linkers (which vary in both their functionality 

and linker length) and show that the choice of linker, rather than the overall particle size, 

plays the instrumental role in controlling the drug delivery pathway by which the cells 

take up the particles. The Zr-MOFs using biphenyl carboxylate ligands, 11 and 12 in 

Figure 1.17, were taken up by a caveolae-mediated route, allowing them to release the 

drug to the desired intracellular location, and while avoiding deleterious lysosomal 

degradation observed when the MOFs are taken up through clathrin-mediated 

endocytosis instead.142 

 

 

Figure 1.17 MOF scaffolds ligand 11, 12 and 15 reported by Forgan and co-workers, calcein molecule 13 and anti-

cancer agent α-CHC, 14.142, 143 

 

Another report by Forgan et al. investigated the loading of Zr-MOFs with the 

fluorescent molecule calcein (13) and an anti-cancer agent, α-CHC (α-cyano-4-

hydroxycinnamic acid, 14), and observed their delivery properties. In this report it was 

found that the MOF with the unfunctionalized linkers had a higher loading capacity for 

calcein and α-CHC than the MOF which contained the functionalised linkers. These 

MOFs were biocompatible, as they were shown by confocal microscopy to be taken up 

by HeLa cells, demonstrating their potential as a drug delivery system. Using compound 

15 as the linker in the Zr-MOF resulted in slower release, while an enhanced effect of the 

α-CHC molecule 14 was noted when loaded into the Zr-MOF-12 system.143  

Their innate cooling properties mean that MOFs have also found application as 

cryogenic molecular coolers, taking advantage of their synthetic variety and intrinsic 

robustness. Recent years have witnessed a great increase in the number of molecule-based 

materials proposed as magnetic refrigerants for liquid-helium temperatures.144, 145 
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Refrigeration proceeds adiabatically via the magnetocaloric effect (MCE) which, in 

summary, defines the changes of magnetic entropy and adiabatic temperatures following 

a change in the applied magnetic field   For example, reports 

by Evangelisti et al. outline  the experimental MCE of gadolinium networks (a one-

dimensional polymer with gadolinium formate, (Gd(HCOO)3), shown in Figure 1.18, 

alongside a previously reported MOF resulting from the reaction of gadolinium with 2-

amino-1,4-benzenedicarboxylic acid.146 The comparison of these networks with other 

magnetic refrigerants for liquid-helium temperatures reveals that these materials hold an 

unprecedently large MCE. These observations are interpreted as the result of a light and 

compact structural framework promoting very weak magnetic correlation between the 

Gd3+ spin centres. The authors also note that already existing synthetic and technologies 

for surface deposition of MOF materials, could facilitate the integration and exploitation 

of gadolinium-derived materials within molecule-based microdevices for on-chip local 

refrigeration.146  

Figure 1.18 One-dimensional network of gadolinium formate which was examined for MCE by Evangelisti and co-

workers.146 Atom colouring scheme: black = carbon, red = oxygen, mint green = gadolinium. 

 

Moreover, a recent example of a commercialised MOF was announced by Decco 

and its partner, MOF Technologies, a spin out company of Queen’s University Belfast. 

TruPick, a magnesium formate MOF, allows for fruit and vegetables to be kept fresh for 

long periods of time. It acts as an adsorbent for the storage and release of 1-

methylcyclopropene (1-MCP), a competitive inhibitor for the ethylene receptor found on 
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the surfaces of some fruit. In large storage facilities ethylene is released by ripening fruit 

which in turn accelerates the ripening process of surrounding fruit and causes problems 

with premature decay. The strong binding of ethylene to 1-MCP can, however, prolong 

the time in which fruit and vegetables can be safely stored by up to nine months and is 

already being used across the USA.147 

 

1.4.2 Topology and Nets: Describing Coordination Polymers. 

A technique in crystal engineering for both the design and analysis of solids is to reduce 

their crystal structures to networks, also referred to as nets. A thorough description of a 

three-dimensional network, or any network solid, is important in gaining an 

understanding of the structure and properties of coordination polymers. The underlying 

connectivity of a network can often be buried by the wide variety of potential metal and 

ligand coordination modes available. There is a huge structural diversity within the area 

of coordination polymers and as such, the use of a nomenclature based on mathematical 

descriptions is required to fully describe the connectivity.105 Some key features in the 

areas of nets and topology are of significance to coordination polymer chemistry. The 

objective in applying these terms to characterise the coordination network is to simplify 

the structure by giving a rational description of the complete connectivity of the network, 

which can then be easily related to the structure itself. These aid in the description and 

understanding of more complicated networks and they can also provide a blueprint for 

the targeting of a particular arrangement, and for correlating the properties with the 

extended polymeric structures, although, in some cases, a topological description of a 

network can become so complicated as to provide little practical value. Topology is broad 

in scope and therefore, a brief summary of its overarching concepts is summarised 

below.105  

 An infinitely interconnected and repeating polymeric structure like the three-

dimensional coordination polymer can be broken down to ‘nodes’ and ‘links’, where a 

node is a structural feature that is connected to three or more other nodes via links. By 

this definition, any structural component with a network which connects to only two 

others is a link whereas any structural component which connects to three or more 

components is a node. Applying this tenet to coordination chemistry, the structural 

components consist of metal ions and organic ligands, and the connection between nodes 

and links is the coordination bond itself. This simple concept is naturally related to the 

node and spacer approach discussed by Robson.104 In the case of a one-dimensional 
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coordination polymer, where each structural component joins only two others, no nodes 

are present and the analogy to networks is invalid. The assignment of nodes and links in 

a simple coordination polymer is relatively straightforward; for example, in the case of a 

tetrahedral metal and linear bridging ligands, such as poly-[Cd(CN)2], the cyanide ligand, 

bridging two metal ions, is a link, while the metal ion, being connected through links to 

four other metal ions, is a node, Figure 1.19(a). Unfortunately, the assignment of nodes 

is not always so simple. For example, consider the ligand system benzene-1,3,5-

tricarboxamide (BTA) links more than two metal ions and therefore must also be 

considered a node. An example of such a network is shown in Figure 1.19(b) with a BTA 

terbium complex. In a similar fashion, metal ions can be considered links when they join 

only two nodes, as observed in two-coordinate complexes, chelation, or in the presence 

of capping ligands.148  

Figure 1.19 (a) Structure of [Cd(CN)2] where the cyanide ligands (blue and black atom labels) are links to the cadmium 

ions;(b) Structure of BTA-Tb complex where the ligand connects to four terbium ions.104, 148 Atom colouring scheme: 

black = carbon, red = oxygen, blue = nitrogen, purple = cadmium, orange = terbium.  

 

Nodes are typically assigned to metal ions or ligands with the appropriate 

connectivity, but in some instances other assignments may be necessary to provide a 

practical structural description. For instance, considering the example of MOF-5, shown 

previously in Figure 1.10(a) and (b), each vertex consists of a basic zinc acetate cluster 

(of the formula [Zn4O(R-COO)6]) which is linked to six adjacent clusters via the aromatic 

R-group.110 In this case, each zinc ion can be considered to be a node, being connected to 

three other zinc ions through carboxylate and oxo-bridges and as such, the central oxo-
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ligand must also be a node, as is each ligand which bridges four metal centres, and thus, 

the resulting description contains three nodes of varying connectivity. A far more useful 

representation of the structure is to simplify the assignment such that the whole ZnO4 

vertex is ascribed to be a single node, while the bridging ligands act as the links in the 

system.  

 In the case where networks contain more than one type of node, or more than one 

circuit length (the number of nodes passed through to return to the original node), a ‘point 

symbol’ can be employed to describe the net.  The point symbol takes the form 

(Ad·Be·Cf), wherein A, B and C denote the lengths of each circuit, while, d, e and f 

constitute the number of unique occurrences of each circuit in the structure. As these 

numerical descriptors may apply to more than one network, an additional means of 

identification is required to differentiate between them. The Reticular Chemistry 

Structural Resource (RSCR) is a library of known mineral structures and each is assigned 

a unique three-letter code. This gives a three-dimensional graphical representation which 

can be compared to the structure of a known mineral and is routinely used to describe 

coordination polymer networks due to the frequent occurrence of a relatively small group 

of topologies present in both minerals and coordination polymers. An example is the 

diamondoid and lonsdaleite structures, which can be differentiated by applying their 

corresponding RCSR three-letter codes dia and lon.  

 

1.5 Functionalised Bipyridines as Chelating Agents  

1.5.1 Bipyridyl Complexes 

The polypyridyls, and bpy in particular, are well renowned 

chelators in supramolecular scaffolding. This stems from their 

ability to form stable metal ion complexes (due to their redox 

properties) and because of their relative ease of functionalisation. 

Polypyridyl complexes themselves have been widely explored in 

the literature using bpy and terpyridine (tpy) with both d- and f-

block metal ions. The use of bpy as a chelator has been 

extensively studied since its first synthesis, in particular the symmetric 2, 2´-bpy isomer, 

Figure 1.20.149, 150 Unlike other ligand scaffolds, such as phosphines or 

cyclopentadienyls, 2,2´-bpy and its derivatives are exceptionally stable, both in aqueous 

Figure 1.20 2,2' bpy 

numbering scheme 
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solution and to atmospheric oxygen which greatly simplifies their preparation and 

storage.151 

Over the course of the last thirty years, 2, 2´-bpy complexes of virtually every 

metal in the periodic table have been described. This chelating ligand presents two 

nitrogen atoms to the metal centre in an almost ideal configuration, with only the rotation 

in the pyridyl-pyridyl bond being restricted upon complex formation. Reactions with this 

ligand result in the formation of stable species even when more labile metal ions are used. 

The bidentate nature of the ligand means there is frequently a thermodynamic driving 

force for complexation, whereby monodentate ligands present in precursor materials are 

readily displaced. The two excellent primary ơ-dative interactions are further enhanced 

by the opportunities for overlap between the π-system and the d-orbitals of coordination 

transition metal ions.152 

 

1.5.2 Functionalisation with a Carboxylic Acid Motif 

The possibility to incorporate further functionalities at any of the eight carbon atoms in 

the two pyridine rings has been extensively explored.153, 154 Within the field of 

metallosupramolecular chemistry, the design of ligands which can coordinate to the metal 

ion while concurrently participating in other additional bonding interactions are often 

utilised. The carboxylic acid is a structural motif commonly employed in ligand design 

as it readily coordinates to metal ions, Figure 1.21.155 This additional binding site of a 

carboxylic acid employs weak hydrogen bonding which aids in packing the molecules 

and forming diverse, extended networks.156, 157  

Figure 1.21 Compounds 16 – 20 of bpy chelators functionalised by the carboxylic acid motif. 
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Complexes containing bpy with a phenyl moiety (i.e. 17) and a carboxylic acid in 

the 6-position of the bpy ring (i.e. 19), have been shown to act as antennae for lanthanide 

ions.158 These compounds, when complexed with lanthanide ions, emit in the visible 

region (Tb: green; Eu: red) and have therefore shown potential in light emitting diodes 

(LEDs), while those emitting in the near infrared (NIR) region (Yb, Nd) are applicable 

in fibre optic technologies.158 Work by Kruger et al. has demonstrated how, in related 

molecules, the utility of carboxylate moieties in the 4- and the 6-positions (i.e. 16, 18, 

and 20) can be employed for the generation of polymeric assemblies involving strong 

chelation of the bidentate and tetradentate N,N,O,O-binding pockets to copper and 

lanthanide ions with bridging through additional carboxylate functionalities. An example 

of the connectivity of compound 16 is shown in Figure 1.22(a) with Co(II).159,24 In the 

case of 16 the asymmetric substitution of the bpy skeleton was achieved by partial 

decarboxylation of the tetracarboxylic acid or tricarboxylic acid precursor.160 While 

decarboxylation reactions on bipyridine systems are well-known,161 the process allows 

facile access to novel supramolecular tectons with differing coordination modes and is 

pertinent to work described in this thesis.  

Bünzli and co-workers investigated a bpy dicarboxylic acid derivative wherein 

both of the carboxylic acid moieties are in the 6-position (i.e. 20), in the engineering of 

extended polymeric networks.162 The presence of the carboxylic acids in the 6-position 

forms a larger tetradentate core which is particularly suited for coordination with 

lanthanides due to their larger coordination spheres, illustrated in Figure 1.22(b) where 

it forms a dimer with terbium.    
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Figure 1.22 (a)Structure with cobalt and 16 showing the connectivity of the carboxylic acid in the 6-position which 

links to adjacent molecules;(b) Structure of terbium dimer with 20 where the metal ions bridge through carboxylate 

atoms. Atom colouring scheme: black = carbon, red = oxygen, blue = nitrogen, dark blue = cobalt, orange = terbium.  

 

Some examples are known of simple bpy ligands unsymmetrically substituted 

with a carboxylate group at a single 6-position,25,26 although the corresponding 1,10-

phenanthroline analogue is more common.27-30 Ligands of this type, which are the 

primary concern of the work discussed in this thesis, react with lanthanide, transition and 

alkaline earth metals and the resulting complexes have found specific applications in the 

areas of catalysis, gas storage, selective inclusion and separation.163 The employment of 

these molecular building blocks is to deliver structural and functional information into a 

target MOF system to yield hybrid materials.46 In the literature, examples of structurally 

characterised 6-carboxy-4-aryl-2,2ʹ-bpy derivatives are relatively infrequent, although, a 

naturally occurring antitumor antibiotic Streptonigrin, 20, is one particular example.164 

The coordination of metal ions, Scheme 1.1, to Streptonigrin has been shown to enhance 

DNA binding and lead to heightened toxicity.165, 166 However, to date, only five reports 

(including work described in Chapter 2) have emerged of metal complexes of 6-carboxy-

4-aryl-2,2´-bpy ligands (highlighted red in Scheme 1.1), which can be considered 
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simplified tridentate analogues of Streptonigrin in metal binding affinity without the 

added complication of the redox-active quinone ring.158, 167, 168 

Scheme 1.1 The complexation of transition metal ions to Streptonigrin with the 6-carboxy-4-aryl-2,2'-bpy motif 

highlighted red.166 

 

1.5.3 Pyrazine and Pyrazine-pyridine Hybrid Ligands  

The ability of pyrazine, as well as substituted pyrazine ligands to act as bidentate ligands, 

that give rise to oligomeric and polymeric metal complexes is a well-established area of 

research in chemistry.169-171 In particular, attention has been devoted to the development 

of rational synthetic routes to polymeric coordination complexes using these ligands, 

largely due to their potential properties in electrical conductivity, (e.g. in 

(phthalocyaninato)metal-pyrazine polymers),172 magnetism (particularly in low-

dimensional 1D or 2D solids),173, 174 and photomechanical behaviour, which is of great 

interest in the material sciences.175 

Unusual properties have also been discovered, exemplified in 1978 by Reedijk 

and co-workers with the preparation of polymeric ZnCl2-pyrazine species where 

‘acoustic emission’ was observed with a distinct cracking noise upon polymer 

formation.176 Zaworotko et al. reported Cu(I)-pyrazine polymeric systems, displaying 

formation of an interwoven honeycomb architecture with pyrazine bridges linking 

neighbouring Cu(I) ions, Figure 1.23(a).177 The generation of hybrid pyrazine-pyridine 

ligand species provides a gateway into new supramolecular architectures via linkage 

through the peripheral nitrogen atoms. A family of 2,6-dipyrazinylpyridines ligands 
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reported by Lever et al. in the early 2000s, incorporating the pyrazinyl binding unit into 

a tpy analogue, 21, has the ability to link three metal ions, allowing reactivity at the central 

core to be tuned and also providing an additional source of electrons, which can be useful 

for multielectron catalysis, Figure 1.23(b). These ligands also represent an important 

new segue into supramolecular chemistry via linkage of additional M-L units to the 

peripheral nitrogen atoms.178 

Figure 1.23 (a) Cu(I) pyrazine polymeric system with hexafluorophosphate counterions; (b) Compound 21 and its 

corresponding crystal structure by Lever et al. which incorporates pyrazine motif into a tpy analogue.  

 

Several reports from Kadish and co-workers elucidate the incorporation of a 

pyrazine-pyridine motif to form porphyrazine macrocycles, 22, Figure 1.24. The reports 

detail the synthesis of metal complexes of these systems, as well as physicochemical 

characterisations, and potentialities of these compounds as anticancer agents in 

photodynamic therapy (PDT).179 Unlike the more commonly employed porphyrin-based 

macrocyclic photosensitisers, these porphyrazine macrocycles show intense absorption 

bands in the therapeutic window and are therefore potentially promising alternative 

candidates for use as PDT photosensitisers. In the study by Kadish et al., 

heteropentanuclear porphyrazines with the formula [(PtCl2)422M], Figure 1.24, where 

22 = tetrakis-2,3-[5,6[di(2-pyridyl)-pyrazino]porphyrazinato dianion and M = Zn(II), 

Mg(II)H2O, Pd(II) Cu(II) or Co(II), were synthesised and characterised.180 The external 

N2(py)PtCl2 coordination sites are closely related to that of the potent chemotherapeutic 

anti-cancer agent cisplatin. The quantum yield is an important determinant to evaluate 

the efficiency of a potential PDT agent. When Zn(II) or Pd(II) were employed as the 
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central metal ions in 22, the quantum yield values obtained qualify these complexes as 

potential bimodal anticancer agents due to the four cisplatin-like functionalities.180 

 

Figure 1.24 The porphyrazine macrocycle, compound 21 complexed to a variety of metals in the central cavity (M = 

Zn(II), Mg(II)H2O, Pd(II), Cu(II) or Co(II) and with peripheral cisplatin moieties. Reported by Kadish et al. Image of 

structure reproduced from reference.180 

 

Recently, the bipyridine-pyrazine motif has appeared in several molecules that 

have been patented for a range of applications and are illustrated in Figure 1.25. The 

patent for compound 22, filed by Novartis, delineates its use as a protein kinase C (PKC) 

inhibitor in the treatment of proliferative diseases, namely uveal melanoma (cancer of the 

iris).181 The disclosure also relates to the use of a pharmaceutical combination comprising 

of the PKC inhibitor, 22 and another therapeutic agent, known as a murine-double-

minute-2 (MDM2), which is aninhibitor in both the treatment and prevention of cancer. 

The patents for compounds 23 and 24, however, were filed by the Japanese company 

Nippon Kayaku, and outline how 23 and 24, synthesised by Suzuki-Miyaura methods, 

display high control activity as pesticides against the species Aphis gossypii, Bemisia 

tabaci, and Nilaparvata.182 
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Figure 1.25 The pyrazine-pyridine hybrid compounds 22 – 25 which have been recently patented for a variety of 

applications.181-183 

 

 Lastly, work from the groups of Patroniak et al. and Michalikiewicz et al. 

elucidated how the polymeric bipyridylpyrazine silver complex of 25, formed by reacting 

25 with silver triflate in nitromethane, was shown to act an effective photocatalyst for 

CO2 photoreduction and the photodegradation of organic dyes.183 The ligand, 25, 

synthesised using a Stille-type coupling reaction, was previously reported by Patroniak 

et al. wherein it was shown to form a tetranuclear [2×2] grid-type complex upon reaction 

with manganese perchlorate in nitromethane, with a perchlorate anion occupying the 

central cavity, Figure 1.26(a) and (b).184 

Figure 1.26(a) asymmetric unit and; (b) [2×2] grid with encapsulated perchlorate anion of manganese tetranuclear 

complex reported by Patroniak et al with 25. Hydrogen atoms, lattice solvent molecules and the majority of perchlorate 

counterions are omitted for clarity.184  
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These examples discussed in this section demonstrate the exceptional versatility 

of the bpy scaffold when functionalised with a carboxylic acid in the 6-position or through 

variation of the scaffold by the installation of another potential binding site via a pyrazine 

motif. These results provide the groundwork for the work described in this thesis, which 

focuses on the different supramolecular architectures obtained by varying the 

functionalisation of the ligand system therefore establishing 6-carboxy-4-aryl-2,2'-bpy as 

a supramolecular tecton.  

 

1.6 Previous Work in the Gunnlaugsson group 

1.6.1 Examples Involving the bpy Motif  

For years, the design and the development of novel polypyridyl ligands for 

supramolecular coordination architectures using d- and f-block metals has played an 

integral role in the research focus of the Gunnlaugsson group. The ligand synthesis 

methodology used throughout the projects in this thesis are based on the original report 

of 6-carboxy-4-aryl-2,2'-bpy by Ryan et al. and Elmes et al. In these reports, this motif 

was synthesised en route to that of 26, a 2, 2´-bpy Ru(II) 4-amino-1,8-naphthalimide, 

which showed strong binding affinity to DNA. Elmes et al. also synthesised 27, the 

Tröger’s base analogue, which displayed effective photocleavage of DNA, Figure 1.27, 

and through the use of confocal microscopy these compounds were shown also to localise 

within the cytoplasm of HeLa cells.185, 186 However, the bpy intermediate was never 

studied in the context in regards to its own coordination chemistry properties.  

Figure 1.27 Ru(II) 2,2'-bpy 4-amino-1,8-napthalimide compounds 26 and 27 reported by Ryan et al. and Elmes et al. 

respectively. 
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In addition, the coordination chemistry of functionalised bpy ligands has also been 

explored within the Gunnlaugsson group using, forming discrete complexes with 

lanthanide metal ions. Inspired by the work of Bünzli, the rigid tetrasodium ligand, 18, 

was designed with Kruger et al. and formed a family of isostructural supramolecular 

[Na2M2182] (where M = Eu, Nd, Gd, Tb), see Figure 1.28(a) and (b), for [Na2Gd2182] 

and [Na2Eu2182] complexes. UV/visible absorption titration studies were conducted to 

examine the formation of these complexes in solution which indicated the formation of 

2:2 Na2M2182 complexes.163  

 

Figure 1.28 (a) Gadolinium and ;(b) europium Na2M2182 complexes reported by Gunnlaugsson and Kruger and co-

workers. Atom labelling scheme: black = carbon, red = oxygen, blue = nitrogen, yellow = sodium, mint = gadolinium, 

pink = europium.  

 

1.6.1 Examples of Coordination Polymers from the Gunnlaugsson Group 

Moving away from the bpy motif, within the Gunnlaugsson group, several other 

coordination motifs have been explored for use in the formation of coordination polymers 

and soft materials, whereby the appropriate functionalisation could give rise to significant 

effects on the resultant superstructures. For example, a report by Hawes et al. shows the 

utility of the 4-pyridonyl group as both an electron donor and metal binding site for the 

development of 1,8-naphthalimide-based functional materials.187 The synthesis of two 

pyridine-derived ligands, 28 and 29, is reported along with their associated coordination 

chemistry, Figure 1.29(a). Compound 28 formed both a discrete assembly and one-

dimensional polymeric coordination compounds with Ag(I) and Zn(II), which exhibit 

photoluminescence in the crystalline phase, arising from the naphthalimide and the 

pyridone substituent, Figure 1.29(b). Also detailed is the formation of a polymeric 

complex with Zn(II), and a permanently porous Cu(II) material with 29, which displays 

no photoluminescence but in the solid state has a polyrotaxane architecture. The 
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particular coordination chemistry of the pyridone group in 29 facilitates alternating 

looped and linear features that result in this unusual example of a mechanically 

interlocked network, Figure 1.29(c).187 

 

 

Figure 1.29 (a) Pyridine derived ligands 28 and 29; (b) Polymeric structure with 28 and silver hexafluoroantimonate; 

(c) Permanent porous network formed from reaction of 29 with copper nitrate hemipentahydrate. Hydrogen atoms are 

omitted for clarity.187 Atom colouring scheme: black = carbon, red = oxygen, blue = nitrogen, grey = silver, blue = 

fluorine, purple = antimonate, dark blue = cobalt.  

 

Moreover, work by Lynes et al. accounts the coordination chemistry of flexible 

BTA derived ligands 30 and 31, with Cd(II), shown in Figure 1.30(a).188 This ligand 

species is well-renowned for their tendency to form functional soft-materials by virtue of 

their complementary hydrogen bond donor and acceptors, and are explored in this study 

as structurally reinforcing supramolecular blocks in MOFs. Upon reaction with cadmium 

nitrate, both BTA ligands 30 and 31 formed coordination polymer species with columnar 

packing motifs comparable to a triple helix shape, regularly observed in the solid state of 

organic BTA systems. The resultant complex with 30, Figure 1.30(b), is a two-

dimensional layered material containing tubular intralayer pores, in which amide-amide 

hydrogen bonding interactions is a notable structural feature. In contrast, the complex 

with 31 contains a columnar arrangement of the ligand species which is linked by 

trinuclear Cd(II) cluster nodes packed into a dense three-dimensional framework, Figure 

1.30(c). Both crystal structures revealed significant solvent-accessible volume, and this 
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was probed with thermal analysis and CO2 and N2 adsorption studies. The three-

dimensional network shows negligible gas uptake but the Cd(II) complex with 30 

however, exhibited an unusually high CO2 capacity (17 wt% at 1 bar/278 K) for a two-

dimensional material with intralayer porosity, and also showed structural resilience to 

guest exchange, evacuation, and exposure to air.188   

Figure 1.30 (a) BTA-derived ligands 30 and 31; (b) Asymmetric unit of Cd(II) complex with 30 which forms two-

dimensional network; (c) Asymmetric unit of Cd(II) complex with 31 which forms a three-dimensional network. 

Hydrogen atoms and lattice solvent molecules are omitted for clarity.188 

 

In a similar vein, work by Comby and co-workers also utilise a tripodal ligand 

with carboxylic acid terminals, 32, represented in Figure 1.31(a). With 32 they report a 

Ho(III) derived MOF, Figure 1.31(b), whose three-dimensional structure gives rise to 

porosity after desolvation. A series of structurally related lanthanide based MOFs were 

also synthesised using Dy(III), Er(III), Eu(III), Tb(III), Yb(III), Nd(III), and Sm(III) 

which allows a systematic variation of the photophysical properties, although these 

analogues were not determined by X-ray crystallography. In the range of examples with 

lanthanide ions the tripodal compound 32 acts as a intramolecular sensitizer resulting in 

significant luminescence characteristics (with europium) and NIR emission properties 

(with neodymium and samarium).189 
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Figure 1.31 (a) Tripodal compound 32; (b) Ho-MOF-32 reported by Comby and co-workers. 

 

1.7 Present Study 

The present study aims to exploit the synthetic versatility of the chelating 2,2´-bpy motif 

to generate a new ligand family, 6-carboxy-4-aryl,2,2'-bpy, in order to broaden the 

knowledge of metallosupramolecuar chemistry. Particular focus is paid to the solid-state 

structural chemistry of mononuclear, trinuclear, and polymer coordination environments 

formed with d- and f-block metal ions, ascertained primarily from single crystal X-ray 

crystallographic data, with the intention of building an understanding of the coordinating 

behaviour of these new chelating systems. This was achieved by primarily screening a 

range of metal complexes in the crystalline state to obtain structural information, then 

optimising the synthesis of a selected family of structures. This information will then be 

used to draw conclusions regarding reproducible structural motifs which could then be 

used in the rational design of metallosupramolecular assemblies containing the ligand 

functionality to develop architectures of increasing complexity, including three-

dimensional coordination polymers, macrocyclic structures, porous polymeric networks, 

and metallic cages.  

 

Chapter 2 will describe the preparation and structural properties of the coordination 

complexes (mononuclear, trinuclear and polymeric) obtained from multifunctional 2,2´ 

bpy derivatives: 4- and 3-(4-nitrophenyl)-, 4-(4-carboxyphenyl)- and 3-(4-aminophenyl)-

2,2'-bpy-6-carboxylate. The coordination chemistry investigated in this chapter provides 

the background for the development of this highly modular building block as a robust 

coordinating tecton for use in generating larger, more complex metallosupramolecular 

assemblies.  
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Chapter 3 will subsequently present the preparation of a new PzPy hybrid ligand family 

and the reaction of this ligand family with Cu(II) and Ag(I) ions. The phase transition 

tendencies of the resultant complexes are investigated, and the coordination chemistry is 

summarised. Moreover, the host-guest chemistry of a resulting octanuclear macrocycle 

is examined.  

 

Chapter 4 will outline the preparation of the amino-substituted PzPy hybrid ligands and 

the coordination chemistry of the carboxylate intermediate. Furthermore, the 

development and properties of the subsequent imine ligand species are examined, and its 

solution phase and gelation properties examined.  

 

In Chapter 5 will the report three new ligand scaffolds using the bpy motif are synthesised 

using a Suzuki-Miyaura coupling reaction to generate rigid scaffolds with examples of 

pyridyl and carboxylic acid functionalities, which could then be used to generate 

supramolecular Pd(II)-derived structures and MOF materials.  

 

Chapter 6 provides a brief summary and conclusion of all of the results presented.  

 

Lastly, Chapter 7 contains the instrumental and experimental details, followed by the 

literature references and additional data for each chapter in the appendix. It should be 

noted that the crystallographic refinement details are not explicitly reported within the 

body of the text in the following chapters. Tables of crystallographic refinement 

information are shown in the appendix Tables A.2 – A.10, while all crystallographic data 

is included as electronic supplementary information in cif format on the accompanying 

USB to this thesis.  
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Ah there’s nothing more exciting than science. You get all the fun of sitting still, being quiet, 

writing down numbers, paying attention …Science has it all. 
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Bipyridine Complexes
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2.1 Introduction 

In evolving research efforts towards the generation of new functional supramolecular 

systems there has been a constant demand for the discovery and development of new ligand 

systems, binding motifs, and molecular scaffolds in order to diversify the existing chemical 

toolbox and rationally pursue specific applications.190 As result of these approaches, 

significant progress has been made in establishing modular ligand sets for further 

development of novel supramolecular systems.191, 192 This progress has been grounded in 

developing a thorough knowledge of the fundamental coordination chemistry and structural 

trends of archetypal systems and using such knowledge to identify the subtle geometric and 

electronic trends, which are known to strongly influence the bulk properties of such 

systems.107, 193  As detailed in depth in Chapter 1, the polypyridine family of ligands is a 

well-known class of metallosupramolecular ligand scaffold, which is widely exploited in 

transition metal coordination chemistry due to the predictable coordination behaviour and 

favourable electronic and magnetic properties inherent to both bpy and tpy complexes.149,150 

To date, complexes using these ligands have been employed in myriad applications, 

including in dye-sensitized solar cells (DSSCs),194 photoredox catalysts,195 molecular 

electronics, and spin crossover devices.196-198 Thus, as a well-studied moiety, functional 2,2ʹ-

bpy derivatives are ideally suited for the installation of new substitution patterns and 

functional groups.199 Although direct derivatisation of the deactivated pyridine ring itself 

can be synthetically cumbersome compared to other nitrogen heterocycles,200 new methods 

are continually emerging for the synthesis of functional bpy ligands.201, 202 

The scope of potential modifications to the 2,2ʹ-bpy backbone includes the 

incorporation of additional chelating groups at the 6-position to increase the metal binding 

affinity, and functionalisation at the 4-position to allow for the attachment of additional 

chemical functionalities to act as structural handles for the engineering of further 

intermolecular interactions.162, 203 A recent report of a functionalised bpy derivative was the 

development of new and efficient catalytic system for hydrogen generation from a methanol-

water solution using anionic iridium complexes, 33, Figure 2.1(a), bearing a functional 

bipyridonate ligand as a catalyst, which displayed long term continuous hydrogen 

production, making it a potential source of alternative energy to fossil fuels.204 Moreover, 

work by Housecroft et al. reported a thiophene substituted asymmetric 2, 2´-bpy iridium 

complex, 34. In their research, it was observed that the presence of interligand π-π stacking 

within a single ionic iridium complex greatly enhanced its stability when used in a double-
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layer solid state light emitting electrochemical cell (LEEC).  LEECs using this complex 

display extraordinary stability and luminance values indicating the path toward stable ionic 

transition metal complexes for use in light emitting electrochemical cells reaching stabilities 

required for practical applications Figure 2.1(b).205 

Figure 2.1 (a) Iridium complexes, 33 which are used as catalysts for hydrogen production as an alternative for fossil fuels; 

(b) Iridium complex, 34, which displayed excellent stability for solid-state light emitting electrochemical cell.  

 

In a large portion of reported cases, lanthanide ions were employed in order to access 

the photophysical antenna properties of the extended aromatic ligand backbone and to 

provide a better geometric match with the steric demands of the ligand being better suited to 

high coordination numbers.163 Therefore, the coordination chemistry of these systems with 

d-metal ions remains a fertile area for further exploration. 

 Initially in this chapter, the synthetic procedures to derivatise the bpy scaffold will 

be summarised. In the following sections, the coordination chemistry of 4-(4/3-nitrophenyl)-

2,2´-bpy-6-carboxylate, 38 and 39 respectively, (Scheme 2.2) with cobalt and cadmium ions 

will then be analysed, elucidating two unique crystalline phases for each combination of 

metal and ligand, and the contrast in the structural properties of these eight complexes is 

detailed. Also outlined is the development of ligand exchange with a mononuclear chromium 

complex with 38 and the comparison of the ML crystal packing in the chromium complexes 

in relation to the ML2 packing of the cobalt/cadmium ligands. Finally, the development and 

screening processes of this system is outlined, which give examples of one- and two-

dimensional coordination polymers with both d- and f-block metal ions using ligands 38, 39, 

40, and 42. The coordination environments of these complexes are also examined. A point 

to note, the diffraction data for complexes C1 – C9 and C12 – C15 in this Chapter and C18 

in Chapter 3 were collected by Dr Chris Hawes while all other crystallographic data were 

collected and refined by myself.  
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2.2 Synthesis of bpy Ligand Family 38 – 42 and 42 – 44   

As stated in Chapter 1, the general synthetic procedure for this ligand library is inspired by 

both literature procedures, wherein similar complexes were utilised to generate photo-

controllable platinum complexes, and previous work conducted within the Gunnlaugsson 

group for ruthenium chemistry in the search for anti-cancer naphthalimide Tröger’s base 

derivatives.185, 186, 196 However, in each instance, the carboxylate intermediate of the bpy 

generated system was subjected to immediate thermal decarboxylation and as such, was 

never before explored explicitly as a ligand. Fortunately, the synthesis utilised in the 

literature was exceptionally modular, meaning that many different functionalities could be 

easily introduced by simple variation of the benzaldehyde employed in the initial reaction 

step to generate a myriad of chalcone precursors. In this chapter, only some of the examples 

obtained through the screening of this synthetic method are described as the difference in 

functionality made little or no difference to the extended structure of the resultant 

coordination networks.  

 The synthesis of the 2,2´-bpy system is a two-step synthetic pathway, the first of 

which involves an aldol condensation reaction from the commercially available 

benzaldehyde with sodium pyruvate, in an ethanol/water mixture in the presence of base to 

produce the chalcone precursors 35 – 37, Scheme 2.1. In the synthesis of 37 methanol was 

employed as solvent to avoid transesterification. Once neutralised, the chalcones precipitated 

as yellow solids in moderate to good yields (57, 45 and 93% respectively for 35, 36 and 37). 

Taking compound 35 as an example, the 1H NMR spectrum (DMSO-d6, 400 MHz) indicates 

that the product had been formed as the resonances corresponding to the vinylic protons are 

observed at 7.50 and 6.98 ppm, Figure A.1 in the appendix. These results were corroborated 

by IR spectroscopy of 35 where the C=C stretch was observed at 1637 cm-1. 

 

Scheme 2.1 Generation of chalcone precursors 35–37 via using appropriate R-benzaldehyde in ethanol for 35 and 36; 

methanol for 37 (i) sodium pyruvate in H2; NaOH (2M); (ii) HCl (2M). 
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The appropriate chalcone precursors, 35, 36 and 37, were then subjected to a 

modified Kröhnke reaction with 2-pyridacylpyridinium iodide and ammonium acetate in 

water, and heated to reflux for five hours, after which time a precipitate formed which was 

isolated to give the respective dipyridyl compounds, 38 – 44, Scheme 2.2.   

 

Scheme 2.2 Generation of 2,2´-bpy systems 38 – 44 (i) 2-pyridacylpyridinum iodide, ammonium acetate in reflux H2O; (ii) 

SOCl2 and ethanol reflux. 

 

Taking 38 and 39 as an example, these carboxylate salts formed in high purity and 

moderate yield (50 – 65%), Figure 2.2. The bulk formulations of 38 and 39 in the solid form 

were ascertained by elemental analysis as ammonium salts or mixtures of protonation states. 

In each case, the solids obtained were analysed for ammonium salts or mixed phases of the 

type [(HL)x(NH4L)1-x]; 38 was obtained as the ammonium salt hemipentahydrate NH4·38 

2.5H2O (x = 0), while 39 exhibited the bulk formula [(H39)0.2(NH439)0.8]·2.33H2O. Both 

materials were characterised and reacted onwards using these formulae. While the 

formulation of 39 obtained from the reaction mixture proved sufficiently soluble for carrying 

out further reactions under solvothermal conditions, difficulties were encountered with 

[NH438] due to its poor solubility in common solvents, which hindered its capacity to react 

with metal ions and produce diffraction-quality crystalline samples.  

Instead, relying on the well-known tendency for ester groups to undergo metal-

mediated in situ hydrolysis at high temperatures,206 the ethyl ester 43 was employed as a 

feedstock for these reactions. The esters 43 and 44 were prepared using a thionyl chloride-

mediated (3.1 equiv.) esterification of 38 and 39, respectively using ethanol as a solvent and 

heated to reflux for two days. 
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Figure 2.2 1H NMR spectrum (DMSO-d6, 400 MHz) of the aromatic region of 39. (Full spectrum Figure A.3 in the 

appendix).  

 

The hydrochloride salt of each ester was then suspended in water and neutralised 

with sodium bicarbonate precipitating compounds 43 and 44 in good yield (77 – 83%) and 

was used in all subsequent preparations, which provided an efficient route to the desired 

complexes. Through heating of 43 in dimethylsulfoxide and subsequent cooling to room 

temperature, colourless rod-shaped crystals were obtained suitable for X-ray diffraction 

experiments, the data of which were solved and refined in the monoclinic space group P21/c, 

illustrated in Figure 2.3, the X-ray data are shown in Table A.10 in the appendix.  

Deprotections of the methyl ester 41 was achieved by a standard procedure of heating 

the ester to reflux in aqueous KOH (2M), and then subsequent precipitation with acetic acid 

producing 42 in high purity and quantitative yield.  Reduction of the nitro derivative, 39 to 

yield the amino analogue 40 was obtained from the corresponding ester, 44 using the 

literature method previously applied to the decarboxylated analogues.185 The presence of the 

amine functionality was confirmed by 1H NMR spectroscopy (DMSO-d6, 400 MHz), 

whereupon the broad amine resonance at 5.66 ppm was observed to disappear upon 

deuterium exchange (D2O ‘shake’), Figure A.4 in the appendix. However, upon reaction 

with hydrazine monohydrate to reduce the nitro functionality, hydrolysis of the ester moiety 

was observed to occur to yield the corresponding carboxylate salt, as identified by 1H NMR 

spectroscopy. The IR spectrum displayed the loss of the strong asymmetric and symmetric 

nitro stretches at 1516 and 1316 cm-1, respectively, and the appearance of the medium N-H 
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vibration observed at 3395 and 3299 cm-1, alongside the medium N-H bend at 1579 cm-1 and 

N-H wag at 730 cm-1.  

Figure 2.3 Structure of 43, with partial atom labelling scheme. Crystal obtained from solvothermal heating and subsequent 

cooling in dimethylsulfoxide. 

 

All solution-phase characterisation was consistent with the expected species in 

solution. However, largely due to the poor solubility of these compounds and the resulting 

complexes, the short-wavelength absorption maxima of the electron-deficient aromatic 

chromophores (λmax = 280 nm or below, in the specific cases of 38/43 and 39 which is close 

to the solvent window for dimethylsulfoxide, the only suitable solvent) and lack of any 

measurable fluorescence, no meaningful information could be derived as to their solution 

phase coordination behaviour through UV/visible absorption studies, and as such the 

research focus of this chapter is predominantly on the coordination chemistry of this ligand 

family in the crystalline phase. 

 

2.3 Synthesis and Structure of Mononuclear Cadmium Complexes (C1 and 

C2) 

In order to gain an understanding of the possible coordination modes this ligand library could 

accommodate, a high throughput solvothermal synthesis and screening process was 

undertaken, with each ligand system tested separately on the basis of solvent, concentration, 

temperature, reaction length, metal ion, and associated counter anion. Solvothermal in situ 

synthesis has become a powerful approach in the engineering of coordination complexes as 



                                Chapter 2: Crystal Engineering of 6-Carboxy-4-Aryl-2,2'-Bipyridine Complexes 

42 

 

well as organic synthesis.207 In this case, glass vials with PTFE-lined caps were used and the 

reactions were carried out in a heat block at a controlled temperature. The reaction of 43 in 

a 2:1 DMF:H2O mixture with cadmium nitrate tetrahydrate at 100 °C produced a pale yellow 

crystalline material after eighteen hours. The single crystal X-ray diffraction data for 

[Cd(38)2]·H2O C1 were solved and refined in the triclinic space group P-1, the 

corresponding X-ray data are found in Table A.2 in the appendix with a pure bulk phase in 

35% yield. The asymmetric unit contains two 38 molecules deprotonated and coordinating 

to a cadmium(II) ion, and a non-coordinating water molecule, shown in Figure 2.4. 

 Two non-equivalent ligands coordinate to the cadmium ion in a distorted octahedral 

geometry providing narrow cis bite angles of 71.27(7)° and 69.87(7)° for N2-Cd1-O1 and 

N5-Cd1-O5 respectively and 69.46(7)° and 69.69(7)° for N2-Cd1-N1 and N4-Cd1-N5, 

respectively. These angles give a large octahedral distortion parameter Σ of 195°,208 

consistent with a size mismatch between the cadmium ion and the ligand binding pocket 

when coordinating in a bis-tridentate mode. The Cd-N bonds to the outer pyridine nitrogen 

atoms N1 and N4 (2.369(2) and 2.389(2) Å) are longer than the bonds to the central pyridine 

nitrogen atoms N2 and N5 (2.283(2) and 2.285(2) Å) and the carboxylate oxygen atoms O1 

and O5 (2.306(2) and 2.329(2) Å, respectively). Both ligands exhibit some distortion from 

complete planarity; the nitrophenyl rings are each inclined from their attached pyridine rings 

with torsion angles 24.0(3)° (C13-C12-C8-C9) and 12.7(3)° (C34-C29-C25-C26). A very 

large dihedral angle is also observed between two coordinating pyridine rings on one 

molecule of 38 with the torsion angle (N5-C23-C22-N4) of 18.9(3)° falling outside the 98th 

percentile of known torsions for chelating 2,2´-bpy groups (Figure A.7, in the appendix).209 

Adjacent complexes in the structure of C1 are linked into pairs by hydrogen bonding 

through two equivalent lattice water molecules. Non-coordinating carboxylate oxygen atom 

O2 and coordinating oxygen atom O5 act as acceptors in these interactions, at O···O bond 

distances 2.753(3) and 2.776(3) Å and O-H···O angles of 179.02(13) and 167.55(12)°, 

respectively. The extended structure of C1 is defined by a series of face-to-face and edge-

to-face π-π interactions, and C-H···O hydrogen bonding interactions, forming a densely 

packed overall structure, depicted in Figure 2.4. Both unique 38 molecules contain a ‘bay’ 

of three inwards-directed C-H groups. Each of the groups are expected to be electron 

deficient in nature due to their attachment to pyridine or nitrophenyl rings, and so these 

would be expected to participate in non-classical hydrogen bonding interactions with Lewis 

basic groups.56, 210, 211  
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Indeed, in the case of C1, the two 38 groups interact with the lattice water molecule 

O9 and non-coordinating carboxylate oxygen atom O6 through these groups. Each of the 

C···O distances fall in the range 3.363(3) – 3.598(3) Å, and all six C-H···O angles lie 

between 139.19(15) – 177.87(15)°, indicative of genuine C-H···O hydrogen bonding 

interactions, and visible on the dnorm Hirshfeld surface plot, shown in Section 2.7.  

Figure 2.4 Structure of complex C1, with partial labelling scheme for coordinating atoms (top) and showing hydrogen 

bonding interactions between adjacent complexes via lattice water molecules (bottom). Selected hydrogen atoms are 

omitted for clarity. 

 

 The reaction of 39 with cadmium nitrate under similar conditions to C1 gave 

colourless crystalline material after fourteen hours. Despite screening a wide variety of 

reaction conditions for the formation of C2, small quantities of inorganic impurities 

alongside the main crystalline product were consistently obtained, which were evident both 

as unexpected Bragg peaks in the powder X-ray diffraction analysis at 2θ = (10, 25), and in 

the microanalysis which consistently displayed low carbon and nitrogen values. These 

impurities became more prevalent with longer reaction times or with higher temperatures 

and were surmised to be due to concurrent formation of inorganic cadmium oxide or 
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cadmium formate-based products alongside the major product. These by-products are 

frequently observed in metal-organic framework syntheses as a result of solvent hydrolysis 

and redox side-processes.212, 213 

Using the reaction conditions successful for C1, crystals using 39 were prepared in 

15% yield, and the diffraction data for [Cd392]·H2O C2 were solved and refined in the 

orthorhombic space group Pna21, where the asymmetric unit was found to consist of four 

unique 39 ligands deprotonated and coordinated to two unique cadmium(II) ions, each 

adopting a distorted octahedral N4O2 coordination sphere. The corresponding X-ray data for 

C2 are shown in Table A.2 in the appendix. The four unique N-Cd-O cis bite angles lie in 

the range 70.2(2) – 70.8(2)°, and similarly the N-Cd-N bite angles are between 70.2(3) and 

71.4(3)°, comparing well to complex C1.  Although the octahedral sum of distortion Σ = 195 

and 193° for Cd1 and Cd2 respectively, resembled that of C1, the coordination geometries 

of both cadmium ions display a greater tendency towards trigonal prismatic character, 

illustrated in Figure 2.5, with trigonal faces defined by the two chelating nitrogen atoms of 

one 39 molecule and the coordinating oxygen atom of the other. This assignment is 

supported by the particularly large cis angles between terminal pyridine nitrogen atoms N1, 

N4, N7 and N10 and the central pyridine nitrogen atoms of opposing ligands N5, N2, N11 

and N8, respectively. These angles, which lie in the range 120.6(3) – 132.2(3)°, help to 

define flat square faces about the pseudo-trigonal axis. The related angles in C1, of 103.66(7) 

and 118.95(7)°, are much more consistent with the distorted octahedral geometry. All of the 

coordination bond lengths, falling in the range 2.250(7) – 2.373(7) Å, are consistent with 

those observed in complex C1, with bonds to the central pyridine nitrogen atoms displaying 

the shortest distances. Unlike C1, all of the pyridine-pyridine torsions in C2 are near 

planarity (in the range of 5.3(9) – 7.8(9)°), and the phenyl-pyridyl torsion angles display 

comparable values, in the range of 15.7(11) – 49.1(10)°. 

Figure 2.5 (a) The octahedral geometry of C1 compared to the trigonal prismatic of (b) C2.  
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Two predominant intermolecular interaction modes are present between complexes 

within the structure of C2. The non-equivalent pairs of complexes associate with face-to-

face π-π interactions between the two dipyridyl groups, with a mean dipyridyl-dipyridyl 

interplanar angle of 2.2° and minimum interatomic distance of 3.250(12) Å (C4-C40). These 

interactions are supplemented by reciprocated chelating C-H···O hydrogen bonding 

interactions between the inwards-directing C-H groups of each ring on one complex and the 

coordinating carboxylate oxygen atom (O5/O9) of the adjacent species. For the tightly bound 

dimers, the six C-H···O interactions display C···O distance in the range 3.247(10) – 

3.576(11) Å, and C-H···O angles 148.8(6) – 171.0(5)°, illustrated in Figure 2.6.  

Figure 2.6 Structure of complex C2, with labelling scheme for coordinating atoms (top) and showing polydentate C-H···O 

hydrogen bonding interactions between adjacent complexes in the extended structure (bottom). Selected hydrogen atoms 

are omitted for clarity. 

 

These interactions are also a dominant feature on the calculated dnorm Hirshfeld 

surface (Figure A.12, in the appendix).214, 215 Additionally, the dimeric association of 

neighbouring complexes causes unusually close contacts between the nitro groups and the 

chelating pyridine nitrogen atoms of the adjacent ligand, with N···O distances of 2.793(10) 

and 2.932(11) Å for O3···N11 and O15···N5, respectively. These dimeric assemblies are 

further linked to neighbouring complexes by weaker C-H···O hydrogen bonding interactions 

to non-coordinating carboxylate oxygen atoms, although the influence of this interaction on 
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the extended structure is lessened by the lack of any substantial π-π overlap between the 

adjacent complexes. Additionally, various C-H···O interactions involving the nitro groups, 

and C-H···π interactions are present within the structure. Overall, these interactions 

contribute to forming a densely packed extended structure containing no void volume or 

encapsulated solvent molecules.  

 

2.4 Synthesis and Structure of Polynuclear Cadmium Complexes (C3 and 

C4) 

Interestingly, during the screening process for the optimised syntheses of C1 and C2, two 

additional phases were discovered. By reacting either 43 or 39 with cadmium nitrate at 

higher concentrations in neat DMF and 1:1 (M:L) stoichiometries gave rise to a different 

crystalline material in both cases compared to those observed in complexes C1 and C2. The 

single crystal X-ray diffraction data of [Cd3(38)3(NO3)2(DMF)4]NO3 C3 were solved and 

refined in the triclinic space group P-1, with the asymmetric unit containing three unique 38 

ligands, deprotonated and coordinating to three unique Cd(II) ions, forming a trinuclear 

complex obtained in 56% yield. The corresponding X-ray table is shown in Table A.2 in the 

appendix. Each cadmium ion adopts a seven-coordinate pentagonal bipyramidal geometry. 

The two axial positions of each metal ion are occupied by either nitrate anions or DMF 

molecules, while the equatorial positions are occupied by a single tridentate chelate from 

one molecule of 38 and a chelating carboxylate group from another 38 molecule. Thus, each 

ligand coordinates in a μ2-κN,N′,O:κO,Oʹ bridging mode, illustrated in Figure 2.7(top) and 

(bottom).  

The overall assembly resembles an approximately threefold-symmetric disc with a 

central six-membered Cd3O3 ring, with the three Cd···Cd distances 4.819(1), 4.686(1) and 

4.6745(9) Å for Cd3-Cd2, Cd2-Cd1, and Cd1-Cd3, respectively. This approximate 

symmetry is disrupted by the asymmetric distribution of the axial ligands, where cadmium 

ion Cd3 has both axial positions occupied by DMF molecules, while Cd1 and Cd2 are 

coordinated by one nitrato and one DMF ligand each, in an anti-arrangement to one another 

across the central plane. To complete charge balance, the asymmetric unit also contains one 

disordered non-coordinating nitrate anion, whereas no non-coordinating solvent molecules 

were detected crystallographically from the Fourier residuals. 
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Figure 2.7 Structure of complex C3, showing the central cluster core and coordination environment with labels for 

coordinating atoms (top) and the complete structure of the complex (bottom). Non-coordinating nitrate anion and all 

hydrogen atoms are omitted for clarity. 

 

Each of the metal-ligand bond distances are greater in C3 than their equivalents in 

the related mononuclear complex C1, falling in the range 2.299(7) – 2.353(6) Å for Cd-N 

bonds and 2.289(7) – 2.507(6) Å, consistent with the higher coordination number of the 

metal ions in C3. Within the extended structure, depicted in Figure 2.9(left), the largely flat 

trinuclear clusters of C3 associate through various face-to-face π-π interactions, supported 

by C-H···O interactions between the 38 backbone and the nitrato and DMF ligands of 

adjacent complexes. These interactions are generally reminiscent of those observed in the 

structures of the two mononuclear complexes C1 and C2. In addition, the bridging 

coordination geometry provides additional opportunities for chelated C-H···O interactions 

on the outer faces of each 38 molecule in concert with the outer pyridine C-H groups of 

adjacent ligands. The extended structure of C3 can be considered in terms of columns aligned 

parallel to the crystallographic a axis consisting of the central metal cores and axial ligands, 

with the disc-shaped periphery of 38 groups extending into the b and c directions and 

interdigitated with those of adjacent columns, supported by π-π and C-H···O interactions. 
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These columns are arranged in a honeycomb rod-type packing motif, with the interstitial 

spaces occupied by the disordered nitrate anions. 

The reaction of 39 with cadmium nitrate under the equivalent, more concentrated 

conditions, produced a crop of colourless crystals of [Cd3(39)3(NO3)2(DMF)4]NO3·DMF 

C4, in 38% yield. The diffraction data for which were solved and refined in the triclinic 

space group P-1. The corresponding X-ray data are shown in Table A.2 in the appendix. 

The asymmetric unit of C4 is closely related to that of C3, containing a trinuclear complex 

consisting of three seven-coordinate pentagonal bipyramidal Cd(II) ions, three deprotonated 

39 ligands, four DMF and two nitrato ligands, and a non-coordinating nitrate anion and 

lattice DMF molecule, Figure 2.8(a) and (b). The three cadmium ions and ligand molecules 

in C4 adopt equivalent coordination geometries to those in C3, and the Cd-Cd distances in 

the range 4.599(7) – 4.839(6) Å are in close agreement with those observed in C3. The 

arrangement of nitrato and DMF ligands in C4 is slightly different, with both nitrato ligands 

occupying the axial positions of cadmium ion Cd2, while the coordination spheres of the 

other two cadmium ions are completed by DMF ligands only. No meaningful differences in 

metal-ligand bond lengths are observed between the three cadmium ions, or with the 

equivalent distances in the structure of C3. 

 

Figure 2.8 (a) Structure of complex C4, showing core connectivity with labelling scheme for coordinating atoms (a) and 

complete structure of the complex (b). Non-coordinating DMF molecule and nitrate anion, positional disorder in 

coordinating DMF ligand, and all hydrogen atoms are omitted for clarity. 

 

The intermolecular interactions in the structure of C4 adopt a similar disc-like shape 

and are also related to those observed in C3. The packing motifs are largely dominated by 

π-π interactions, amplified by C-H···O interactions between the electron deficient aromatic 

C-H groups and the oxygen atoms of axial ligands from adjacent molecules. Numerous such 

interactions can be expressed in the dnorm Hirshfeld surface plot for the complex, (Figure 
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A.8 in the appendix) and features on the fingerprint plot reminiscent of C3, and the 

mononuclear complexes C1 and C2 are present, discussed further in Section 2.7. As was 

observed in complex C3, adjacent complexes overlap along the a axis into columns which 

interdigitate with one another via these interactions. However, rather than the regular 

honeycomb packing motif of these columns observed in C3, in C4 these columns are 

arranged into layers oriented in the ac plane by intermolecular π-π and C-H···O interactions, 

while the interactions in the b direction separate the metal sites by a greater degree, Figure 

2.9(right).   

 

Figure 2.9 Comparison in the extended packing motif for complexes C3 (left) and 4 (right); while a single stack of C3 

interacts with three others in a pseudo-trigonal packing arrangement, stacks of C4 associate into dimers at the unique edge 

before further associating (c axis horizontal). The colours employed represent the unique molecules interdigitated.  

 

Both complexes C3 and C4 exhibited sensitivity to atmospheric water on extended 

drying in ambient air. Thermogravimetric analysis was conducted on two batches of C3 and 

C4, one of which was freshly synthesised whereas the other had been drying in air for three 

weeks. The freshly isolated samples both exhibit small initial mass losses (ca. 4%) 

corresponding to surface and loosely bound solvent, as well as mass losses in the temperature 

range of 100 – 230 °C corresponding to loss of the coordinating and non-coordinating DMF 

molecules (measured at 14% and 16% and calculated to be 16% and 19% for C3 and C4, 

respectively). On standing in air for three weeks, the higher temperature steps (100 – 230 

°C) are reduced to 4% and 8% for C3 and C4, respectively, while both compounds exhibit 

an increased 8% mass loss between room temperature and 100 °C, Figure 2.10. The loss of 

lattice DMF molecules and incorporation of atmospheric water in both cases is corroborated 

by microanalysis on the air-dried samples, which showed both compounds can be described 
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by the formulation [Cd3(L)3(NO3)3]·1.5DMF·3H2O (calculated to be 6.5% wt. DMF, and 3 

% wt. H2O, where L = 38 or 39), but not suitably approximated by the original loading of 4 

to 5 DMF molecules per cluster. Adsorption of atmospheric water is often observed in both 

polymeric frameworks and porous molecular materials, and can lead to structural changes 

particularly where the guest molecules are loosely bound or arranged in contiguous solvent 

channels.120, 216, 217 Exposure to air for extended periods led to cracking and consequent loss 

of single crystallinity in both C3 and C4, preventing the monitoring of this process by X-ray 

diffraction.  

Figure 2.10 TGA plot of (a) C3 and (b) C4, freshly isolated (red) compared to a sample after three weeks of standing in 

air (blue) which show the consequent loss of DMF and addition of water. 

 

2.5 Synthesis and Structure of Cobalt(II)/Cobalt(III) Complexes (C5 – C8) 

After the examination of the coordination chemistry of 38 and 39 with the labile coordination 

sphere of Cd(II), and the emergence of both mononuclear and trinuclear species for each 

ligand, Co(II) was then investigated with the expectation of forming more well-defined 

mononuclear complexes with regular octahedral geometry. Surprisingly, however, the 

reaction between either 43, 38 or 39 in DMF at 100 °C gave mixtures of products over the 

course of twenty-four hours. The predominant products were the divalent species [Co(38)2] 

C5 and [Co(39)2] C7  however, a crystalline trivalent impurity was also identified in both 

cases, with the formulation [Co(38)2]NO3 C6 or [Co(39)2]NO3 C8, the X-ray data of which 

can be found in Tables A.2 – A.3 in the appendix. Although such in-situ metal ion oxidations 

under solvothermal conditions are not especially uncommon,218 it proved unable to generate 

either trivalent species on larger scales or in pure phase bulk despite many attempts at both 

regeneration of the complex itself or oxidation of the Co(II) species. Nonetheless, the 

modification of the reaction solvent to 1:1 H2O/DMF was sufficient to remove the trivalent 

impurities from the isolated materials giving each of the divalent materials as pure crystalline 
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phases for both isomers. The diffraction data for C5 were solved and refined in the 

monoclinic space group C2/c, with the asymmetric unit containing one molecule of 38 

deprotonated and coordinating to a Co(II) ion occupying a crystallographic inversion centre, 

Figure 2.11(top) in 43% bulk yield.  

Figure 2.11 Structure of complex C5, with labelling scheme for coordinating atoms (top) and reciprocated polydentate C-

H···O interactions between adjacent molecules in the extended structure (bottom). Symmetry codes used to generate 

equivalent atoms: (i) 1–X, +Y, ½–Z.  

 

Two equivalent ligand molecules coordinate to the cobalt ion in a distorted 

octahedral geometry, with each ligand providing narrow cis bite angles of 76.95(13)° and 

75.42(14)° for O1-Co1-N2 and N1-Co1-N2, respectively. These angles are comparable to 

those observed in the mononuclear complexes C1 and C2, although the octahedral distortion 

parameter Σ of 132 ° is considerably smaller, consistent with the greater tendency towards 

octahedral geometry of metal ions with greater d-orbital character. The metal-ligand bond 

lengths also show some level of distortion, with the Co-N bond to the central pyridine 

nitrogen atom N1 of 2.041(2) Å considerably shorter than the bonds to N2 and O1, at 

2.142(5) and 2.114(4) Å, respectively. The ligand adopts a relatively planar conformation, 

with a slight twist in the nitrophenyl ring relative to the central pyridine ring of 29.9(7)° (C9-

C8-C12-C17 dihedral angle). 

Adjacent molecules of C5 associate through a π-π stacking interaction coupled with 

a series of C-H···O interactions. The dipyridyl moieties from two molecules associate in an 
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offset face-to-face fashion, with mean interplanar distances of 3.40 Å between parallel 

dipyridyl units. This interaction places the coordinating carboxylate oxygen atom O1 in the 

vicinity of several electron deficient C-H groups from the adjacent molecule, with C···O 

distances 3.422(5), 3.270(5) and 3.670(5) Å and C-H···O angles 152.5(3), 161.0(3) and 

156.0(3)° for C7, C4 and C13, respectively, Figure 2.10(bottom). These interactions, 

similar to those observed for complex C2 and which are a dominant feature on the calculated 

Hirschfeld surface for the molecule (Figure A.8 in the appendix), are reciprocated between 

pairs of molecules, and align complexes into columns parallel to the c axis. Adjacent 

columns associate through weaker π-π and C-H···π interactions involving the terminal 

nitrophenyl group.  

The diffraction data for the trivalent species [Co(38)2]NO3 C6 was refined in the 

triclinic space group P-1, with the asymmetric unit containing one [Co(38)2]
+ cation and an 

associated non-coordinating nitrate anion, Figure 2.12. The geometry of the complex is 

closely related to that observed in C5, with the expected contraction in M-L bond lengths, 

each of which shortened by ca. 0.1 Å compared to the divalent complex. Once more, the 

bonds to the central pyridine rings (1.855(2) and 1.857(2) Å for N2 and N5, respectively) 

are shorter than those to the outer pyridine groups (1.943(2) and 1.959(2) Å for N1 and N2, 

respectively) and the carboxylate oxygen atoms (1.931(2) and 1.913(2) Å for O1 and O5, 

respectively). The octahedral distortion parameter is also significantly reduced to 63°, 

consistent with a better fit of the smaller Co(III) ion within the binding pocket. The 

intermolecular interactions of C6 are closely related to those observed in C5, with variations 

based on slight differences in ligand geometry and the presence of the nitrate anion within 

the lattice. One unique 38 group engages in a similar π-π stacking and C-H···O hydrogen 

bonding mode as observed in C5, albeit with considerably weaker inter-complex 

interactions. The mean interplanar distance of 3.52 Å between the equivalent dipyridyl mean 

planes and C···O distances in the range 3.430(3) – 4.306(3) Å for this interaction are both 

indicative of a significantly weaker attractive force between the two molecules. 

 The other 38 molecule interacts with the nitrate anion through an unusually short 

electrostatic interaction between nitrate oxygen atom O11 and nitrogen atom N3 from the 

aromatic nitro group, of N-O distance 2.873(3) Å. In similar systems this anion-π interaction 

is accounted for by the presence of a nitroaromatic π-hole.219-221 This interaction is 

accompanied by a substantial bending of the phenyl ring of the 38 molecule out of the 

meridional plane of the metal centre in the opposite direction from the nearby anion. The 



                                Chapter 2: Crystal Engineering of 6-Carboxy-4-Aryl-2,2'-Bipyridine Complexes 

53 

 

differences in geometry can be conveniently visualised by overlaying the two molecular 

structures, illustrated in Figure 2.12, (bottom). 

 

Figure 2.12 Structure of complex C6 with partial atom labelling scheme (top), and overlaid structures of complex C5, 

shown in blue, and complex C6, shown in red (bottom). Hydrogen atoms are omitted for clarity. The distance N3···O11 

corresponding to the anion···π-hole contact is 2.873(3) Å. 

 

The interplanar angle of 12.0° between the NO3
- mean plane and the mean plane of 

the aromatic nitro group C-NO2 shows the two groups are near-parallel to each other.  

Besides these interactions, the extended structure is densely packed, with no encapsulated 

solvent molecules or void volume, and is largely defined by a series of C-H···O interactions 

involving the nitrate anion, and additional C-H···π interactions of the terminal phenyl ring. 

Compound 39 was then also reacted under these conditions with cobalt nitrate 

hexahydrate in DMF at 100 °C to yield light brown crystalline material after twenty-four 

hours, which contained a mixture of the divalent [Co(39)2] C7 and the trivalent 

[Co(39)2]NO3
- C8. Although the crystalline material of C7 was not of sufficient quality to 

analyse by single crystal X-ray diffraction, the X-ray powder diffraction pattern of C7 

closely matched the structurally equivalent Cd monomer [Cd(39)2] C2, (portrayed in Figure 

A.15 in the appendix) and microanalysis confirmed an equivalent formulation as the divalent 

anhydrate [Co(39)2] in 86% bulk yield. The single crystal X-ray diffraction data for 

[Co(39)2]NO3
 were solved and refined in the monoclinic space group P21/n where the 
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asymmetric unit contains two molecules of 39 de-protonated and coordinating to a Co(III) 

ion, and an associated non-coordinating nitrate anion, Figure 2.13. The complex C8 displays 

very similar structural features to those seen in C6. A similar distorted octahedral geometry 

is observed with comparable cis bite angles at 85.59(12)° and 83.32(12)° for O1-Co1-N2 

and N1-Co1-N5, respectively, and 81.99(12)° and 81.84(13)° for N1-Co1-N2 and N4-Co1-

N5, respectively. The distortion parameter Σ of 70° is also similar to that seen in C6. Also 

similar are the metal-ligand bond lengths, wherein the bonds to the outer pyridine rings 

(1.948(3) and 1.953(3) Å for N1 and N4 respectively) are longer than those to the central 

groups (1.847(3) and (1.856(3) Å for N2 and N5 respectively) and the carboxylate atoms 

(1.918(3) and 1.919(3) Å for O5 and O1 respectively). In corroboration with C6, the nitrate 

anion enforces a break in the ligand symmetry, but C8 shows significantly less π-π stacking 

than in the 4-nitro analogue.  

The presence of the nitro group in the 3-position on the phenyl ring affords the 

opportunity for extended C-H···O hydrogen bonding, with pairs of complexes linked by an 

interaction consisting of five hydrogen bond donors and two hydrogen bond acceptors. 

Oxygen atom O3 from the 3-NO2 group accepts two hydrogen bonds from the carbon atoms 

C25 and C34 of the adjacent molecule, with C···O distances 3.196(4) and 3.479(5) Å and 

C-H···O angles of 171.1(2) and 160.0(2)° respectively, Figure 2.13(bottom).  Carbon atoms 

C7 and C13 act as hydrogen bond donors to the non-coordinating carboxylate oxygen atom 

O6, at C···O distances 3.351(4) and 3.454(4) Å and C-H···O angles 172.2(2) and 166.4(2)° 

respectively. Carbon atom C4 also participates in C-H···O hydrogen bonding primarily with 

the non-coordinating oxygen atom O6 at C···O distance 3.513(5) Å and a C-H···O angle of 

169.2 (2)° and is weakly bifurcated by the coordinating oxygen atom O5 (C···O distance 

3.194(5) Å and C-H···O angle 133.7(3)°. 

In addition to these interactions linking adjacent complexes several electrostatic 

contacts are observed between the complex and the nitrate anion. Carbon atom C1 donates 

a weak hydrogen bond to nitrate oxygen atom O11, at a C···O distance of 3.194(5) Å and 

C-H···O angle of 157.5(2)°. In a similar manner to C2, a short intermolecular anion···π-hole 

contact is observed between the nitrate anion and one aromatic nitro group. The distance 

between nitrate oxygen atom O10 and nitro group nitrogen atom N3 of 2.819(4) Å is 

marginally shorter compared to C6, while the nitrate-nitroaryl mean interplanar angle of 52° 

is significantly larger. The emergence of two crystalline phases from each combination of 

metal and ligand is a commonly encountered obstacle in the solvothermal preparation of 
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metal complexes and coordination polymers, where polymorphism or co-existing isomeric 

species are regularly observed.222-224 

 Figure 2.13 Structure of complex C8 with partial atom labelling scheme (top), and polydentate C-H···O hydrogen bonding 

interactions between adjacent molecules in the structure of C8 (bottom). Selected hydrogen atoms are omitted for clarity. 

The distance N3···O10 is 2.819(4) Å. 

 

Through careful and systematic exploration of reaction conditions, pure single-phase 

products of C2, C3, C4, C5 and C7 could be generated, while complex C1 was observed to 

co-crystallise with small quantities of inorganic impurities under all reaction conditions. The 

trivalent cobalt species C6 and C8 could not be generated in bulk. This is most likely due to 

the consumption of the trace oxidant present in the reaction mixture (potentially either 

atmospheric oxygen or a nitrate-derived species) and the concomitant build-up of reduced 

by-products. Nevertheless, the addition of stoichiometric nitric acid had no effect on the 

outcome of the solvothermal reaction of ligands 43 and 39 with cobalt nitrate hexahydrate, 

indicating the significant stability of the divalent species once formed.  
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2.6 Synthesis and Structure of Chromium Complexes (C9 – C11) 

With knowledge of the coordination sphere conceivable for the 6-carboxy-4-aryl-2,2'-bpy 

ligand system in hand, the comparison of ML complexes to the ML2 described in the 

previous sections was then investigated. Furthermore, the possibility of generating a neutral 

ML complex containing labile coordinated ligands which could be reacted onwards to 

generate larger mixed metal/ligand structures was examined. For this study, the use of the 

inert chromium chloride was a natural fit. The reaction of 43 with chromium chloride 

hexahydrate in DMF at 100 °C for forty-eight hours gave a crop of green rod-shaped crystals 

in pure bulk phase with 20% yield. The single crystal X-ray diffraction data were collected 

and solved in the triclinic space group P-1, giving [Cr(38)Cl2DMF] C9, Figure 2.14. The 

X-ray data for which are shown in Table A.3 in the appendix. 

The asymmetric unit contains one molecule of 38 deprotonated and coordinated to 

the Cr(III) ion, a coordinating DMF molecule and two cis orientated chlorido ligands, 

completing the octahedral coordination sites about the chromium ion. The narrow cis bite 

angles of 38 to the metal centre, 79.22(6)° and 77.41(7)° for N2-Cr-O1 and N2-Cr-N1, 

respectively, give rise to a small distortion parameter Σ of 69°. The nitrophenyl moiety is 

essentially co-planar to both pyridyl rings. The bipyridyl moieties interact in an offset face-

to-face manner with a mean plane distance of 3.47 Å. The coordinating oxygen atom O1 of 

the carboxylate moiety participates in the shorter of two CH···O interactions with a C···O 

distance of 3.088(3) Å and a C-H···O angle of 126.00(13)° for C4-H4···O1. The non-

coordinating oxygen atom O2, participates in the longer interaction with a distance of 

3.468(3) Å and a C-H···O angle of 170.42(12)° for C13-H13···O2. The extended network 

of C9 is defined by π-π stacking and significant C-H⸱⸱⸱O interactions, which are further 

examined in Section 2.7 

Figure 2.14 Structure and partial atom labelling scheme of complex C9 showing the chlorido ligands in a cis orientation 

to each other. Hydrogen atoms are omitted for clarity.  
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 Further reaction of 43 with chromium chloride in either DMA or NMP as solvent 

gave the corresponding trans orientated chlorido isomers, C10 and C11, shown in Figure 

2.15(top) and (bottom), in 18 and 32% yield, respectively. The X-ray data for these 

complexes are shown in Table A.3 in the appendix. Interestingly, we found it was possible 

to oscillate between the cis and the trans isomer by generating the chromium complex (C9, 

C10 or C11) and subsequently recrystalising the sample in the appropriate reaction solvent, 

monitored by powder X-ray diffraction analysis, through repetitive cycles with quantitative 

recovery. 

Figure 2.15 Structures and partial atom labelling scheme of complexes C10 (top) and C11 (bottom), showing the chlorido 

ligands in trans orientation to each other.  

 

As C9, C10 and C11 are metal-ligand complexes in terms of their stoichiometry, as 

opposed to those reported in the preceding sections, the weak C-H···Cl interactions between 

neighbouring molecules contribute to the overall π-π stacking present in the extended 

network. In the instance of C9 both cis chlorido ligands Cl1 and Cl2 participate in these 

interactions with both the nitro-phenyl functionality and a bifurcated hydrogen bond 

donation from the coordinated DMF molecule with C···Cl distances and associated C-H···Cl 

angles within the ranges of 3.382(2) – 3.761(3) Å and 125.00(12) – 147.47(8)° respectively. 

In contrast, the complexes C10 and C11 exhibit slightly different interactions due to the 
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chlorido ligands occupying the axial positions around the chromium atom. The chlorine atom 

Cl1 accepts hydrogen bonds from the carbon atoms C4, C7 and C16 in both C10 and C11 

with C···Cl distances and associated C-H···Cl angles within the ranges of 3.454(5) – 

3.711(9) Å and 135.819(14) – 155.778(10)°, respectively. The chlorido ligand Cl2 within 

complex, C11 accepts three hydrogens bond from carbon atom C1 and C2 of the pyridine 

moiety and C22 of the coordinated NMP molecule with C···Cl distances and associated C-

H···Cl angles in the range of 3.745(8) – 4.204(9) Å and 123.902(5) – 129.864(14)°, 

respectively.  

With a view of reacting this system on as a ‘ligand’ to generate heteroleptic 

complexes, it was attempted to displace the chlorido ligands and replace them with a more 

labile leaving group, achieved by heating C10 to reflux in the presence of silver 

trifluoromethansulfonate (2 equiv.) in tetrahydrofuran overnight. The resulting precipitate 

(3 mg) was analysed by powder X-ray diffraction, whose peaks could be matched to the 

reported powder patterns of silver chloride, Figure 2.16, indicating some exchange of the 

coordinating chlorido ligands with the triflate counter ion, although potentially non-

quantitatively. The reaction mixture was reduced in vacuo to yield a green oil. The 19F NMR 

spectrum of the residue (DMSO-d6) showed one defined peak at –77.74 ppm indicative of 

the presence of fluorine in the structure. However, by using DMSO-d6 as an NMR solvent, 

these molecules may have displaced the reactive triflate ligands upon dissolution.  The 19F 

NMR spectrum (DMSO-d6) of silver trifluoromethansulfonate has a peak at –77.24 ppm, 

showing a small, but measurable shift of the triflate fluorine resonance, Figure A.19 in the 

appendix. 

Figure 2.16 Powder X-ray diffraction pattern of C11 (red) measured at room temperature compared to the pattern simulated 

from single crystal X-ray data obtained at 100 K (blue). The pattern of C11 is compared to the pattern of the precipitate 

(grey), obtained at room temperature, gained from the reaction with silver trifluoromethansulfonate which corresponds to 

the reported values for silver chloride.  
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The green oil obtained from the reaction was then reacted onwards using easily 

chelating ligands such as ethanol, pyridine, and 4,4ʹ-bpy. Unfortunately, several attempts to 

crystallise the resultant compounds were unsuccessful and the powder X-ray diffraction 

patterns of the reactions with these ligands showed no changes relative to the pattern 

obtained for pristine C11. The 1H NMR spectra of C11 and exchanged-C11 were analysed, 

however due to the paramagnetic nature of Cr(III), the spectrum of C11 was much too broad 

to provide any useful structural information about the complex. The 19F NMR spectrum for 

exchanged-C11 showed no fluorine resonances present, suggesting consumption of the 

triflate ligands. The exact mass of the complex was attempted to be discerned by high 

resolution electrospray ionisation mass spectrometry (ESI) but no strong conclusions could 

be drawn from the data of the nature of the resultant complex. Reported complexes of Cr(0) 

and Cr(III) have been renowned to exhibit interesting photophysical and photochemical 

properties. These ligands were examined for such properties but unfortunately, the presence 

Cr(III) ion did not improve the fluorescence properties of the ligand scaffold.225 

 

2.7 Hirshfeld Analysis of Complexes C1 – C11 

The combination of electron-deficient pyridine and nitrophenyl groups make 38 and 39 

prime candidates for use C-H hydrogen bond donors, which are well known to play a 

significant role in intermolecular packing, especially when present in the absence of 

stronger, directional intermolecular synthons.56, 210, 211 In each of the eleven complexes 

presented thus far in this chapter, these interactions are prevalent and particularly occur 

between the three inwardly directed ‘bay’ of C-H groups from the three aromatic rings (the 

6′, 3 and 3′′/2′′ positions for 38 and 39 respectively) and the carboxylate oxygen atoms of an 

adjacent complex. The particular interaction modes of the ML2 complexes presented above 

also include contributions from face-to-face π-π interactions and are reminiscent of the 

renowned P4AE interaction mode reported by Dance, which is prevalent in many octahedral 

metal complexes and for ligands that contain predominantly aromatic character.65, 222  

The C-H···O character of the interactions in complexes C1 – C6 and C8 (whereby 

complex C7 is presumed to behave in a very similar fashion to C2 by account of their 

equivalent cell settings) can be summarised with the use of the Hirshfeld surface fingerprint 

plot, highlighting O···H and H···O contacts within the structures, shown in Figure 2.17.214, 

215 In each instance, well-defined and symmetric features consistent with reciprocated C-

H···O interactions between complexes are observed, which also appear as notable features 
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on the dnorm Hirshfeld surface plots for each complex (Figure A.8 in the appendix). The 

asymmetric contact for complex C1 represents the additional strong O-H···O hydrogen bond 

from the lattice water molecule. 

Figure 2.17 Fingerprint plots for complexes C1 – C6 and C8 with H···O and O···H contacts highlighted, with each plot 

showing the distinctive symmetric binodal pattern. The asymmetrical nature of C1 arises from the strong O-H···H 

interaction from a lattice water molecule.  

 

In a similar fashion, the extended structural networks for the ML complexes C9–C11 

contain a series of π-π and C-H···O hydrogen bonding interactions to adjacent molecules, 

occurring between the electron deficient aromatic C-H groups and the oxygen atoms of axial 

ligands. Although C9–C11 are ML in nature, these interactions are reminiscent of those 

observed for complexes C1, C2 and C5 – C8. The chlorido ligands participate in Cl⸱⸱⸱O 

interactions which, aid in keeping the adjacent molecules in close proximity so that the 

intermolecular interactions of C9 – C11 corroborate to the π-π and C-H⸱⸱⸱O interactions seen 

for the ML2 complexes.  

Numerous such interactions can be expressed in the Hirshfeld surface with mapped 

dnorm plot for the complexes, portrayed in Figure A.9 in the appendix. The C-H···O character 

between neighbouring complexes can be illustrated, as before, using the Hirshfeld 

fingerprint plot, by highlighting the O···H and H···O contacts in the structures C9 – C11a. 

In contrast to C9 and C10, complex C11 shows other distinct diagonal features on the 

fingerprint plot, these features were assigned by highlighting the Cl···H and H···Cl contacts 

for C11 (C11b in Figure 2.18) with the H···Cl contacts originating from the nitro-phenyl 

moiety and the methyl group of the coordinated NMP molecule and chlorido ligand, Cl1. 
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These plots, portrayed in Figure 2.18, correlate the distinct binodal nature observed for 

complexes C1 – C8 for well-defined and symmetric C-H···O interactions and, C-H⸱⸱⸱Cl 

interactions in the case of C11.  

 

Figure 2.18 Fingerprint plots for complexes C9 – C11a with H···O and O···H contacts highlighted, and C11b with H⸱⸱⸱Cl 

and Cl⸱⸱⸱H contacts highlighted, with each plot showing the distinctive symmetric binodal pattern. 

 

To conclude this section, eleven discrete coordination complexes were obtained 

using cadmium, cobalt and chromium ions, and their structural properties were examined. 

With an understanding of the coordination preferences now in hand, attention was then 

turned towards the formation of coordination polymers which incorporate the 2,2'-bpy motif 

and utilise the carboxylic acid in the 6-position as well as the substitution on the phenyl ring.  

 

2.8 Synthesis and Structure of One- and Two-Dimensional Coordination 

Polymers (C12 – C15) 

2.8.1 1D Polymeric Networks (C12 and C13) 

In an attempt to create polymeric structures that utilise the carboxylate moiety in the 6-

position of the bpy ring, the stoichiometry of metal ions used in the reactions was therefore 

increased. The reaction of 43 with 1.5 equiv. of copper nitrate hemipentahydrate in DMF at 

100 °C produced green plate shaped crystalline material after eighteen hours which were 

suitable for X-ray diffraction experiments and phase purity was determined by X-ray powder 

diffraction analysis, Figure A.18 in the appendix. The single crystal X-ray data were solved 

and refined in the monoclinic space group P21/c, the X-ray data are shown in Table A.4 in 

the appendix. The asymmetric unit contains one molecule of 38 deprotonated and 

coordinating to a Cu(II) ion, a nitrato ligand, and a non-coordinated DMF molecule to give 

[Cu(38)NO3]·DMF C12, in 8% yield, shown in Figure 2.19. 
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Figure 2.19 Structure and partial atom labelling scheme of complex C12. Hydrogen atoms omitted for clarity.  

 

The axial position of the copper ion is occupied by the oxygen atom O2 of the 

neighbouring unit, with the carboxylate coordinating in a μ2-κO:κO´ bridging mode with a 

long O···Cu distance of 2.2791(17) Å, producing square pyramidal geometry about the metal 

ion. This interaction generates a one-dimensional polymeric assembly which propagates in 

a herringbone fashion, portrayed in Figure 2.20. Other major intermolecular interactions 

that help form the extended network include C-H···O hydrogen bonding and π-π 

interactions. The oxygen atom O5, of the coordinating nitrato ligand, accepts a hydrogen 

bond from the carbon atom C9 of the adjacent complex C12 with a C···O distance 3.267(3) 

Å a C-H···O angle of 158.54(15)°. The oxygen atom, O8 of the non-coordinated DMF 

molecule accepts three C-H···O bonds from carbon atoms C4, C7 and C17 of 38 with C···O 

distances of 3.325(3), 3.215(3) and 3.375(3) Å, respectively, and C-H···O angles of 

168.11(15), 173.54(15) and 175.24(16)°, respectively. 
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Figure 2.20 The one-dimensional “herringbone” type network of C12 built up through the bridging carboxylates in the 6- 

position of 38. Hydrogen atoms are omitted for clarity.  

 

The employment of lanthanide ions was then analysed as these metal ions have a 

higher coordination number it would encourage binding through the carboxylate moiety of 

the 2,2'-bpy systems to generate coordination polymers. In a similar fashion, to C12, when 

compound 39 was reacted with ytterbium nitrate pentahydrate in DMF at 100 °C for thirty-

six hours, colourless block crystalline material was found amongst various amorphous by-

products. The reaction yielded sufficient quantities of colourless crystals for characterisation 

to yield a structural model. The single crystal X-ray diffraction data were collected and 

solved in the monoclinic space group P21/n. The corresponding X-ray data for C13 are 

shown in Table A.3 in the appendix. The asymmetric unit contains one molecule of 39 

deprotonated and coordinating to the lanthanide ion, as well as one coordinating DMF 

molecule and two associated chelating nitrato ligands to give [Yb(39)2(NO3)23DMF], C13. 

The resultant connectivity environment of C13 is illustrated in Figure 2.21. Similar to what 

was observed in C12, the oxygen atom of the carboxylate moiety, O2, that is not coordinating 

to the metal ion in the asymmetric unit, is linked to the metal ion of the adjacent structure 

which bridge the two molecules together in a μ2-κO:κO´ bridging mode. 
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Figure 2.21 Connectivity environment of C13 with partial atom labelling scheme. Hydrogen atoms are omitted for clarity. 

Symmetry codes used to generate equivalent atoms are (i) 1/2–X, 1/2+Y, 1/2–Z (ii) 1/2–X, –1/2+Y, 1/2–Z.   

 

This interaction is repeated to build up a one-dimensional polymeric assembly, 

demonstrated in Figure 2.22. This extended structure consists of a series of π-π interactions, 

in combination with C-H···O interactions. In structure C13, the nitrophenyl moiety is 

coplanar with respect to the bipyridyl rings and neighbouring molecules on adjacent strands 

interact with each other via slightly offset face-to-face π-π interactions with a mean plane 

distance of 3.36 Å. Both the chelating nitrato and the nitro group in the 3-position on the 

phenyl ring act as the major hydrogen bond acceptors for the C-H···O interactions. The non-

chelating oxygen atom O7, from the nitrato group accepts two hydrogen bonds from the 

phenyl and bipyridyl groups with C···O distances of 3.334(3) and 3.468(3) Å for C17-O7 

and C7-O7 with their respective C-H···O angles of 159.80(15) and 169.45(16)°. These one-

dimensional polymeric networks (C12 and C13) which utilise the carboxylate oxygen atom 

in the 6-position of the bpy ring correlate well with related structures described in the 

literature examples detailed in Chapter 1. 



                                Chapter 2: Crystal Engineering of 6-Carboxy-4-Aryl-2,2'-Bipyridine Complexes 

65 

 

Figure 2.22 The one-dimensional polymeric network of C13 which is built up through bridging carboxylates in the 6- 

position. Hydrogen atoms are omitted for clarity.  

 

These results portray the utility of the functionality present in the 6-position of 43 

and 39 in linking neighbouring units in a polymeric assembly. The effect of the functionality 

present in the 4-phenyl position on the coordination sphere was then investigated using 

compounds 42 and 40 with d-block metal ions.  

 

2.8.2 2D Polymeric Networks (C14 and C15) 

In succession to the one-dimensional networks of C12 and C13, the reaction of the 

dicarboxylate compound, 42, in DMA with manganese chloride tetrahydrate at 100 °C for 

eighteen hours gave trace amounts of yellow block crystalline material amongst amorphous 

by-products. Although the single crystals of C14 were small and suffered from non-

merohedral twinning, the diffraction data collected were of sufficient quality to generate a 

connectivity model and were solved in the monoclinic space group C2/c, where the 

asymmetric unit contains one molecule of 42, deprotonated and coordinating to one unique 

manganese ion, [Mn(42)2] C14, Figure 2.23. The X-ray data are shown in Table A.4 in the 

appendix. The ligand connects three equivalent Mn(II) ions through the bipyridyl group and 

both carboxylate moieties of 42 in an octahedral geometry which forms the extended 

polymeric network in two dimensions. This arrangement forms a (4·82) topology whereby 

each 42 ligand and manganese metal ion is defined as a node. Complementary to the one-

dimensional coordination polymers, C12 and C13 described in the preceding section, the 
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carboxylate group adjacent to the bipyridyl moiety links two neighbouring molecules of C14 

via the oxygen atom, O2, in a μ2-κO:κO´ bridging mode.  

Figure 2.23 The connectivity environment of C14 where symmetry codes used to generate equivalent atoms are (i) (1/2 + 

X, 3/2–Y, 1/2 + Z (ii) 1/2 – X, 1/2 + Y, 3/2–Z, (iii) 1–X, 2–Y, 2 – Z.    

 

The equatorial positions of the manganese ion are occupied by the carboxylate 

oxygen atoms O3 and O4 of the phenyl moiety from the adjacent 42 molecule. Other 

interactions which aid in the construction of the extended network are similar offset face-to-

face π-π interactions and C-H···O hydrogen bonding interactions, that have been described 

multiple times in this chapter. The carboxylate present on the phenyl ring interacts with the 

pyridyl rings of the adjacent compounds, with a C···O distance of 3.33(3) Å and a C-H···O 

angle of 168.0(14)° for O3-H9-C9. The other oxygen atom present, O4, interacts via 

chelating hydrogen bonding interactions with C···O distances of 3.39(3) and 3.21(3) Å for 

C7-O4 and C4-O4 respectively, with corresponding C-H···O angles of 133.6(14) and 

138.7(10)°. The π-π interactions between both pyridyl moieties of adjacent complexes of 14 

have a mean interplanar distance of 3.50 Å and lastly, the phenyl group is twisted relative to 

the pyridyl groups with a torsion angle of 36° for carbon atoms C7-C8-C12-C13. These 

interactions contribute to a densely packed extended structure which contains no void 

volume or encapsulated solvent molecules as depicted in Figure 2.24. 
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Figure 2.24 The extended polymeric network connectivity of C14 (top) and adjacent strands of the two-dimensional 

polymeric network (bottom). 

 

Likewise, the reaction of compound 40 with zinc nitrate hexahydrate in DMF at 100 

°C gave a mixture of polycrystalline products. Colourless block crystals were found amongst 

various other amorphous side products and were used to obtain a structural characterisation 

of C15. The single crystal X-ray diffraction data were solved and refined in the monoclinic 

space group P21/n, with the asymmetric unit containing one molecule of 40 coordinating to 

the zinc ion though the bipyridyl moiety, both carboxylate oxygen atoms O1 and O2 and the 

amine nitrogen atom N3), a coordinating DMF molecule alongside a non-coordinated nitrate 

anion to give [Zn(40)DMF]NO3·DMF C15, the X-ray data for this complex are shown in 

Table A.4 in the appendix. The Zn(II) ion adopts a coordinatively saturated octahedral 

geometry, Figure 2.25. The equatorial positions are occupied by one molecule of 40 

chelating through the bipyridyl group and oxygen atom of the carboxylate O2, and the O1 

oxygen atom of the neighbouring C15, in the same vein as the one-dimensional polymers 

obtained above. The axial positions are occupied by the coordinating DMF molecule and the 

coordinating aminophenyl nitrogen atom N3 of an adjacent C15 molecule.  
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Figure 2.25 The connectivity environment of C15 where symmetry codes used to generate equivalent atoms are (i) (+ X, 

1/2 –Y, 1/2 + Z) (ii) (1- X, -1/2 + Y, 5/2 –Z) 

 

This arrangement about the zinc ion forms a centrosymmetric loop which 

subsequently builds up the extended network, through bridging carboxylates, to yield a two-

dimensional polymer, Figure 2.26. The extended network can be defined as layers of C15 

separated by non-coordinating DMF solvent molecules. Other noteworthy intermolecular 

interactions present include a hydrogen bonding interaction between the nitrate anion and 

the aminophenyl moiety with N···O distances of 3.093(5) Å and a N-H···O angle of 

169.3(3)°. The nitrate oxygen atom O7 also accepts two hydrogen bonds from carbon atoms 

C4 and C7 of the pyridyl rings with C···O distances of 3.136(9) and 3.168(9) Å and their 

respective C-H···O angles of 150.9(5) and166.7 (4)°. 

 Unfortunately, numerous attempts to reproduce complexes C14 and C15 in pure 

bulk phase were unsuccessful, and so the data obtained can only provide a connectivity 

model. Nevertheless, C14 and C15 provide invaluable insights into the coordination modes 

preferable to this ligand family and affording an understanding of the changes in geometric 

and electronic effects that the modification of the functional group in the 4-position can offer. 
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Figure 2.26 The two-dimensional layered packing of complex C15 wherein the arrangement about the metal ion forms a 

centrosymmetric loop which builds up to form a densely packed polymeric network in two dimensions.   

 

2.9 Conclusions and Future Perspectives 

The results presented in this chapter display the preparation and structural characterisation 

of eleven new crystalline d-block metal complexes of the N,N,O-terdentate ligands 4-(4-

nitrophenyl)-2,2´-bpy-6-carboxylate 43 and 4-(3-nitrophenyl)-2,2´-bpy-6-carboxylate 39 

using solvothermal synthesis techniques including in-situ ester hydrolysis to generate single-

phase products. The main objective for this project was to gain a fundamental understanding 

of the type of coordination environments the ligand can engage in, with a specific research 

focus on its coordination chemistry and packing interactions.  

In the case of the cadmium(II) complexes C1 – C4, modification of the synthesis 

conditions (stoichiometry, temperature and reaction time) gave either mononuclear 

complexes C1 or C2, or trinuclear clusters C3 or C4. In the case of cobalt(II)/cobalt(III) 

mononuclear complexes were exclusively formed, with divalent compounds C5 and C7 

along with trace amounts of trivalent compounds C6 and C8, respectively, which could 

subsequently be eliminated by modifying the reaction solvent. Chromium complexes C9 – 

C11 gave a useful comparison to the ML2 cadmium complexes, where the formation of cis 

and trans isomers could be selectively generated depending on the reaction solvent. The 

ability to oscillate between the cis and trans isomers provides a platform for moving towards 

the generation of heteroleptic complexes, with the exchange of the chlorido ligands for more 
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labile triflate counterparts shown by powder X-ray diffraction and NMR. The extended 

network was defined by the significant C-H···O interaction noted for the ligand family and 

offset face-to-face π-π stacking which was aided with the C-H···Cl hydrogen bonding 

interactions.  

Lastly, complexes C12 – C15 provided examples of one- and two-dimensional 

coordination networks. Though complexes C13 – C15 could not be reproduced in pure 

phase, they nevertheless provide valuable insights into the preferred binding mode of the 

ligand family studied. The 1D complexes C12 and C13 demonstrate the integral role played 

by carboxylate moiety in the 6-position in building up these supramolecular architectures 

into polymeric assemblies. Moreover, in the cases of the two-dimensional architectures C14 

and C15 the functionality on the phenyl ring was observed to have a significant impact on 

the extended structure in the solid state. In all fifteen complexes presented, the extended 

structures were strongly influenced by C-H···O interactions between the electron deficient 

aromatic backbone of the ligand and carboxylate oxygen atoms of adjacent complexes, in a 

readily identifiable polydentate intermolecular interaction motif.  

Therefore, with an understanding of the fundamental structural and coordination 

chemistry of the highly modular 6-carboxy-4-aryl-2,2′-bpy building block now in hand, these 

results serve as useful foundation for the development of the exploitation of this ligand 

family as a robust coordinating tecton for developing larger and/or functional d- and f-block 

metallosupramolecular assemblies, with a goal of developing supramolecular soft materials 

and coordination networks discussed in later chapters within this thesis.  
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Why do you write like you’re running out of time? 

Write day and night like you’re running out of time? 

 

- “Non-Stop” Hamilton Broadway Musical 
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3.1 Introduction 

In the ongoing drive towards the development of inclusion compounds and porous materials 

many fundamental breakthroughs in the understanding of confinement and guest exchange 

phenomena have been discovered in recent years.226-229 As advanced applications are 

increasingly being pursued for these technologies, key considerations of guest uptake 

selectivity, capacity and reversibility remain imperfect, and warrant studies in greater scope 

and development of new regions of chemical space.230-232 Of late, there has been a significant 

drive in research in the area of the dynamic properties of porous 3D materials responsive to 

guest inclusion, exchange or removal with retention of single crystallinity,233-238 leading to 

Fujita’s ground-breaking report of the crystalline sponge method for structure determination 

in 2010.127, 239 Current work, from a variety of fields, intersects with studies of the ordered 

immobilization of guest molecules within a supramolecular host. Followed by the 

subsequent exploitation of ordered confinement of guest molecules.240, 241 Examples in the 

literature of these networks, whose crystalline nature remained intact during the absorption 

and orientation of the guest, have proven to be useful additions to a number of areas such as 

catalysis,242 molecular separation,243, 244 sieving,245 magnetism,246 and more recently, proton 

conduction and non-linear optics.247, 248 This surge of industrial interest has accelerated the 

design and synthesis of functional coordination polymer materials.249 These materials 

manifest as, for example, topochemical polymerisations,250, 251 chemical sensing,252 and 

photochemistry of confined species.253-255 A constant driving force in this area is the ever-

present need for chemical diversity and expanding the lessons learned from early generations 

of porous hosts into ever more complex self-assembled systems.256, 257  

The careful manipulation of reaction conditions and the overriding concept of 

molecular self-assembly is critical in the rational design and construction of these 

assemblies. Similarly, when choosing an appropriate metal ion the intrinsic reversibility in 

the formation of metal-ligand bonds is also essential.1, 25 Ag(I) is a popular choice of metal 

ion within crystal engineering when investigating the nature of crystalline metal-organic 

assemblies.116, 258-263 Although Ag(I) is not generally renowned for robust porous 

coordination networks, it lends itself to flexible coordination and lability towards soft 

electron donors by virtue of its inherent soft Lewis acid character.264, 265 Moreover, a wide 

variety of architectures can be generated due to its multiple viable coordination numbers and 

geometries. In some instances, the flexible coordination geometry of Ag(I) can act as a 



                                                                                       Chapter 3: Pyrazinylpyridine Hybrid Ligands 

72 

 

structural hinge for dynamic porosity in flexible porous crystals, which has been used to 

study guest uptake phenomena and the subsequent impact on the host material.218, 266, 267 

The overall concept of growing crystalline structures from gelled materials is well 

studied chemistry and was first observed in 1896,268 yet it still maintains a consistent feature 

with the research field of crystal engineering for the growth of inorganic, organic and protein 

crystals.269-273 This interest is ascribed to the many improved crystal characteristics it 

produces which has been shown to include better optical quality, larger size, and fewer 

crystalline defects. The improvement of crystal quality can be attributed to the suppression 

of convection currents, sedimentation and nucleation given by the viscous gel 

environment.274, 275 Since the emergence of low-molecular-weight-gelators (LMWGs),276-278 

their innate supramolecular nature gives them an automatic advantage over conventional 

gels (made from polymeric or clay-like materials such as gelatine, agarose, polyacrylamide 

or silica)272, 279 which is often employed for the easy recovery of crystalline species. 

Furthermore, the chemically diverse nature of LMWGs means that a range of chemical 

species, such as sugars,280 amino acids281 and pharmaceutical drugs282 can be gelled in a 

variety of common, easily accessible and affordable organic solvents.283 A wealth of 

LMWGs containing d-block metals have been reported, including a thermally responsive 4-

alkylated-1,2,4 triazole cobalt(II) complex by Kimizuka et al.284 and work by Yu and co-

workers outlining a ferrocene based gelator whose gelation was shown to be reversible using 

redox stimuli.285 

 In this chapter, the synthesis and coordination chemistry of two novel pyrazinyl-

pyridine (PzPy) hybrid ligands, (45 and 46 respectively, shown in Figure 3.1(b)) is 

discussed. These ligands act as scaffolds in the synthesis of four distinct and fluxional 

supramolecular architectures using Cu(II) and Ag(I) ions. The reactions of the PzPy ligands 

with these metal ions reveal fascinating insights into the structural transformations and phase 

changes observed, including gel-to-single-crystal and single-crystal-to-single-crystal 

transitions. Finally, the quantitative and qualitative analysis of guest exchange with a 

crystalline self-assembled octanuclear macrocycle as a host is outlined, using 1H NMR 

spectroscopy, thermogravimetric analysis (TGA), powder X-ray diffraction and single 

crystal X-ray diffraction techniques. These studies reveal the fully reversible and exchange 

preferences of this material.  
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3.2 Design and Synthesis of PzPy hybrid ligands  

Ligands 45 and 46, shown in Figure 3.1, were prepared by modified literature procedures185, 

196 previously discussed and executed for the analogous bpy ligand systems both in the 

literature and throughout Chapter 2. In this chapter, however, the classic “Kröhnke reagent” 

2-pyridacylpyridinium iodide286  previously utilized was substituted for the novel pyrazinyl 

analogue in order to install an additional coordinating site on the outer heterocycle, 

generating the PzPy hybrid motif. The synthesis of 2-pyrazinacylpyridinium iodide was 

conducted in an identical method to its pyridine predecessor, using 2-acetylpyrazine in place 

of 2-acetylpyridine upon heating to reflux with iodine in pyridine. Remarkably, for the 

pyrazinyl analogue, the synthetic procedure was found to be much simpler with the product 

depositing as brown rod-shaped crystals from the reaction mixture upon cooling, negating 

the need for further purification methods typically associated with the pyridine analogue.  

The crystal structure of 2-pyrazinacylpyridinium iodide was fortuitously attained during the 

recrystallisation stage of its synthesis, confirming the expected structure, being largely 

consistent with the previously reported pyridine equivalent.287 The X-ray crystal data were 

solved and refined in the monoclinic space group P21/m, Figure 3.1(a). The X-ray data of 

which are shown in Table A.5 in the appendix.  

Figure 3.1 (a) Crystal structure of 2-pyrazinacylpyridinium iodide. Hydrogen atoms are omitted for clarity; (b) Structure 

of PzPy ligands 45 and 46. 

 

Once 2-pyrazinacylpyridinium iodide was obtained in good yield (82%), the 

synthetic approach to generate the ligand system was followed using the modular method 

previously discussed,185, 196 without any synthetic issues arising from the additional binding 
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site at the pyrazin-4-yl position, Scheme 3.1. To summarize, the appropriate 4- or 3-

nitrobenzaldehyde underwent an aldol condensation reaction with sodium pyruvate in an 

ethanol/water mixture in the presence of base (NaOH, 2 M) to generate the chalcone 

precursors, 35/36 (for the 4- and 3-isomer respectively) as yellow solids. The corresponding 

chalcone was then subjected to a modified Kröhnke pyridine synthesis by refluxing 2-

pyrazinacylpyridinium iodide and ammonium acetate in water for five hours which results 

in a light brown precipitate to yield the carboxylate precursors 47 and 48 as their ammonium 

salts.  

Scheme 3.1 (i)Sodium pyruvate, EtOH/H2O; NaOH/HCl (60%); (ii) 2-pyrazinacylpyridinium iodide, ammonium acetate, 

H2O (53%); (iii) Thermal decarboxylation, charcoal, EtOAc (45%)  

 

These intermediates 47 and 48 were not isolated as the carboxylate salts in this 

instance and were immediately subjected to thermal decarboxylation under vacuum until the 

evolution of CO2 ceased, to give the ligands 45 and 46 in high purity and moderate yield (46 

and 53%, respectively), portrayed in Figure 3.2 and Figure 3.3.  It was envisaged that the 

decarboxylation of 47 and 48 would make it less likely that the coordination environment 

would be limited to chelation through the pyridyl nitrogen atoms and carboxylate moiety, 

and thus stimulate secondary binding through the pyrazin-4-yl nitrogen atoms.  

Figure 3.2 1H NMR spectrum (400 MHz, DMSO-d6) spectrum of 45. Full spectrum shown in Figure A.20 in the appendix.  
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When the carboxylate compound 48 was dissolved in DMF in the presence of acid, 

(HCl, 2 M) a crop of colourless block crystals were obtained after solvothermal reaction 

overnight suitable for X-ray diffraction analysis. The data were solved and refined in the 

monoclinic space group P21/c, Figure 3.3(left).  The crystal structure 46 was also obtained 

via slow evaporation from ethyl acetate. The data for 46 were solved and refined in the chiral 

monoclinic space group P21, where the chirality stems from the crystal packing of adjacent 

molecules of 46 in the extended structure, Figure 3.3(right). The X-ray data of 48 and 46 

are shown in Table A.5 in the appendix. Having successfully synthesized ligands 45 and 46 

their coordination chemistry was then examined with Cu(II) and Ag(I) ions, which is detailed 

in the succeeding sections. 

Figure 3.3 Structures of the carboxylate, 48 (left), which undergoes thermal decarboxylation under vacuum to yield 

compound 46 (right) with heteroatom labelling scheme.   

 

3.3 Synthesis and Structure of Cu(II) Sulfate System: Gel-to-Single-

Crystal (C16 and C17). 

Initially, in order to gauge the physical dimensions and coordination preferences of the new 

ligands in simple systems, each of the PzPy ligand isomers were reacted with copper(II) 

sulfate in methanol (4 mL) with the expectation of simple discrete complexes being 

generated. For both 45 and 46 the reactions resulted in the formation of a green amorphous 

material which subsequently, over the course of several days, displayed a phase change 

which resulted in crystalline complexes C16 and C17. 

 In the case of 45 the flocculent material was only loosely associating and was readily 

dispersed in the methanol supernatant. The material only gave a more ‘gel-like’ texture and 

appearance upon centrifugation for twenty minutes. By contrast, the material formed by 46, 

was considerably more robust than that of 45, though unable to support its own weight as a 

freestanding gel monolith, the material was resistant to the ‘inversion test’ for at least two 

hours, as is demonstrated in Figure 3.4(b). This soft material, SM(1), was formed within 
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three hours either at room temperature or at 1 – 2 °C, at 9 mM concentration of the two 

components (ca. 0.5 wt%). After coating the gel onto a silicon support and drying under 

dynamic vacuum to the xerogel, the SM(1) material exhibited a fibrous morphology when 

imaged with scanning electron microscopy (SEM, by Dr Amy Lynes) shown in Figure 

3.4(a), as is similar to reports of typical supramolecular gel materials.282, 288, 289 

Figure 3.4 (a) SEM images of SM(1) deposited from a fresh sample showing a fibrous morphology (scale = 1 μm); (b) 

The flocculent material obtained from the initial reaction of 46 with copper sulfate;  (c) SEM images of SM(1) after two 

days, exhibiting a noticeably rougher texture (scale = 10 μm); (d) The blue crystals and colourless supernatant after three 

days of recrystallizing with no gelatinous material present in the sample vial.  

 

Examination of SM(1) using thermogravimetric analysis showed a residual non-

volatile mass between 1.8 – 2.0%, alluding to the loose nature of the gelatinous material and 

the presence of non-encapsulated solvent on the particle surfaces. Over the course of 96 

hours the material subsequently acted as a crystal growth medium and led to the formation 

of a crop of blue-green single crystals and a colourless supernatant, Figure 3.4(d).  

Additional SEM analysis of the soft material after 48 hours showed that the material exhibits 

a much rougher texture than the freshly prepared gel sample, Figure 3.4(c), likely coinciding 
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with the occurrence of crystal nucleation. The TGA of the crystalline material from the more 

robust metallogel shows the loss of the lattice solvent methanol and water, and is a stark 

phase transition when compared to that of its crystal growth medium, Figures 3.5 (a) and 

(b).   

 

Figure 3.5 (a) Thermogravimetric analysis (TGA) plot of the soft material SM(1) indicating the gel-like nature; (b) 

Thermogravimetric plot of the crystalline C17 which shows the loss of lattice and coordinated solvent. Inset: highlighted 

region of TGA (a) between 0 – 2 weight%.   

 

The blue-green block crystals which deposited from their flocculent or gelatinous 

precursors in pure phase analyzed for the formulae [Cu2452(SO4)2(CH3OH)2] C16 and 

[Cu2462(SO4)2(CH3OH)2]·2CH3OH·H2O C17, respectively. Single crystals of C16 were 

formed at room temperature whereas diffraction-quality single crystals of C17 were obtained 

from a mixture left to stand at 1 – 2 °C in 30 and 65% bulk yield, respectively. Growing 

these crystals at room temperature gave poorly crystalline material which showed poor 

diffraction characteristics. The suitable samples were subjected to X-ray diffraction 

experiments and the diffraction data were solved and refined in the triclinic space group P-

1 for both ligand isomers respectively and the X-ray data are shown in Table A.5 in the 

appendix. The major fragments of both complexes are chemically equivalent, as shown in 

Figures 3.6(a) and (b), with complex C17 crystallising as a mixed H2O/MeOH solvate. The 

complex itself consists of two equivalent five-coordinate copper(II) ions bridged by two 

sulfate anions into a centrosymmetric eight-membered ring. In both cases, the copper ions 

adopt well-defined square pyramidal coordination geometries, completed by one chelating 

45/46 molecule per copper ion and an axially oriented methanol ligand. Intramolecular 𝑅1
1(6) 

hydrogen bonding interactions are evident between the methanol ligand and non-

coordinating sulfate oxygen atoms in C16, while the slightly different eight-membered ring 

conformer in C17 enforces a similar intermolecular 𝑅2
2(12) interaction.  
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Figure 3.6 (a) Structure of complex C16 with partial atom labelling scheme; (b) Structure of complex C17 with partial 

atom labelling scheme. All hydrogen atoms and lattice solvent molecules are omitted for clarity. Symmetry codes used to 

generate equivalent atoms: (i) – X, 1– Y, –Z; (ii) 1– X, 2– Y, 1– Z.  

 

In similar cobalt(II)/(III) and cadmium(II) complexes reported for the N,N,O-bpy 

chelating ligand family discussed in Chapter 2, prominent C-H···O interactions are present 

within the extended structures.290, 291 In the case of C16 and C17, similar interactions are 

evident from the bay of inward facing aromatic C-H groups (crystallographic labels C3, C6 

and C11) which donate hydrogen bonds to a non-coordinating sulfate oxygen atom. Each of 

the C···O distances fall within the range 3.214(7) and 3.661(2) Å, and all six C-H···O angles 

lie between 154.618(19) and 173.6(3)°.56, 211, 212 The O5 oxygen atom also accepts a 

hydrogen bond from the oxygen atom O1 of the coordinating methanol group with an O···O 

distances of 2.61363(17) and 2.707(5) Å as well as O-H···O angles of 154.024(2) and 

159.000(4)° for C16 and C17, respectively. The crystals resulting from the materials of both 

45 and 46 were found to be in pure phase as elucidated by powder X-ray diffraction 
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experiments which did not indicate the presence of any other complex coordination phase 

present in the bulk sample, illustrated in Figure 3.7(a) and (b). 

 

Figure 3.7 (a) X-ray powder diffraction pattern for C17 measured at room temperature (red) compared to the pattern 

simulated from single crystal X-ray data obtained at 100 K; (b) X-ray powder diffraction pattern for C16 measured at room 

temperature (red) compared to the pattern simulated from single crystal X-ray data obtained at 100 K (blue). 

  

3.4  Synthesis and Structure of Polymeric Ag(I) Complexes (C18 and C19) 

3.4.1 3D Polymer (C18) 

With the expectation that a softer metal ion was required to encourage bridging through the 

pyrazin-4-yl nitrogen atom, Ag(I) was employed as a suitable soft Lewis acid for these 

studies with the 4- and 3-nitro PzPy ligands. The ligand system was screened using Ag(I) 

salts (trifluoromethanesulfonate, tetrafluoroborate, hexafluorophosphate, and 

hexafluoroantimonate) using acetone, acetonitrile or tetrahydrofuran as reaction solvents. As 

a result, pale-yellow block crystals suitable for analysis by single crystal X-ray diffraction 

experiments formed from a reaction mixture of 46 and silver trifluoromethanesulfonate in 

acetone in pure bulk phase in 37% yield. The single crystal X-ray diffraction data for poly-

[Ag7467]7(CF3SO3) C18 were solved and refined in the monoclinic space group Cc, the X-

ray data are shown in Table A.5 in the appendix. No indication was detected of the higher 

symmetry C2/c setting, either in terms of systematic absences or a feasible solution.  

The asymmetric unit of C18 contains seven unique molecules of 46, seven silver 

ions, and seven triflate counterions shown in Figure 3.8. The rare example of Z′ = 7 can be 

rationalized by the diversity of coordination modes present within the structure. All seven 

46 molecules bridge two silver ions, coordinating in a chelating fashion through the pyridyl 

and pyrazin-1-yl nitrogen atoms, and in a monodentate fashion via the pyrazin-4-yl nitrogen 

atom. 
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Three of the seven unique silver ions are bound in N4 pseudo-square-planar 

geometries by two chelating 46 species. Within these coordination spheres, the Ag-N bonds 

from the pyridyl nitrogen atoms are consistently ca. 0.2–0.3 Å shorter than those involving 

the pyrazin-2-yl nitrogen atoms, consistent with both the reduced σ-donating ability of 

pyrazine compared to pyridine, and its µ2 coordination mode. Another three unique silver 

ions adopt linear 2-coordinate geometries, bound by two monodentate pyrazin-4-yl nitrogen 

atoms, with additional close contacts to triflate oxygen atoms (with Ag···O distances in the 

range 2.468(11) – 2.695(15) Å measuring ca. 0.2 – 0.5 Å longer than the Ag-N bonds).  

Figure 3.8 Structure of the repeat unit and seven unique silver ions in the structure of C18. Hydrogen atoms and triflate 

anions are omitted for clarity. Symmetry codes used to generate equivalent atoms: (i) 3/2+x, 1/2-y, z-1/2; (ii) x-3/2, 1/2-y, 

1/2+z. 

 

Crucially, the final unique silver ion, Ag7, adopts a third coordination mode, a T-

shaped 3-coordinate geometry, with coordination sites occupied by one bidentate 46 chelate 

and one monodentate 46 pyrazin-4-yl donor. This coordination site also fits the trend 

described above of more strongly bound trans pyridyl and pyrazin-4-yl donors (Ag-N 
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distances 2.283(11) and 2.273(12) Å, respectively) and a weakly bound pyrazin-2-yl donor 

(Ag-N distance 2.508(12) Å). The outer coordination sphere of Ag7 exhibits further weak 

interactions with nearby triflate oxygen atoms, with the shortest Ag···O distance 2.647(16) 

Å for Ag7-O31. When considering solely the Ag-N connections as the most significant 

interactions within the structure, the extended structure of complex C18 can be described as 

a one-dimensional coordination polymer. 

The geometry of the repeat unit is dictated by the alternating geometry of the silver 

sites, which contains linear segments consisting of the six alternating 2-coordinate and 4-

coordinate centers which subsequently are interrupted by corners defined by the 3-

coordinate, ‘T-shaped’ Ag7 site. This arrangement results in a zig-zag extended structure 

with corner (Ag···Ag···Ag) angles of 92.609(4)° and a very large linear distance between 

corners (defined as Ag7 sites) of 51.2276(17) Å. However, these one-dimensional polymeric 

assemblies are linked into a densely packed three-dimensional array through a variety of 

bridging interactions between the adjacent silver ions in neighbouring strands. Several 

triflate counterions are involved in weak µ2-κO:κO′ bridges between adjacent silver ions, 

and an argentophilic interaction is present between silver atoms Ag1 and Ag3, with a 

Ag···Ag distance of 3.1466(18) Å. Also present are a variety of other close contacts between 

adjacent silver ions at separations that are slightly beyond the sum of the van der Waals radii 

(ca. 3.44 Å).292  

By virtue of these interactions, alongside other weak bridging modes of the triflate 

counterions, the silver ions align in stacks offset to the propagation axis of the one-

dimensional zig-zag polymer, illustrated in Figure 3.8, leading to dense three-dimensional 

inter-chain connectivity. In a similar manner to the previously described Cu(II) complexes 

and the complexes whose coordination chemistry was outlined in Chapter 2, various 

significant C-H···O hydrogen bonding interactions are evident originating from the 3-

pyridyl and 3-pyrazinyl C-H groups with additional contributions from the nitrophenyl ring. 

These interactions terminate with triflate oxygen atoms or nitro groups from adjacent 

molecules.  

Pleasingly, throughout the refinement process. no notable crystallographic disorder 

was detected in the orientation of any of the triflate anions or the main residue atoms present. 

Moreover, no solvent molecules or additional encapsulated guests were detected within the 

structure, and no meaningful void volume was present within the three-dimensional polymer, 

C18. With this in mind, attention was then drawn to the 3-isomer, 46, to investigate the effect 

on the coordination environment.  
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Figure 3.8 (a) Three adjacent 1-dimensional chains in the structure of C18 coloured separately and showing the alternating 

overlapping and staggered arrangement of the linear segments. Hydrogen atoms and anions are omitted for clarity; (b) 

argentophilic interactions present are notable by the proximity of silver ions in adjacent strands of C18. 

 

3.4.2 Octanuclear Macrocycle (C19) 

Once the three-dimensional polymer structure of C18 was determined and rationalized 

complex C19 was prepared under analogous conditions using compound 45 which differs in 

the substitution pattern of the nitrophenyl substituent at the pyridyl 4-position. Pale yellow 

single crystals of C19 were obtained in pure phase, in 56% yield, and analyzed by single 

crystal X-ray diffraction, and the diffraction data were solved and refined in the triclinic 

space group P-1 and the X-ray data are shown in Table A.6 in the appendix. The asymmetric 

unit of C19 consists of four silver ions and associated triflate counterions, four molecules of 

45, five lattice acetone molecules, and one partial-occupancy aqua ligand. As a general 

overview, the structure of C19 draws strong parallels with complex C18. Firstly, both 

frameworks adopt the empirical formula [Ag(45)(CF3SO3)]n, and secondly, when 
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considering only the N-donor ligands, both structures contain a combination of 2-, 3- and 4-

connected silver ions, with further weak association of triflate anions present. For the 

purposes of simplicity, the numerous examples of weak Ag-O interactions involving the 

triflate anions present in this structure are largely excluded from this discussion, as these fall 

in a continuum of distances from 2.475(2) Å upwards and involve significant contributions 

from disordered anions which do not make a meaningful contribution to the topology of the 

structure. 

The key geometric differences within the coordination geometry in C19, however, 

gives rise to remarkable differences in the extended structure compared to C18. In C19, 

silver ions Ag1 and Ag2 act as essentially linear linkers between molecules of 45, adopting 

linear 2-coordinate and Y-shaped 3-coordinate geometries, respectively. For Ag1, both 

donors consist of pyrazin-4-yl nitrogen atoms, while Ag2 is chelated by one 45 molecule 

and capped by a pyrazin-4-yl nitrogen atom. Surprisingly, in comparison to complex C18, 

the pyrazine groups provide the shorter Ag-N distances in this case, of 2.286(2) and 2.190(2) 

Å for N6 and N11, respectively, compared with 2.349(2) Å for N5. Importantly, in the case 

Ag3 and Ag4, vital discrepancies from the structure of C18 are revealed, as these silver ions 

both adopt coordination geometries which lead to bending or twisting features in the 

superstructure. Silver ion Ag3 adopts a pseudo square planar, bis-bidentate geometry, with 

an angle of 81.06(4)° relating the two divergent pyrazin-4-yl donor atoms to the central silver 

ion (compared with angles of ca. 160 – 170 ° for the related 4-coordinate silver ions in 

complex C18). Meanwhile, Ag4 is coordinated by a bidentate 45 molecule, a monodentate 

pyrazin-4-yl nitrogen atom, and weakly bound by a triflate oxygen atom, again angling the 

divergent donor atoms from this corner at a 104.96(4)° incline. Rather than the three-

dimensional polymeric structure observed in C18, the convergent structural feature 

presented as a consequence of the Ag3 and Ag4 node geometries gives rise to a closed cyclic 

assembly in C19, more specifically, an octanuclear metallomacrocycle of the formula 

[Ag8(45)8]8(CF3SO3) illustrated in Figure 3.10(a) and (b).  
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Figure 3.10 Structure of complex C19; (a) the asymmetric unit of C19 with labelling scheme for coordinating heteroatoms; 

(b) the complete structure of the metallomacrocycle C19. All hydrogen atoms, anions and solvent molecules are omitted 

for clarity. Symmetry codes used to generate equivalent atoms: (i) 1– X, 1–Y, – Z. 

 

The macrocycle itself adopts a flattened parallelepiped shape, with a central cavity 

of interatomic dimensions ca. 7 × 17 Å. In the crystallographic model, this centrosymmetric 

cavity fully encapsulates two triflate anions, two acetone molecules and includes two partial-

occupancy aqua ligands (with a total occupancy 1.5). Adjacent macrocycles in the structure 

of C19 associate primarily on the flattened faces through electrostatically bound weakly 

bridging triflate groups, most of which exhibit Ag-O distances in excess of 2.7 Å, Figure 

3.11(a). While several Ag···Ag contacts are evident, even the shortest of these (3.4948(5) Å 

for Ag2···Ag4) falls just beyond the formal criterion for significant argentophilic 

interactions which determined in the literature is to be at most 3.44 Å.230, 293  
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Figure 3.11 (a) The weak triflate-mediated linkages between the outer faces of the macrocycles in C19; (b) C19, showing 

the acetone solvent molecules immobilized in the void and in the periphery of the macrocyclic structure. Hydrogen atoms 

are omitted for clarity; (c) The extended structure of C19 with a single macrocycle highlighted in green, showing the crystal 

packing modes normal to the macrocycle face (top) and in an orthogonal direction (bottom). All hydrogen atoms, solvent 

molecules and anions are omitted for clarity. Symmetry codes used to generate equivalent atoms: (i) X– 1, +Y, +Z. 

 

The extended π-system also contributes to the overall crystal packing through various 

face-to-face π-π interactions, portrayed in Figure 3.11(c). Despite the lack of strong 

connectivity present between adjacent macrocycles, the extended structure of C19 results in 

alignment of macrocycles such that their central cavities form continuous one-dimensional 

channels, oriented parallel to the crystallographic b axis. As well as the acetone molecules 

and aqua ligands located near the center of the main cavity, further pockets of lattice solvent 

molecules are located at the periphery of these channels between adjacent macrocycles in 

the extended structure. All things considered, the crystallographic model suggests that 

freshly isolated crystals of C19 contain approximately ten acetone molecules per 

macrocycle, all of which are accessible from continuous channels within the structure. 

Hence, with such a mobile guest present, the possibility of guest exchange within C19 using 

a number of various organic solvents each of differing chemical nature was probed.  
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3.5 Guest Exchange Properties of C19 

Given the presence of a substantial quantity of potentially mobile guest molecules within 

C19, an investigation into its guest exchange functionality ensued. In the first instance, and 

for comparison with the crystallographically disordered guest molecules, crystals of C19 

were filtered, decomposed in DMSO-d6, and 1H NMR analysis (400 MHz) was conducted 

to quantify the total guest loading in the bulk sample. The value obtained by this method of 

6.7 molecules of acetone per macrocycle was broadly consistent with the value obtained by 

thermogravimetric analysis where the observed 8.7% mass loss between 0 – 200 °C and the 

value calculated by 1H NMR was 8.3%, shown in Figures A.42 – A.45 in the appendix.  As 

could be expected, given the crystallographic disorder and well-known difficulties in 

accurately quantifying disordered solvent molecules within continuous channels,294 this 

quantity is smaller than that observed crystallographically which was calculated to be 11.9%. 

As TGA revealed the guest acetone molecules were readily and completely removed, and 

followed by a broad plateau before thermal decomposition, a sample of C19 was evacuated 

under dynamic vacuum at 90 °C for 24 hours before being examined for gas uptake 

properties. However, negligible adsorption of N2 (77 K) or CO2 (278 K) was observed 

(Figures A.46 – A.47 in the appendix) indicating upon complete evacuation of solvent a 

contraction or collapse of the porous structure of C19 occurs. This coincides with the powder 

X-ray diffraction analysis which was conducted at 100 K, as using standard data collection 

methods at room temperature led to the degradation of the complex C19, producing broad, 

indecipherable peaks in the pattern as opposed to the sharper crystalline peaks that were 

observed when carried out at 100 K, depicted in Figure 3.12. 

Figure 3.12 X-ray powder diffraction pattern for the bulk sample of C19 (red) compared to the pattern simulated from the 

single crystal X-ray data (blue). Both patterns measured at 100 K.  
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In order to test the properties of C19 with respect to guest exchange under less forcing 

conditions than complete evacuation, single crystals of the complex were taken from the 

acetone mother liquor and immediately soaked in a variety of common organic solvents 

(ethyl acetate, hexane, benzene, tetrahydrofuran, 1,4-dioxane, carbon tetrachloride, 

dichloromethane, chloroform, toluene and acetonitrile) taking care not to allow C19 to dry 

out completely (which was shown to reduce crystallinity). After 24 hours at room 

temperature, no change was evident in the colour, size or morphology of the crystals, and X-

ray powder diffraction (100 K) revealed the crystallographic symmetry and unit cell 

parameters of the exchanged materials to be retained, the X-ray data for the exchanged 

crystals are shown in Tables A.6 – A.7 in the appendix.   

Each batch of crystals was filtered and digested with DMSO-d6 to screen the degree 

of solvent exchange. As shown in Table 3.1 below, in general smaller or more polar guests 

were able to fully displace the lattice acetone molecules (tetrahydrofuran, 1,4-dioxane, and 

ethyl acetate), while others, which were larger or more lipophilic resulted in only partial 

exchange (benzene, toluene, hexane, and carbon tetrachloride), giving materials containing 

a mixture of the original lattice acetone and the soaking solvent.  

 

Table 3.1 Summary of exchange properties of C19. Comparing the guest loadings (as molecules of solvent per macrocycle) 

by NMR, SCXRD and TGA respectively. aTaken at 200 °C; bNot determined;c Error associated with NMR solvent integrals 

ca. 10%. SCXRD = single crystal X-ray diffraction. 

 

Compound 

 

Guests per 

macrocycle 

from NMRc 

 

(Soaked/ 

Acetone) 

Guests per 

macrocycle 

from SCXRD 

 

(Soaked/ 

Acetone) 

% Soaked 

per total 

guests 

 

(NMR/ 

SCXRD 

diffraction) 

% Mass loss measa / 

calc 

 

(NMR) / calc 

(SCXRD) 

19 (acetone) - / 6.7 - / 10 100/100 8.7 / 8.3 / 11.9 

EtOAc⊂19 4.3 / >0.1 7/0 >95/100 13.1 / 8.1 / 12.6 

Dioxane⊂19 3.6 / >0.1 6.2/0 >95/100 10.9 / 6.9 / 11.3 

THF⊂19 2.8 / >0.1 6.5/0 >95/100 10.3 / 4.5 / 9.9 

C6H6⊂19 0.9 / 0.2 3.5/3.5 82/50 10.8 / 1.9 / 10.0 

PhMe⊂19 2.9 / 2.1 2.7/3.5 58/44 10.5 / 8.3 / 9.6 

n-Hexane⊂19 0.8 / 4.7 1/8 14/11 11.7 / 7.4 / 11.4 

CCl4⊂19 N/A / 6.3 2/8 -b/20 11.4 / -b / 15.2 
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Throughout this exchange process, the crystals of C19 retained sufficient single 

crystallinity for their structure determinations to be repeated in the presence of the exchanged 

guests. The crystals exhibited no reduction in size nor in the morphology quality or 

diffraction ability. In each case, related unit cell parameters were obtained, and the chemical 

nature of the framework itself was, to a great extent, unchanged, as shown in Figure 3.13(a) 

and (b). This observation is uniformly in line with the polarity index of the exchange 

solvents.295 The quickly degrading nature of the crystalline species was also noted here, 

where guest solvents that were especially volatile, such as CHCl3 and CH2Cl2, seemingly 

exchanged without destroying the crystalline sample by eye, and the particles still displayed 

single crystallinity by their tendency to uniformly rotate plane-polarized light. However, 

once removed from the solvent itself they would immediately begin to degrade. This 

degradation process was too rapid to allow a sample successfully to be mounted on the X-

ray diffractometer whilst maintaining its single crystallinity.  

Figure 3.13 (a) The crystal structure determination of Hexane⊂19 where the partial exchange shows the hexane molecule 

immobilized in the center of the cavity of the macrocycle with the acetone molecules at the periphery; (b) Fully exchanged 

crystal structure of THF⊂19. Here, the full conversion is noted by the absence of acetone molecules either within the void 

or at the periphery of the macrocycle. Hydrogen atoms are omitted for clarity.  
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By 1H NMR (DMSO-d6, 400 MHz) analysis the adsorbed quantity of the soaked 

guest relative to residual acetone was >95% for the fully exchanged samples, compared to 

14 – 82 % for the incompletely exchanged samples (benzene > toluene > hexane). These 

percentages were determined by comparing the solvent integrals in the resulting spectrum 

with the nearest ligand proton in proximity. An example is shown for the n-hexane soaked 

C19 in Figure 3.14, below, wherein the integral of the solvent residual is compared to that 

of the proton resonance in closest proximity. The remainder of the solvent exchange NMR 

spectra are represented in Figures A.22 – A.30 in the appendix. Adsorption of stronger donor 

guest liquids such as acetonitrile, quinoline and benzonitrile resulted in the disruption of the 

complex C19 by dissolution of the crystals wholly. Given the preferential adsorption of 

benzene compared to hexane, solutions of naphthalene dissolved in either ethyl acetate (2 

mL) or hexane (2 mL) were also investigated, although these experiments only showed 

uptake of the carrier solvent when examined by NMR and single crystal X-ray diffraction 

experiments.    

Figure 3.14 1H NMR spectrum (DMSO-d6, 400 MHz,) of the digested complex Hexane⊂19. The solvent residuals for 

hexane are present at 0.86 and 1.25 ppm compared to the residual resonance of acetone at 2.09 ppm. 

 

For each structure the exchange solvent could be located from Fourier residuals 

within the central cavity of the macrocyclic species, as illustrated in Figures 3.13 and 3.15. 

The solvents which exhibited greater tendencies to strongly displace the lattice acetone 

molecules could also be located in additional sites within the lattice, with varying degrees of 

crystallographic disorder evident as functions of both the geometry and symmetry of the 

guest species and the presence of any defined interactions within the framework. For 

example, in the case of 1,4-dioxane, weak Ag-O coordination was observed at the two-
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coordinate Ag1 site. This position within the macrocycle allows the solvent to partially 

localize in a weakly metal-coordinating position displaying an Ag···O distance of 2.695(8) 

Å. While the total degree of solvation ascertained by single crystal X-ray diffraction was 

uniformly larger than that observed by 1H NMR, the relative ratio of guests in the case of 

mixed-guest systems was broadly comparable between the two techniques.  

Although the unit cell volumes vary in the range of 4565.4 – 4753.8 Å3 from the 

smallest (PhMe) to the largest (THF) – a variance of ca. 4% – correlations between these 

parameters and the physical properties of the guest solvents are not obvious. There was no 

clear correlation between the unit cell volume and electronic parameters (dipole moment, 

polar surface area, logP, dielectric constant) or molecular volume of the guests that could be 

reasonably drawn. Undeniably, the unit cell volume is not correlated to the sum of the 

molecular volume of all the crystallographically located solvents. This would imply slight 

rearrangements of the host molecules beyond simply incorporating the guests. The variations 

in unit cell volume, in comparison to the original acetone structure, tend to manifest as 

contractions along a and c with concurrent expansions along b. The THF-exchanged material 

is the only compound to expand along all three axes compared to the pristine C19, while 

benzene shows the greatest fractional variation of all three axes, increasing in b by ca. 6% 

with contractions in a and c of approximately 3.5%.  

Figure 3.15 Representative positions of solvent molecules within the central cavity of macrocycle C19, showing acetone 

molecules and aqua ligands (top) and dioxane molecules (bottom). Both disordered orientations of the innermost dioxane 

guest are shown overlapping. All hydrogen atoms, anions and solvent molecules residing outside of the central cavity are 

omitted for clarity. 
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Thermogravimetric analysis was also carried out in order to further quantify the 

amount of solvent encapsulated within C19. Interestingly, the mass losses recorded in the 

range 30 – 200 °C for essentially all materials (bar the original compound C19, and the CCl4 

exchanged analogue) show excellent agreement (within 0.9%) with the values calculated 

from the solvation modelled in the single crystal structures of each exchanged compound. 

However, the total solvation estimated from NMR was uniformly lower than that observed 

from both single crystal X-ray diffraction and TGA. Nonetheless this inconsistency can most 

likely be explained by the rapid onset of mass loss in the materials. As both single crystal X-

ray diffraction and TGA measurements could be carried out immediately upon removal of 

the crystals from the mother liquor, the filtration process and digestion of the exchanged 

solids into DMSO-d6 for 1H NMR analysis may have led to some volatiles being more 

readily lost. While each of the fully-exchanged materials exhibited similar mass loss profiles 

with rapid initial mass loss shallowing above 100 °C, partial exchange with the non-polar 

toluene, benzene, carbon tetrachloride and hexane guests gave additional well-defined mass 

loss steps at ca. 150 °C, indicating a more complex desolvation process for the mixed-guest 

systems.  

Due to the obvious differentiation in guest affinity observed between polar and non-

polar guests exchanged, the relative affinities of the fully exchanged guests (1,4-dioxane, 

THF and ethyl acetate) were also investigated. Through 1H NMR analysis it was discovered 

that not only was it possible to observe quantitative absorption of the solvent guests, but 

preferential absorption could be determined using 1:1 (4 mL) mixed solvent systems as the 

exchange media (EtOAc/THF, EtOAc/1,4-dioxane, and THF/1,4-dioxane). The relative 

integrals of each guest in the relative spectra obtained were seen to be different to the bulk 

sample, implying a preferential absorption of guest into the crystalline material host (Figures 

A.22 – A.30 in the appendix). From this study of each solvent mixture, preferential 

adsorption of one component was observed, showing a distinct trend in affinity of 1,4-

dioxane>EtOAc>THF. The resulting data from the exchanged species of the 50:50 mixtures 

is summarized in Table 3.2. 
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Table 3.2 The guest content, ascertained by digestion and 1H NMR, of complex C19 samples following exposure to solvent 

1:1 mixtures of the fully exchanged guests. 

 

 

 

 

 

 

 

 

 

 

 

 

Although single crystallinity was consistently retained throughout each exchange 

process with the organic hosts, gas absorption was negligible once the solvent was evacuated 

from C19. Nevertheless, it was of interest to further assess the strength of the macrocycle in 

solution. In order to achieve this, the effect of re-immersing an exchanged sample in acetone 

(the original reaction media) was investigated. This experiment was to attempt to revert back 

to the pristine structure to observe whether the system would survive a re-exchange of guest 

solvent molecules. The crystals of 1,4-dioxane⊂19, the most preferentially absorbed fully 

exchanged guest throughout this study, were re-soaked in the original synthesis solvent 

acetone (4 mL). The twice-exchanged crystals, acetone⊂(1,4-dioxane⊂19) were then 

subjected to further single crystal X-ray diffraction experiments. While little change was 

observed in the morphology of the crystals there was an obvious decrease in the diffraction 

quality, with no useful reflections observed beyond 0.83 Å resolution (Mo Kα). Although 

the diffraction is perfectly suitable to obtain a structural model, it fades in comparison to the 

original complex C19, which collected to 0.70 Å resolution with reflections integrating at 

this resolution (Mo Kα). 

Nonetheless, from these data, a crystallographic model could be generated which 

confirmed the presence of five unique acetone sites within the asymmetric unit, having 

completely displaced the ordered 1,4-dioxane guests, and completely regenerating the 

original arrangement, revealed below in Figure 3.16. Interestingly, the partial-occupancy 

aqua ligand present in the pristine structure of C19 was also recovered in the re-exchanged 

sample. While no 1,4-dioxane was detected from the Fourier residuals within the void of the 

macrocycle, or within the periphery of the extended structure in this experiment, further 1H 

NMR analysis of the digested bulk sample of acetone⊂(1,4dioxane⊂19) in DMSO-d6 

Soaking Mixture Guest Content 

1:1 1,4-dioxane:THF 2.2:1 1,4-dioxane:THF 

1:1 1,4-dioxane:EtOAc 1.2:1 1,4-dioxane:EtOAc 

1:1    THF:EtOAc 2.0:1  EtOAc:THF 
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revealed a small quantity of 1,4-dioxane (approximately 1:12 dioxane:acetone, appendix 

Figure A.27), implying that trace amounts of the initial exchange solvent is retained within 

the sample.  

Figure 3.16 Structure of acetone⊂(1,4dioxane⊂19) showing the regeneration of the original scaffold C19.  

 

To further examine the regeneration of the scaffold C19, X-ray powder diffraction 

experiments were undertaken and also confirm full recovery of the original phase. This is 

indicative from regeneration of the defined peak profiles for the low angle reflections when 

comparing the powder patterns of the pristine C19, (1,4-dioxane)⊂19 and 

acetone⊂(1,4dioxane⊂19), as elucidated in Figure 3.17. Although the porous nature of 19 

was not detected upon complete solvent evacuation, this reversibility experiment is 

indicative of the structural resilience of the system showing that the crystalline macrocycle 

is clearly capable of both sequential and reversible guest exchange.  

Figure 3.17 X-ray powder diffraction experimental patterns of C19, 1,4-dioxane⊂19 and acetone⊂(1,4-dioxane⊂19), 

demonstrating the initial change in crystalline state and complete reversion to original pattern.  
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3.6 Conclusions and Future Perspectives 

The results in this chapter portray the preparation and structural characterisation of four new 

d-block metal complexes from the 4- and 3- isomers of the new PzPy ligand scaffold, 45 and 

46. In the case of copper(II) sulfate pentahydrate, using either 45 or 46 an initial formation 

of a green gel-like material, SM(1), was observed, which subsequently acted as a crystal 

growth medium which facilitates gel-to-single-crystal-transitions to yield the mononuclear 

complexes C16 and C17, each containing two equivalent Cu(II) ions bridged by sulfate 

anions. The two structures were functionally equivalent, independent of the ligand 

substitution pattern.  

When a softer Lewis acid was employed, in the case of Ag(I), however, the minor 

geometric differences between 45 and 46 gave rise to two remarkably distinct crystalline 

superstructures. For 46 the reaction in acetone gave rise to a one-dimensional polymer C18, 

in which three distinct coordination geometries for Ag(I) led to a zig-zag coordination 

polymer with Z′ = 7 and a distance of over 50 Å between vertices. Conversely, the reaction 

of the 4-isomer 45 gave an octanuclear metallomacrocycle C19 in the crystalline state, which 

contained acetone molecules both encapsulated within the void of the macrocycle and 

present within the periphery between neighbouring units of C19. Guest exchange 

experiments with seven different guests, as well as mixtures of guests and sequential 

exchanges, showed C19 undergoes reversible single-crystal-to-single-crystal 

transformations. Most importantly, the guest molecules occupy crystallographically defined 

positions within the macrocycle which could be individually located and correlated well to 

the bulk solvation ascertained by TGA and 1H NMR spectroscopy. These results show that 

surprisingly diverse and intricate functional coordination architectures can be realised from 

simple building units with seemingly minor geometric variations, and that the potential 

functionality of such materials in guest exchange applications can be accessed without the 

necessity for robust three-dimensional frameworks. 

Future prospects for this project have grounding in the derivatisation of the 4- 

position of the phenyl ring. With such malleable and versatile coordination preferences 

intricate networks can be designed to take advantage of this system. An example of this type 

of system is outlined in Chapter 
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Don’t let the muggles get you down 

- Ron Weasley 

Harry Potter and The Prisoner of Azkaban 
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Chapter 4 – Schiff Base Derivatives 
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4.1 Introduction  

Widely recognized as a powerful tecton in self-assembled supramolecular systems in recent 

years, the Schiff base linkage has been utilized in the generation of a wide variety of intricate 

molecular architectures reported in the literature.296, 297 The imine motif has been 

successfully employed in the formation of discrete systems,298, 299 such as helicates,300, 301 as 

well as metal-organic polyhedra,296 and also in the development of organic systems.302, 303 

Furthermore, the Schiff base linkage has been effectively used as a linking element in the 

formation of covalent organic polymers and extended organic systems.304-308 

The metal binding affinity of Schiff base groups is well established and often 

employed in metal-templated syntheses, exemplified by the Robson macrocycle, 49, Figure 

4.1(a), and related oligo-iminophenolate compounds obtained from the reaction of 

polyamines with 2,6-diformylphenol and its analogues.309-311 The parent macrocycle is a 

renowned chelator for transition metal ions and exhibits significant synthetic versatility, for 

example, the dinuclear zinc complex of the Robson macrocycle reported by Gou et al. is 

illustrated in Figure 4.1(b). The employment of this system has led to extensive studies into 

the molecular magnetism and catalytic properties of a variety of metal adducts.312, 313  

Figure 4.1 (a) Robson macrocycle, 49, originally reported in 1970; (b) Dinuclear Zn(II) Robson macrocycle reported by 

Gou et al. 

 

Reports by Minkin and co-workers detail imine species derived from the tpy motif 

have been reported as bifunctional chemosensors. In this report the o-hydroxyimine and the 

tpy fragments of the sensor hold the ability to detect d-metal cations in solution.314 These 

‘naked-eye’ chemosensors using 50, Figure 4.2(a), for Cu(II) and Ni(II) ions follow their 

binding in solution by undergoing a colour change from colourless to bright yellow, Figure 
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4.2(b), this was also observed spectroscopically with a red-shift of the band associated with 

50 and the appearances of bands associated with the respective metal ion.  

Figure 4.2 (a) Tpy imine ligand, 50, reported by Minkin et al.; (b) Visual colour change in MeCN with 50 and Cu(II). 

Image (b) reproduced from reference.20  

 

Current research into the formation of supramolecular soft materials, such as gels 

and polymers, has attracted considerable attention due to their mobility and flexibility that 

enables them to undergo changes in their bulk properties and shape upon experiencing 

different environmental conditions or applying external stimuli.315 Significant research 

efforts have been expended into understanding  the underlying assembly pathways and the 

influences of different chemical constituents on the bulk properties of such materials.316, 317 

A gel is loosely defined by the flow behaviour it possesses and should be both strain-

dependent and reversible in nature.318, 319  The rational design of these supramolecular 

systems is derived from a combination of well recognised modes of weak intermolecular 

interactions (e.g. π-π stacking, van der Waals interactions etc.), aggregation properties, host-

guest recognition behaviour, and directed molecular self-assembly properties, leading to 

prolific advances towards functional materials.320-323 

 Applications of such soft matter materials include, but are not limited to, drug 

delivery agents,271, 324 soft material contact lenses,325 crystal growth media268 (as elucidated 

in Chapter 3) and organocatalysts.326 The preparation of LMWGs containing metal ions or 

metal binding groups provides additional possibilities for stimuli-responsive behavior 

derived from their underlying coordination chemistries.327-330 Similar to the work discussed 

in this chapter, Sun et al. reported three Schiff base ligands, 51 – 53, containing two pyridine 

rings which displayed strong gelation ability with silver nitrate at room temperature in pure 

and mixed solvent systems Figure 4.3(a).331 The authors also note that changing the pyridyl 
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substituent used leads to dramatically different effects on their relative gelling behavior. 

Rheological analysis showed that the silver metallogel of 52 possessed a reversible, 

thixotropic property,331 meaning that the gel flows freely upon stirring but returns to a gel 

when left to stand. Of particular interest to the Gunnlaugsson group are gels based on tpy 

derivatives, such as the work by Kotova et al., which detailed the formation of 

supramolecular gels with d- and f-metal ions using a BTA core (which itself is the basis of 

many powerful supramolecular gelators) decorated with tpy motifs.289, 332 The 

supramolecular soft materials containing these motifs (and their derivatives) have found 

applications in numerous areas such as luminescent conducting materials,333 bioactive 

filaments334, 335 as well as soft and elastic functional materials, to name just a few.19, 289, 318, 

336, 337 

Figure 4.3 (a) Schiff base ligands 51 – 53; (b) Silver metallogel with 52 and rheological analysis showing the reversibility 

of the thixotropic property of the gel. Image (b) reproduced from reference.331 

 

Following on from the work establishing the coordination chemistry of the 

functionalized 2,2'-bpy motif that led to the development of the PzPy family discussed thus 

far in this thesis, the PzPy scaffold was ostensibly a prime candidate for use as a platform to 

synthesize a more sophisticated linking group that might facilitate the generation of 

functional coordination polymers and soft materials. Initially in this chapter, the design and 

synthetic procedures to derivatise the PzPy scaffold to generate the Schiff base linkage using 

2- and 4-pyridinecarboxaldehye are discussed. Subsequently, the coordination chemistry of 

the carboxylate precursor 54 is explored and compared with the coordination preference to 

the ligands discussed in Chapter 2, Figure 4.4. By installing a Schiff base functionality, it 

was envisioned that the expanded coordination environment conferred by the additional 

binding site would confer complexes of 55 and 56 with novel properties. The supramolecular 
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assembly of complexes using these ligands is probed both in the solid state and in solution. 

Following this study, the preliminary gelation properties of 55 and 56 are examined.  

Figure 4.4 Compounds 55 – 56 which are to be examined in this chapter.  

 

4.2 Design and Synthesis of Ligands 54, 55, and 56. 

The amino derivative of the PzPy ligand family discussed in Chapter 3 was obtained by 

using 4-acetamidobenzaldehyde as the commercial benzaldehyde in the synthetic procedure 

while the remainder of the synthetic protocol was carried out in an identical manner to the 

preceding chapters by performing an aldol condensation to produce 57, followed by a 

modified Krӧhnke reaction. The carboxylate salt intermediate, 58, was isolated and 

characterized (1H, 13C NMR, etc.) before being subjected to thermal decarboxylation to 

remove the carboxylic moiety and produce 59, Scheme 4.1.  

Scheme 4.1 Generation of 53–55 (i) 2-pyrazinacylpyridinium iodide, ammonium acetate, reflux H2O 5 h, 75%; (ii) thermal 

decarboxylation under vacuum, activated charcoal EtOAc 30 minutes, 48%. 

 

The acetyl protecting group was then removed from both the carboxylate, 58 and 

decarboxylated species, 59, by heating to reflux in methanol and HCl (2 M) for four hours 

before precipitating at pH 7 with aqueous NaOH (2 M) to yield the primary amine species, 

54 and 60, in moderate yield (55%), outlined in Scheme 4.2. The formation of 60 was 

confirmed by 1H NMR spectroscopy (DMSO-d6) when the amine resonance at 5.60 ppm 

was observed to disappear upon deuterium exchange (D2O ‘shake’). The appearance of the 
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primary amine was further verified by IR spectroscopy with the appearance of the N-H 

symmetric and asymmetric medium stretches at 3393 and 3350 cm-1, the N-H bend at 1593 

cm-1 and the sharp N-H wag at 815 cm-1.  

As the carboxylate compound 54 was a similar N,N,O–ligand to those discussed in 

Chapter 2, it was investigated as to whether the amine functionality at the phenyl terminal 

would link the structure in a polymeric fashion, similar to the example of the complex C15 

using ligand 40, the structural characteristics of which were outlined in Chapter 2. Upon 

deprotection of 58 with sodium hydroxide, the formation of colorless block crystals 

occurred. These were subjected to single crystal X-ray diffraction experiments and the 

resulting data were solved and refined in the triclinic space group P-1, Table A.8 in the 

appendix.  The asymmetric unit expresses the crystallization of the amine, 54, with a sodium 

ion coordinating to the pyrazin-4-yl nitrogen atom with four coordinating aqua ligands, 

bringing a octahedral geometry about the metal ion and two crystallographically unique 

lattice water molecules to give [Na(54)(H2O)4]⸱2H2O C20. The extended structure bridges 

two adjacent molecules through two aqua ligands, oxygen atom O4, of neighboring units of 

C20, Figure 4.5 The oxygen atoms of the deprotonated carboxylate moiety, O1 and O2 are 

stabilised by hydrogen bonding interactions from the lattice water molecules, O7 and O8 as 

well as the coordinating aqua molecule, O4, from an adjacent molecule of C20 with O⸱⸱⸱O 

distances in the range of 2.7376(17) – 2.8215(15) Å associated O-H⸱⸱⸱O angles between 

163.8436(13) – 176.6078(3)°. The amine nitrogen atom N4 also donates a hydrogen bond to 

O2 with an N⸱⸱⸱O distance of 3.04721(18) Å and a corresponding N-H⸱⸱⸱O angle of 

160.9350(7)°. However, it must be noted that this complex is not representative of the entire 

bulk phase, as was demonstrated by powder X-ray diffraction. Indeed, upon washing with 

cold water, the sodium complex was subsequently disrupted to give compound 54 as the free 

ligand. When lithium hydroxide or potassium hydroxide were employed in the deprotection 

of 58, no corresponding crystal structures were obtained.  

Figure 4.5 Structure of C20 with partial atom labelling scheme, showing the aqua bridge through oxygen atoms O4 of 

adjacent C20 molecules. Hydrogen atoms and lattice water molecules are omitted for clarity. Symmetry codes used to 

generate equivalent atoms (i) 2 –X, 1–Y, 2–Z.  
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Throughout the purification stage of the decarboxylated analogue, compound 59 

deposited as colourless crystals following steady evaporation of ethyl acetate. Additionally, 

yellow block crystals of primary amine 60 were also obtained through slow precipitation 

from the reaction mixture during the deprotection stage of the synthesis. The diffraction data 

of each structure were solved and refined in the triclinic space group P-1 and both resultant 

crystals structures have two crystallographically unique molecules within the asymmetric 

unit, illustrated in Scheme 4.2. The X-ray data are shown in Table A.8 in the appendix.  

Scheme 4.2 Deprotection of acetyl protecting group, 59, (left) (i) heating to reflux in methanol and HCl (2 M) followed by 

precipitation at pH 7 with NaOH (2 M) to yield 60, (right); depicted by the asymmetric units of the crystal structures 

obtained during the synthesis with partial atom labelling.  

 

As indicated in Section 4.1, the primary objective upon synthesising the primary 

amine 60 was to perform Schiff base condensation chemistry using both 2-

pyridinecarboxaldehyde and 4-pyridinecarboxaldehyde to further functionalise the scaffold 

and generate the Schiff base, PzPy species 55 and 56. These systems were envisaged to 

install additional binding sites and alter the versatile coordination environments that were 

previously investigated and detailed throughout Chapter 3. The condensation reaction of the 

amine, 60, with the corresponding aldehyde (2- and 4-pyridinecarboxaldehyde, respectively) 

was carried out by heating to reflux in ethanol for six hours. Upon cooling to room 

temperature, the majority of the reaction solvent was reduced to approximately 25% of its 

original reaction volume which yielded the imine ligand species 55 and 56 as colourless 

crystalline material in high purity and good yield (76 and 78%, respectively). Perhaps 

unsurprisingly, this slow precipitation to produce Schiff base species fortuitously produced 

55 as large colourless block single crystals suitable for X-ray diffraction experiments. The 

data collected were solved and refined in the triclinic space group P-1, Table A.8 in the 

appendix, to give a structural model of 55, depicted in Figure 4.6.  
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Figure 4.6 Structure of 2-pyridyl imine ligand, 55, with partial atom labelling scheme.  

 

Pleasingly, despite the reversible nature of imine formation which commonly results 

in a mixture of starting materials and imine product,338 the 1H NMR spectra of compounds 

55 and 56, Figure 4.7(a) and (b), each display one clearly defined ligand system for both 

isomers.339 The condensation reaction between 2- or 4-pyridylcarboxaldehyde and 60 to 

form the corresponding imine ligand species resulted in a significant upfield shift of the 

N=C-H proton in the 1H NMR spectrum (DMSO-d6, 600 MHz). For example, the O=C-H 

proton of 2-pyridinecarboxaldehyde has a chemical shift of 9.95 ppm in DMSO-d6, while 

the equivalent proton for both 55 and 56 has a shift of 8.69/8.85 ppm, respectively 

(crystallographic atom label H16 in Figure 4.6).  The downfield shift of the aromatic protons 

is also observed for both 55 and 56 when compared to the NMR spectrum of 60 where the 

resonances at 6.75/7.62 ppm shift to 7.51/7.99 ppm for proton labels 7/10 and 8/9, 

respectively, upon imine formation.   

 Having completed the synthetic procedures for this ligand library, the coordination 

preferences of the isolated carboxylate intermediate 54 were investigated under solvothermal 

conditions (similar to those outlined in Chapter 2) to determine whether the substitution 

pattern on the phenyl ring would impact the coordination sphere. In particular, a variety of 

zinc salts were tested to compare the binding mode to 2D polymer C15 obtained with 40, as 

well as the coordination with lanthanide ions (europium and terbium). Following this, 

coordination screening was carried out using 55 and 56 in the presence of d-metal ions to 

study their directed self-assembly in solution, in the solid state, and their physical gelation 

properties.  
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Figure 4.7 1H NMR spectrum (600 MHz, DMSO-d6) of (a) 55 and (b) 56. 

 

4.3 Synthesis and Structure of d- and f-Block Complexes with 54 (C21 – 

C23) 

4.3.1 1D Polymer with Zn(II) (C21) 

The reaction of 54 with zinc chloride or zinc nitrate hexahydrate (1.0 equiv.) in DMF at 100 

°C for eighteen hours yielded a crop of orange, block shaped, isostructural crystals suitable 

for X-ray diffraction experiments in 12 and 15% yield, respectively, and pure bulk phase. 

Using the zinc chloride complex as an example, the single crystal X-ray data obtained were 

solved and refined in the monoclinic space group P21/n, wherein the asymmetric unit 

contains one molecule of 54, deprotonated and coordinating to the Zn(II) metal ion via the 

carboxylate oxygen atom O1, a partially occupied coordinating formate molecule, a partially 

occupied coordinating chlorido ligand and a non-coordinating water molecule to give 

[Zn(54)HCOO-
0.75Cl0.25]·H2O C21, Figure 4.8(a). The X-ray data are shown in Table A.8 

in the appendix.  

The axial position of the zinc ion is occupied by the partially occupied formate 

molecule and chlorido ligand while the equatorial sites are occupied by chelating nitrogen 

atoms N1 and N2, and the oxygen atom O2 of the neighbouring C21 molecule. The 
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carboxylate coordinates in a μ2-κO:κO´ bridging mode with a long O···Zn distance of  

2.176(6) Å, which produces a formally square pyramidal geometry about the Zn(II) ion.   

Figure 4.8 (a) Connectivity of C21 with partial atom labelling scheme. Partially occupied chlorido ligand is omitted for 

clairity; (b) Representation of the inverted molecules of C21 which π-π stack close together with partial atom labelling 

scheme. Hydrogen atoms and partially occupied chlorido ligand are omitted for clarity. 

 

This assembly around the zinc atom leads to the formation of a one-dimensional 

polymeric assembly which is bridged through the adjacent carboxylate atoms, with inverted 

strands stacking together, Figure 4.8(b). Other major interactions include the common motif 

for this ligand species, consisting of offset face-to-face π-π stacking and C-H···O 

interactions, Figure 4.8(b). This arrangement draws strong parallels to the one-dimensional 

polymer examples, C12 and C13, described in Chapter 2, as neither the amine nitrogen atom, 

nor the 4-pyrazinyl nitrogen atoms, provided any difference to either the connectivity of the 

structure, or the extended network. This could be potentially due to the deactivated nature of 

the phenyl ring adjacent to the PzPy moiety. Nevertheless, the resulting complex is a one-

dimensional polymer with close C-H⸱⸱⸱O and π-π interactions that attract adjacent strands to 

form a dense network with no meaningful void volume present within the structure, Figure 

4.9.  

Figure 4.9 The extended one-dimensional polymeric network of C21, illustrating the dense network of 1D strands through 

bridging carboxylates.   
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4.3.2 Lanthanide Complexes and Solid-State Luminescence (C22 and C23) 

After low-dimensionality coordination polymers were formed with zinc, attention was 

turned to lanthanides with a view of generating discrete molecules that would exhibit solid-

state luminescence. Luminescence arises from the decay of electronically excited states with 

associated emission of a photon. Valuable properties of lanthanide luminescence include 

long lived excited states, long wavelength emission, and sharp characteristic line-like 

emission bands.50, 340 With the exception of lutetium which is not emissive, the lanthanides 

display either fluorescence or phosphorescence. The f–f transitions are formally Laporte-

forbidden, leading to weak absorption and slow decay from excited states. The forbidden f-

f transitions give these metal ions very low extinction coefficients which lead to inefficient 

‘direct’ excitation. The lanthanide excited state can, however, be accessed by utilising a 

sensitising chromophore via a process known as the ‘antenna effect’, Figure A.51 in the 

appendix, where a sensitising chromophore is incorporated within the system, allowing for 

indirect excitation of the metal centre to be achieved.341 The sensitising antenna absorbs 

electromagnetic radiation, exciting it from the singlet ground state to a singlet excited state. 

The spin multiplicity changes via intersystem crossing and results in longer lived triplet 

excited state, shown by a simplified Jablonski diagram, Figure A.52 in the appendix. The 

excited antenna then transfers energy to the excited state of the lanthanide ion, producing an 

excited ion and this indirect excitation of the lanthanide ion allows for the lanthanides’ 

desirable photophysical properties to be exploited. Energy may be then be dissipated by 

luminescence (emission of light).49  

Ligand 54 was reacted with terbium and europium (the luminescent properties of 

which are widely studied in lanthanide chemistry49, 50) in order to determine the whether 54 

could act as an antenna and effect the luminescence properties when studied in the solid 

state. The reaction of 54 with terbium chloride hexahydrate in a 1:1 stochiometric ratio in 

DMF at 100 °C overnight gave a crop of yellow block crystals in pure bulk phase in 3% 

yield. The single crystal X-ray data were solved and refined in the monoclinic space group 

P21/n the data of which are shown in Table A.9 in the appendix. The asymmetric unit 

contains two molecules of 54 deprotonated and coordinating to the terbium metal ion, a 

chlorido ligand, and an associated non-coordinating DMF molecule giving the trivalent 

mononuclear complex [Tb(54)2(Cl)(DMF)]·DMF C22, Figure 4.10. The extended 

intermolecular interactions of C22 follow along the same line as those previously reported 

in this thesis for this motif, with a tightly knit C-H⸱⸱⸱O interactions holding neighbouring 

molecules together. 
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Figure 4.10 Structure of the asymmetric unit of C22 with partial atom labelling scheme. Hydrogen atoms are omitted for 

clarity.  

 

The inward facing C-H atoms (carbon atoms label C4 and C7) donate hydrogen 

bonds to the oxygen atom O1 of the adjacent molecule of C22 with C⸱⸱⸱O distances of 

3.348(5) and 3.565(7) Å and associated C-H⸱⸱⸱O angles of 145.63(4) and 170.81(9)°, 

respectively. Furthermore, carbon atom C26 donates a hydrogen bond to oxygen atom O6 

of a nearby C22 molecule, with a C⸱⸱⸱O distance of 3.136(8) Å and C-H⸱⸱⸱O angle of 

123.38(14)°. The amino functionality also participates in hydrogen bonding interactions with 

amine nitrogen atoms N4 and N8 donating hydrogen bonds to oxygen atoms O5 and O2 

respectively, with C⸱⸱⸱O distances of 2.299(8) and 2.991(7) Å and corresponding C-H⸱⸱⸱O 

angles of 166.61(4) and 158.01(7)° respectively. 

 Gratifyingly, the chlorido ligand in C22 similarly participates in C⸱⸱⸱Cl and N⸱⸱⸱Cl 

interactions with carbon atom C9 and nitrogen atom N8 respectively, with correlating C⸱⸱⸱Cl 

and N⸱⸱⸱Cl distances of 3.521(6) and 3.345(7) Å and C-H⸱⸱⸱Cl and N-H⸱⸱⸱Cl angles of 

128.41(4)° and 168.23(7)° for each interaction. The isostructural europium complex, C23, 

was obtained in identical fashion in 2% bulk yield and measured using powder X-ray 

diffraction, shown in Figure 4.11. The crystals resulting from the reaction were too small 

for single-crystal diffraction analysis, but the equal cell parameters to the terbium complex, 

C22 can be expressed by powder X-ray diffraction analysis.   
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Figure 4.11 Powder X-ray diffraction pattern of C23 (red) measured at room temperature compared to the terbium 

complex, C 22, pattern simulated from single crystal X-ray data obtained at 100 K (blue).  

 

Each of the lanthanide complexes C22 and C23 were then analysed for their solid-

state luminescence properties using a quartz slide, achieved by exciting into the sensitising 

moiety, λex = 260 nm for each complex, the maxima which was consistently noted for the 

bpy system in earlier photophysical analysis. Due to the lack of any notable fluorescent 

properties of the ligand, only the emergence of the terbium- and europium-centred time 

delayed phosphorescence was investigated. The resultant phosphorescence spectra of the 

complexes displayed the characteristic ‘line-like’ emission which can be attributed to each 

of the lanthanide ions employed, Figure 4.12.  

 

Figure 4.12 The solid-state (a) terbium complex C22 phosphorescent emission intensity at λ= 492, 545, 582 and 622 nm 

and; (b) europium complex C23 phosphorescent emission intensity at λ= 595, 615 and 695 nm. Where λ = wavelength and 

λex = 260 nm for each complex.  
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These spectra show the terbium-based phosphorescent emission bands centred at λ = 

492, 545, 582 and 622 nm, shown in Figure 4.12(a), which represents deactivation from the 

Tb(III) 5D4 excited state to the 7FJ
 ground state, where J = 6,5,4,3. Likewise, the europium-

centred emission was observed at λ= 595, 615 and 695 nm, portrayed in Figure 4.12(b), 

representing deactivation from the Eu(III) 5D0 excited state to the 7FJ ground state, where J 

= 1,2,4.  

In summary, the coordination preferences of 54 were examined with zinc to produce 

a 1D polymer, meaning the substitution of the amine has a great effect on the coordination 

preferences in relation to the 2D polymer obtained with the 3-amino derivative 40 in Chapter 

1. The ligand system was complexed with terbium and europium ions and their crystal 

structures obtained in pure phase. The complexes C22 and C23 were examined for their 

solid-state luminescence and both spectra confirm complexation and effective sensitisation 

via energy transfer from the ligand system 54 to the lanthanide metal centre. Attention was 

then paid to the solid and solution state properties of the imine species 55 and 56 

 

4.4 Imine Complexation, Screening and Analysis in Solution  

4.4.1 Complex Screening  

Throughout the synthetic procedure for the imine ligand species, crystal samples of high 

quality suitable for X-ray diffraction experiments were obtained under relatively facile 

conditions for each reaction step of synthesis (55, 59 and 60). With this knowledge, it was 

envisioned that crystalline complexes of 55 and 56 with d-block metals would form with 

relative ease, and potentially generate helicate-type structures given the multiple available 

binding sites. With this in mind, the imine compounds were reacted with the perchlorate 

salts of iron, nickel and copper in reaction solvents such as acetonitrile, methanol, 

nitromethane, and tetrahydrofuran, and using anti-solvents including diethyl ether and 

toluene. Reactions with a number of silver salts in either acetone, acetonitrile or 

tetrahydrofuran were also carried out resulting the formation of soft materials, which are 

discussed in Section 4.5. Although single crystals (‘single’ alluding to the particles 

exhibiting single crystallinity by their tendency to uniformly rotate plane-polarized light) 

were obtained through the myriad combinations alluded to above, none of the materials 

exhibited diffraction to any resolution, regardless of whether a Mo Κα or Cu Κα source were 

used at either 100 K or room temperature even with an exposure time of up to sixty seconds 

per frame. Other crystals obtained were either too small, therefore falling beyond the 

limitation of the instruments available, or only the unreacted metal salts crystallised where 



                                                                                                       Chapter 4: Schiff Base Derivatives 

108 

 

the parameters corresponded to the reported unit cell data of [Cu(MeCN)4]ClO4 and 

[Ni(MeCN)4]ClO4, respectively. 

To form the imine species in situ, 60 was heated with iron perchlorate in acetonitrile 

and 3-pyridylcarboxaldehyde was added before the reaction was heated to reflux, red 

spectrum in Figure 4.13. A control reaction, the blue spectrum in Figure 4.13, was 

conducted simultaneously with no aldehyde present in order to ensure that the imine was 

forming, and chelation to the metal ion was found to be not solely occurring from the 

nitrogen atoms of the PzPy species. FTIR (ATR) analysis of the resulting solids were 

measured and the overlay of the two resulting infrared spectra, indicated the formation of 

the imine species, signalled by the presence of the imine C=N absorbances present at 1690 

cm-1. The imine N-H stretch is also apparent at 3200 cm-1. For the control, the functional 

group absorbances are retained, depicted by the N-H bands at 3350 and 3200 cm-1 and the 

N-H bending absorbance at 1570 cm-1. The reaction mixture was then taken, and diffusion 

methods using the anti-solvents listed above were employed with a view to crystallising the 

resulting iron complex. With toluene operating as the anti-solvent, colourless crystals were 

obtained. However, upon subjection to X-ray radiation after the resulting data were solved 

and refined, the subsequent structure was that of the imine ligand structure, displayed 

previously in Figure 4.6, with no metal ion present in the crystal structure. A batch of purple 

rod-shaped single crystals were also obtained through slow evaporation of acetonitrile 

whereby once more their tendency to rotate plane-polarized light was displayed under 

microscope analysis. Unfortunately, however, the sample exhibited no diffraction when 

examined on either crystal source, temperature or any given length of exposure time.  

Figure 4.13 Overlay of the FTIR vmax (cm-1) spectra showing the reaction of iron perchlorate in acetonitrile with the Schiff 

base species, 55 (red) and the control reaction (blue). 
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4.4.2 Solution Studies of Imine Species with Iron and Copper Perchlorate  

Given the inherent solubility of 55 and 56 in stark contrast to other derivatives of this motif, 

their properties in solution were examined in an effort to understand their preferred binding 

modes and to gain a better understanding of the stoichiometric species present in solution. 

UV/visible absorption spectroscopic titrations of the free ligands in acetonitrile (1×10-5 M 

concentration) against increasing concentrations iron perchlorate hexahydrate and copper 

perchlorate hexahydrate were performed in order to investigate the self-assembly of ligands 

55 and 56 with Fe(II) and Cu(II) in situ. This procedure involves monitoring the changes in 

the UV/visible absorption spectrum upon addition of known aliquots of metal to a solution 

of 55/56. Firstly, compounds 55 and 56 were spectroscopically characterised in acetonitrile 

at 293 K, and both UV/visible absorption spectra displayed an absorbance maximum at λmax 

= 290 nm (ε = 1.95 and 1.56×105 M-1 cm-1 for 55 and 56, respectively), together with small 

shoulders at 240 and 325 nm, Figure 4.14(a) and (b), respectively. All titrations discussed 

in the following sections were performed three times to ensure reproducibility.  

 Figure 4.14 The UV/visible absorption spectrum of (a) 55 and (b) 56 at 1 × 10-5 M in MeCN at 273 K.  

 

4.4.2.1 Iron Perchlorate Solution Studies with 55 and 56  

To study the effect of Fe(II) on the self-assembly of  ligand species 55 in solution, the 

changes in the UV/visible absorbance spectrum were monitored as a function of Fe(II) 

concentration (with additions from 0 → 5 equiv.) with the resultant spectrum portrayed in 

Figure 4.16(a). The maximum, λmax = 290 nm, related to the ligand itself, decreased upon 

aliquot additions of metal solution and was red-shifted towards 325 nm. The bands observed 

at λmax = 400 and 525 nm can be tentatively attributed to both a metal-to-ligand charge 

transfer (MLCT) transition from the iron to the polydentate Schiff base and pyridyl group, 
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and also a MLCT from the iron into the bpy moiety, respectively. 

These bands are in good agreement with the literature data for 

[Fe(bpydip)]2+, 61, as reported by Toma and shown in Figure 

4.15.342 To reaffirm this analysis, further titration studies were also 

conducted using 56 in order to investigate the self-assembly of 56 

with Fe(II). Similar to 55, upon the addition of metal ion the 

maximum λmax = 290 nm decreased and became red-shifted 

towards 320 nm and the shoulder centred at λmax = 340 nm also 

increased upon addition of metal ion. In this instance however, the presence of only one 

MLCT band is observed at 525 nm, indicating that the metal is binding solely through the 

bpy motif of 56, Figure 4.16(b). This observation of no MLCT band present in the region 

of 400 nm is in good agreement with the reported UV/visible absorption spectrum for 

[Fe(bpy)3]
2+ where only a single MLCT band is observed at 525 nm.343 This clearly contrasts 

with the more complex UV/visible absorption spectrum observed for 55, Figure 4.16(a) and 

(b).344 By plotting absorbance at representative wavelengths versus the number of metal 

equivalents added, the binding isotherms can be observed, as represented in Figure 4.16(a) 

and (b) inset. The experimental binding isotherms for 56 illustrate the absorbance changes 

which plateau after 0.5 equivalents of metal ion added, indicating that no further change 

takes place after this stoichiometry has been reached, corresponding to the analysis of 

binding occurring solely through the bpy motif in a ML2 (Fe⸱562) stoichiometry. By contrast, 

the binding isotherms obtained from the data of the titration study using compound 55 

portray a much more complicated system indicative of multiple species forming 

simultaneously in solution.  

 

Figure 4.16 The UV/visible absorption spectra of (a) 55 and (b) 56 upon titrating against an Fe(II) solution. Arrows indicate 

directional changes upon addition of metal ion solution. Inset: corresponding experimental binding isotherm of absorbance 

at (a) λ = 290, 330, 375 and 525 nm and (b) λ = 290, 320 and 510 nm. 

Figure 4.15 [Fe(bpydip)]2+, 

61, reported by Toma.342  
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These isotherms in the UV/visible absorbance data were analysed by means of the 

non-linear regression analysis program REACTLAB, Figure 4.17(a).345, 346 REACTLAB 

uses a non-linear least squares regression method to minimise the differences between 

experimental data obtained spectroscopically and theoretical data calculated from a proposed 

model. Analysis of the UV/visible absorption data pointed to the presence of four potential 

unique absorbing species in solution: the ligand itself 56, the ML (Fe⸱56), the ML2 (Fe⸱562) 

and the ML3 (Fe⸱563) species. The speciation distribution diagram generated for 56, Figure 

4.17(b), shows that between 0 → 0.5 equivalents of Fe(II), the predominant species in 

solution is the ML3 (Fe⸱563) species with a binding constant value of logβML3 = 18.9 ± 0.04 

and accounting for approximately 65% of the absorbing species present in solution. Upon 

further additions, beyond 0.5 equivalents, the speciation plateaus, illustrating the formation 

of a second ML2 (Fe⸱562) species present in solution between 0.5 → 4 equivalents of Fe(II) 

ions, with a binding constant determined as logβML2 = 12.8 ± 0.025 and accounting for 

approximately 50% of the absorbing species in solution. Lastly, the least prominent species 

observed was the ML (Fe⸱56) complex, which made up only approximately 20% of the 

absorbing species in solution, following the addition of 4 equivalents of Fe(II) with a binding 

constant (at a fixed value) determined to be logβML = 5.8. 

Figure 4.17 (a) Binding isotherms for Fe(II) with 56 superimposed with the REACTLAB fit of these isotherms for the 

UV/visible data of the titration studies; (b) Speciation distribution diagram obtained from the UV/visible absorbance data 

fit (upon titrating 56 against Fe(ClO4)2⸱6H2O in MeCN). 

 

In the case of 55, given the number of binding sites for the Fe(II) ion within this 

ligand system, it was likely that multiple species are forming simultaneously in solution. The 

isotherms from the UV/visible absorbance data were fit using REACTLAB, Figure 4.18(a). 

Using non-linear regression analysis as a tool to gauge the type of species present, the data 

can be fit to a model which includes the ligand itself, ML (Fe⸱55), ML2 (Fe⸱552) and M2L3 

(Fe2⸱553) species. The speciation distribution diagram generated, Figure 4.18(b), shows that 
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between 0 → 0.5 equivalents of Fe(II), the ML2 (Fe⸱552) species is present, occupying 

approximately 35% of the absorbing species in solution with a binding constant of logβML2 

= 11.8 ± 0.06. The MLCT bands that appear as a result of this titration are generally 

reminiscent of octahedral ligand sphere for Fe(II), as such it could be argued that this species 

could be the M2L4 (Fe2⸱554) complex. As further Fe(II) ions are added up to 1 equivalent the 

M2L3 (Fe2⸱553) species is observed as the most dominant species in solution, constituting ca. 

50% of the absorbing species, and exhibiting a binding constant of logβM2L3 = 23.7 ± 0.1. As 

more metal ions are added the equilibrium is disrupted, leading towards the formation of the 

ML(Fe⸱55) species which account for 50% of the absorbing species in solution upon the 

addition of 5 equivalents of Fe(II). Their corresponding binding constants were determined 

to be logβML = 6.0 ± 0.1. This data hints to a dynamic process, affording the formation of 

complex species due to the second binding site available for coordination. 

Figure 4.18 (a) Binding isotherms for Fe(II) with 55 superimposed with the REACTLAB fit of these isotherms for the 

UV/visible data of the titration studies; (b) Speciation distribution diagram obtained from the UV/visible absorbance data 

fit (upon titrating 55 against Fe(ClO4)2⸱6H2O in MeCN). 

 

4.4.2.2 Copper Perchlorate Solution Studies with 55 and 56 

Copper perchlorate hexahydrate was then employed as the metal ion in analogous titration 

studies. The changes in the ligand UV/visible absorbance spectrum were monitored as a 

function of additions of a Cu(II) MeCN solution in the range of 0 → 5 equivalents for 55 

shown in Figure 4.20(a). In this instance, similar to what was observed upon the addition of 

Fe(II) to 55, the maximum (λmax = 290 nm), decreased upon 

addition of metal ion. In contrast to the Fe(II) titration, 

however, upon addition of Cu(II) the maximum was slightly 

blue-shifted to 270 nm, shown in Figure 4.20(a). The 

shoulders present at λmax = 225 and 325 nm increased as 

complexation occurred with each aliquot addition of metal 

Figure 4.19 Hydrazone ligand, 62, 

reported by Mitra.347 
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solution. A decrease of the λmax = 290 nm band with a corresponding increase in the shoulder 

at 325 nm was also observed. The presence of a well-defined isosbestic point at 300 nm 

suggests a transition from the free ligand to a complex in solution. In addition, the band 

centred at λ = 380 nm also increased per aliquot addition of metal solution and thus could be 

surmised that this band arises from a π-π* transition when compared to the literature data for 

ligand, 62, reported by Mitra, Figure 4.19.347  

As a comparison to 55, titration studies were then performed using 56 which would 

potentially hinder the binding of the Schiff base nitrogen atom and the pyridyl nitrogen atom 

to the copper ion, due to the presence of only one bidentate site, as opposed to two for 55. 

Corresponding with the previous observations, the maxima λmax = 290 nm decreased per 

addition of Cu(II) solution with a concurrent increase of the shoulder at λ = 325 and 350 nm, 

shown in Figure 4.20(b). Based on literature precedent reported for [Cu(bpy)2]
2+, wherein a 

band at 350 nm was observed,343 the corresponding band reported here can thus also be 

assigned as a π-π* transition. The absence of a significant band centred at λ = 380 nm was 

also noted. The experimental binding isotherms obtained from the titration data from 56, 

represented in Figure 4.20(b) inset, depict the changes in absorbance upon complexation. 

These changes appear to plateau from 0 → 1 equivalents of addition, with a slight additional 

increase from 1.25 equivalents. Typically the coordination environment around Cu(II) 

accommodates between four and six donor atoms, so in this study, in contrast to Fe(II), it 

may be possible that binding is occurring through both the bpy nitrogen atoms and the imine.  

Figure 4.20 The UV/visible absorption spectra of (a) 55 and (b) 56 both at 10-5 M when titrated against the Cu(II) in MeCN. 

Arrows indicate directional changes upon addition of metal ion solution. Inset: corresponding experimental binding 

isotherm of absorbance at (a) λ = 290, 325 and 390 nm and (b) λ = 290 and 325 nm.  

 

The UV/visible absorbance data were analysed by means of the non-linear regression 

analysis program REACTLAB, Figure 4.21(a). The speciation distribution diagram 
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generated for 56, Figure 4.21(b) shows that between 0 → 0.5 equivalents of Cu(II), the 

predominant species in solution is the ML2 (Cu⸱562) complex making up ca. 75% of the 

absorbing species in solution, with a binding constant of logβML2 = 12.3 ± 0.04. As the 

addition of Cu(II) is increased the equilibrium is shifted towards the formation of the ML 

(Cu⸱56) complex upon addition of 3.5 equivalents of Cu(II) solution, making up 

approximately 50%  of the absorbing species in solution, with a binding constant determined 

to be logβML = 5.9 ± 0.02. 

 

Figure 4.21 (a) Binding isotherms for Cu(II) with 56 superimposed with the REACTLAB fit of these isotherms for the 

UV/visible data of the titration studies; (b) Speciation distribution diagram obtained from the UV/visible absorbance data 

fit (upon titrating 56 against Cu(ClO4)2⸱6H2O in MeCN). 

 

Similar to what was observed previously, the data from the titration with 55 displays 

a much more complicated process, where multiple species are concurrently forming, almost 

certainly due to the presence of the second imine bidentate binding site, Figure 4.22(a). 

Using non-linear regression analysis as a tool to determine the type of species forming in 

solution, the data could be best fit to a model in which the ML (Cu⸱55) and ML2 (Cu⸱552) 

species evolve in solution as the titration proceeds, Figure 4.22(b). The resultant speciation 

distribution diagram generated for 55 displays that between 0 → 0.5 equivalents of Cu(II) 

ions resulted in the ML2 (Cu⸱552) species being the most dominant,  constituting ca. 40% of 

the  absorbing species in solution, with a binding constant of logβML2 = 10.9 ± 0.05. Upon 

further addition of Cu(II) ions, the ML (Cu⸱55) complex becomes the most dominant 

between 0.5 → 5 equivalents of Cu(II), occupying approximately 70% of absorbing species 

in solution, with a binding constant of logβML = 5.6 ± 0.02. From the binding isotherms and 

the use of non-linear regression analysis this indicates, as was the case with Fe(II), that there 

is a possibility of higher-order systems forming in solution, shown in Figure 4.22(b). A 

summary of all the binding constant values given in Table A.1 in the appendix and each 
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recalculated absorption spectra from REACTLAB is represented in Figure A.53 in the 

appendix. 

Figure 4.22 (a) Binding isotherms for Cu(II) with 55 superimposed with the REACTLAB fit of these isotherms for the 

UV/visible data of the titration studies; (b) Speciation distribution diagram obtained from the UV/visible absorbance data 

fit (upon titrating 55 against Cu(ClO4)2⸱6H2O in MeCN).   

 

From these titration studies it’s evident that in the case of 55 there are potentially 

more species present in solution than with 54. From this observation it could be argued that 

this is why metal complexes of this system didn’t crystallise very well, as at no point is there 

only one or two species present in solution. The exact mass of these complexes was 

attempted to be determined by electrospray ionisation (ESI) and MALDI mass spectrometry 

but, unfortunately, no strong conclusions could be drawn from the data obtained about the 

arrangement of the complex from solutions of the complexes or the resultant crystalline 

materials. This could potentially be due to the low concentration for the species to remain 

intact or withstand the conditions required for ESI analysis.  

 Having examined the properties of the ligands 55 and 56 in both the solid-state and 

in solution, attention was then paid to their ability to form supramolecular soft materials. 

The physical properties of the 55 and 56 were then probed using Ag(I) salts and the 

preliminary results in these studies are outlined in the following section.  

 

4.5 Gelation Properties and Analysis  

The properties of 55 and 56 as potential precursors for the generation of self-assembled soft 

materials were examined following the observation of weak metallogel development during 

the preliminary complex screening process of 55 and 56 with d-metal ions and the results 

from the solution studies discussed previously; addition of the Ag(I) salts to 55 in solution 

(ca. 4 mL of solvent) directly led to thickening of the mixture and the separation of a pale-
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yellow gel material from the solvent. These samples were then screened using a variety of 

Ag(I) salts and concentration of solvents in conjunction with varying temperature. 

 

4.5.1. Gelation Properties of 55 

To obtain a more robust material than observed initially, more concentrated reaction 

conditions were tested. The soft material, SM(2), was formed when 55 was dissolved in 0.5 

mL of acetonitrile before silver trifluoromethanesulfonate (2 equiv.) in acetonitrile (0.5 mL) 

was added. Upon immediate addition the reaction mixture appeared more viscous. The gel 

monolith itself was obtained by cooling to 1 – 2 °C and leaving for two days to harden. After 

such time, the metallogel exists as a gel-like monolith which resists inversion indefinitely in 

a wide-bore (ID > 1 cm) sample vial. As can be observed from Figure 4.23(a), the gel-like 

material is opaque and only loosely associating upon subjecting to manipulation in air. 

Examination by thermogravimetric analysis showed the residual mass of SM(2) to be 0.65% 

at 81 °C, Figure 4.23(b).  

Figure 4.23 (a) Inversion tests for SM(2) upon reaction of  55 with silver trifluoromethanesulfonate in acetonitrile; (b) 

Thermogravimetric analysis of SM(2) revealing a residual mass of 0.65% at 81 °C.  Inset: highlighted region in the TGA 

between 0 – 1 weight%.  

 

After coating the SM(2) onto a silicon support and drying under dynamic vacuum to 

the xerogel, scanning electron microscopy (SEM) and Energy-Dispersive X-ray 

spectroscopy (EDX) was carried out by PhD student Jason Delente. EDX is a technique that 

is used in conjunction with SEM, in which the X-rays emitted from a sample during 

bombardment an electron beam are detected. The X-ray energy that is emitted is 

characteristic of the element from which it is emitted, and thus can be used to determine the 

elemental composition of the sample under analysis and ensure the metal and ligand are both 
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participating the formation of the material.348 In the SEM images obtained, a densely packed 

fibrous morphology was revealed, Figure 4.24, with the average fibre width being 

approximately 0.1 – 0.2 μm. While the EDX analysis of SM(2) shows that the material 

contains silver, fluorine, oxygen, and carbon, along with the presence of silicon from the 

wafer used in sample preparation. This analysis confirms that the fibres form as a result of 

the complex between 55 and AgOTf. 

 Figure 4.23 SEM images from SM(2) from reaction of 55 with AgOTf in MeCN.(scale = (a) 2 μm and (b) 10 μm). 

 

The soft material SM(3) was then prepared under analogous conditions with 55 using 

silver tetrafluoroborate in acetonitrile (0.5 mL) resulting in a similar opaque gelatinous 

material. Thermogravimetric analysis showing SM(3) to have a residual mass of 3.6% at 52 

°C, shown in Figure 4.26, which is considerably higher than observed for SM(2) and 

visually, SM(3) exhibited a much looser nature, breaking apart when disturbed. Nonetheless, 

the material was able to support its own weight in a wide-bore sample vial and was resistant 

to inversion for 24 h. SEM imaging (by Jason Delente) of the supramolecular gel-like 

material displayed a morphology consisting of dense thick branching fibrils, portrayed in 

Figure 4.25. From the SEM imaging, an average fibre width was calculated to be 

approximately 50 – 60 μm. EDX analysis of SM(3) confirms that the sample contains silver, 

carbon, fluorine, and also the presence of silicon from the wafer used in sample preparation.   
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Figure 4.25 SEM images from SM(3) from reaction of 55 with AgBF4 in MeCN.(scale = (a) 200 nm and (b) 1 μm). 

 

Figure 4.26 Thermogravimetric analysis of SM(3) revealing a residual mass of 3.6% at 52 °C.  Inset: highlighted region 

in the TGA between 0 – 5 weight%.  

 

4.5.2 Gelation Properties of 56 

Complementary to compound 55, upon complexation of 56 with silver salts immediate 

thickening of the complex solution was noted. Reaction with silver tetrafluoroborate in 

tetrahydrofuran (1 mL) led to the formation of SM(4) over the course of several days 

between 1 – 2 °C. From this reaction, a similar gel-like soft material was formed which was 

loosely associating in nature, and not-completely stable to inversion, with thermogravimetric 

analysis revealing a significantly higher residual mass of 8.5% at 53 °C, Figure 4.28. The 

morphology of the weak material SM(4) was probed by SEM imaging (by Jason Delente) 

and, in concert with SM(2) and SM(3), a similar dense fibrous network was displayed, 
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typical of supramolecular soft materials, Figure 4.27, with an average fibre width calculated 

to be approximately 30 – 40 nm. EDX analysis plots reveal the presence of silver, carbon, 

and fluorine, as well as the presence of silicon from the sample preparation within SM(4). 

EDX also shows oxygen present, presumably a result of the solvent used in the formation of 

SM(4), indicative of the viscous liquid nature of this material. The EDX outputs for each 

respective soft material are shown in the appendix in Figures A.54 – A.56.  

Figure 4.27 SEM images from SM(4) from reaction of 56 with AgBF4 in THF. (scale = (a) 200 nm and (b) 1 μm). 

 

Figure 4.28 Thermogravimetric analysis of SM(4) revealing a residual mass of 8.5% at 53 °C.  Inset: highlighted region 

in the TGA between 0–10 weight%.  

 

To conclude this section, the soft materials SM(2), SM(3), and SM(4) obtained from 

the preliminary gelation studies with 55 and 56 could not be classified as gels as they were 

not sufficiently robust to be manipulated in air and their loose associating nature made them 

unsuitable for rheological experiments.  
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4.5 Conclusions and Future Perspectives 

This chapter outlines the adapted synthetic procedure of the PzPy ligand scaffold to generate 

two new Schiff-based ligand derivatives 55 and 56. Initially, the solid-state luminescence of 

discrete mononuclear lanthanide systems, and structural studies of a one-dimensional 

polymeric network with carboxylate precursor 54 were outlined. The structural, solution-

state, and physical properties of the imine ligands 55 and 56 were then probed. Attempts 

were made to complex 55 and 56 with d-block metals in order elucidate their resultant 

structures in the solid state; however, none of the complex crystalline samples obtained were 

suitable for X-ray diffraction experiments despite several crystallographic techniques 

conducted, such as layering, use of a ‘H-Tube’, diffusion using a variety of anti-solvents, 

and slow evaporation, in combination with a variety of M:L stoichiometries, reaction 

duration, and temperatures. From this, attention was turned to the solution state behaviour 

of ligands 55 and 56 in the presence of Cu(II) and Fe(II), and physical studies given the 

inherent solubility of these ligands relative to their predecessors discussed thus far in this 

thesis. The solution-state self-assembly properties indicated the evolution of multiple species 

forming in solution for 55, with binding through both binding pockets available. In contrast, 

the photophysical studies for 56 indicated that the binding was limited to the bpy motif, with 

data in accordance with the literature values reported for [Fe(bpy)3]
2+ and [Cu(bpy)2]

2+.343 

The gelation properties of these ligands were then explored using Ag(I) salts, and the 

resultant complexes formed supramolecular soft-materials SM(2), SM(3), and SM(4) which 

were examined by SEM and EDX analysis to reveal dense fibrous networks. 

Future work for this part of the project would be to compare these results using the 

4- and 3-amino bpy systems starting materials for the imine species, 63 and 64, shown in 

Figure 4.29. These systems may produce crystals of higher quality and it would be useful to 

compare the properties in solution to the data discussed in this chapter.  

Figure 4.29 Compounds 63 and 64 which would be synthesised in the future to compare to the data detailed throughout 

this chapter. 
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I believe that a scientist looking at non-scientific problems is just as dumb as the next guy 

- Richard P. Feynman 
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Chapter 5 – Suzuki Miyaura Cross Coupling Derivatives 
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5.1 Introduction  

As outlined previously in Chapter 1, the importance and prominence of the bpy motif within 

functional discrete systems and MOFs is ubiquitous throughout the literature. With the 

understanding of the coordination mode and ligand interactions now in hand, attention was 

paid towards the design and generation of discrete palladium cages and MOF materials. In 

recent years, research interest in MOFs has expanded exponentially, and now synthesis has 

moved from understanding fundamental properties to potential real-world applications, 

examples of which were detailed thoroughly in Chapter 1.111  

One reason for the increased attention directed towards the area of MOFs, and a 

common facet among any foreseeable technical applications of coordination polymer 

materials, is the concept of chemical customisability.349-353 Further advances in material 

science lie in the ability to continuously tune chemical functionality and nanoscale geometric 

properties of both porous and non-porous coordination polymer materials.354, 355 These 

properties make MOFs particularly attractive in the field of carbon dioxide capture, an area 

of great environmental importance.125, 356, 357 To date, the majority of porous coordination 

polymers reported have been derived from rigid and symmetrical ligand molecules, typically 

consisting of an aromatic core with carboxylate or other donor groups attached.358, 359 This 

design is most often chosen due to the propensity for rigid aromatic linkers, often in 

combination with secondary-building units, to form robust porous materials whose 

framework integrity is maintained upon solvent exchange and evacuation.112, 360, 361  

The sustained interest within the field of palladium metallocage chemistry has been 

driven by the work of Rebek,91 Fujita,127 and Raymond,255 among others,15, 23, 362 in finding 

applications of this type of supramolecular architecture. Most notably, these systems have 

proven advantageous in the area of molecular recognition363 and encapsulation364 of 

biomolecules,95 anions,100 and environmental pollutants,363, 365 all while using simple 

precursors and mild reaction conditions. Several reports by Fujita detail the synthesis of a 

Pd4 square metal complex which led to the spontaneous formation family of supramolecular 

architectures such as cages, bowls,  boxes, tubes, catenanes, and spheres in one-step reaction 

using simple precursors and moderate conditions.366 To obtain the desired square complex 

ethylenediamine (en) was used as a capping ligand in the reaction quantitatively with the 

reaction of  [enPd(NO3)2] and 4,4'-bpy in alcohol. Furthermore, these reports outline the self-

assembly of a tetragonal M2L4 cage using a rigid ‘clip-type’ ligand, 65, and palladium metal 

ions. The metallocage, shown in Scheme 5.1, was formed by the reaction of the dipyridyl 
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ligand 65 with Pd(NO3)2 in a 2:1 (M:L) stoichiometry in DMSO at 90 °C for 24 h, and the 

resultant structure showed a nitrate anion encapsulated within the void of the cage.367 The 

diamagnetic nature of palladium allows the spectroscopic evaluation and characterisation of 

such complexes by NMR, in conjunction with mass spectrometry and, where applicable, X-

ray crystallography. 

Scheme 5.1 Self-assembly of the tetragonal M2L4 cages reported by Fujita using pyridyl derived ligand 65. Hydrogen 

atoms, counter ions and lattice solvent are omitted for clarity.   

 

With this in mind, drawing on inspiration from the plethora of work carried 

previously out by Fujita with pyridyl ligands forming palladium cages, and the vast amount 

of research conducted within the field of MOF chemistry, the research focus for this chapter 

was to capitalise on the modular nature of the synthetic procedure used for the ligand 

scaffolds discussed in this thesis, and extend them to synthesise more complex, higher order 

structures than those discussed thus far. In particular, these procedures allowed the facile 

introduction of appropriate chemical functionalities at the terminal phenyl positions of the 

bpy ligands, such that they were amenable to the synthesis of Pd(II) metallocages and d-

metal MOFs. The ligands themselves possess an aromatic core which was envisioned to 

enforce chemical robustness, allowing them to maintain their structural integrity even upon 

being subjected to guest exchange and evacuation. Through a Suzuki-Miyaura coupling 

reaction, the three ligands, 66, 67, and 68 were synthesised and their coordination 

preferences examined, Figure 5.1.   
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Figure 5.1 The 4-pyridyl, 3-pyridyl, and dicarboxylic acid functionalised ligand scaffolds 66, 67, and 68, respectively, 

which are synthesised and examined within this chapter 

 

5.2 Design and Synthesis of Ligand Scaffolds 66 – 68 

The scaffolds examined within this chapter were designed with the intention of forming 

porous coordination polymers or molecular cages, by cross-coupling a brominated bpy, 70, 

intermediate with an appropriate boronic acid. For the initial aldol condensation step, 3,5-

dibromobenzaldehyde was reacted with sodium pyruvate for six hours in a higher 

concentration than previously employed for the chalcone reactions discussed thus far in this 

thesis. The resulting yellow precipitate, 69, underwent the prototypical modified Krönhke 

reaction with 2-pyridacylpyridinium iodide (as outlined in the preceding chapters) to yield 

the 2,2'-bpy ring system. The ammonium salt carboxylate intermediate was immediately 

subjected to thermal decarboxylation and the crude product, 70, was purified by trituration 

with methanol. During the purification process, methanol was slowly evaporated from a 

batch of 66, giving colourless block crystals suitable for X-ray diffraction experiments. The 

resultant data were solved and refined in the chiral monoclinic space group P21, which is 

depicted in Scheme 5.2 and the X-ray data is shown in Table A.9 in the appendix. A Suzuki-

Miyaura coupling protocol was then employed, wherein compound 70 was reacted with the 

desired boronic acid (4-ethoxycarbonylphenyl-, 3-pyridyl or 4-pyridyl, respectively) in a 

1,4-dioxane/water mixture (4:1; 50 mL) using tetrakis(triphenylphosphine)palladium (0) as 

the reaction catalyst. The reaction mixture was heated to reflux at 100 °C for six days, 

monitored by thin-layer chromatography (TLC). 
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Scheme 5.2 The synthetic method to generate ligand scaffolds 66, 67, and 71 with X-ray structure of 70 with partial atom 

labelling scheme; (i) chalcone precursor 69, 2-pyridacylpyridinium iodide, ammonium acetate in water reflux five hours, 

followed by immediate thermal decarboxylation under high vacuum;(ii) K2CO3, appropriate boronic acid, 

tetrakis(PPh3)Pd(0) in 1,4-dioxane/water mixtue (4:1; 50 mL) reflux six days.  

  

Taking 71 as an example, the reaction was monitored by TLC in a dichloromethane: 

methanol mixture (9:1; 10 mL), after six days the consumption of the starting material 70, 

Rf = 0.43 was observed with the appearance of a new species at Rf = 0.65. Once cooled to 

room temperature the reaction mixture was diluted with water (100 mL), extracted into 

dichloromethane and subsequently washed with brine. The crude products were purified by 

trituration using methanol to give the compounds 66, 67, and 71 as white solids in high purity 

and moderate yields (60, 65, and 64% for 66, 67, and 71, respectively). Through dissolution 

and slow evaporation of acetonitrile, colourless crystalline material of 66 was obtained and 

subjected to X-ray diffraction experiments. The resultant data were solved and refined in the 

monoclinic space group P21/c, Figure 5.2 and the corresponding X-ray data are shown in 

Table A.9 in the appendix. The asymmetric unit contains the molecule in its entirety and is 

devoid of any inorganic species or solvent molecules. The packing interactions of 66 consist 

of π-π stacking interactions of the aromatic core of the ligand.  
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Figure 5.2 Structure of ligand 66 with heteroatom labelling scheme.  

 

The ethyl ester protecting group, which was employed for the Suzuki-Miyaura 

coupling reaction step, was subsequently removed by heating 71 to reflux in aqueous KOH 

(20 mL; 2 M) overnight at 130 °C. Reaction progress was monitored by removing an aliquot 

from the reaction mixture, neutralising the sample, and analysing by 1H NMR spectroscopy. 

After the consumption of the ester was observed, the mixture was diluted with water (20 

mL) and, upon addition of acetic acid (3 mL), the dicarboxylic acid ligand 68 precipitated 

as a white solid in high purity, as illustrated in Figure 5.3, and good yield (73%).  

 

Figure 5.3 1H NMR Spectrum (DMSO-d6, 400 MHz) of 68 upon deprotection of ethyl ester protecting groups (full 

spectrum showed in Figure A.60 in the appendix).  
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5.3 Halogen Bonding 1D Polymer with Cadmium (C24) 

Due to the dibromo-substitution on the phenyl ring, initial studies were undertaken to explore 

the coordination chemistry of the precursor 70 to investigate whether this ligand could 

participate in halogen bonding interactions. Compound 70 was reacted with cadmium 

chloride in DMF at 100 °C for 48 h which led to the formation of colourless block crystals 

in 27% yield, suitable for X-ray diffraction experiments. The crystallographic data obtained 

were solved and refined in the monoclinic space group P21/c and the X-ray data are shown 

in Table A.9 in the appendix. The asymmetric unit contains one molecule of 70 coordinated 

to the cadmium ion via the nitrogen atoms N1 and N2 of the bpy motif with two associated 

chlorido ligands Cl1 and Cl2, to give [Cd(70)Cl2], C24, Figure 5.4(a). Phase purity of the 

bulk sample was determined by X-ray powder diffraction and is shown in Figure A.61 in 

the appendix. Within the extended network of C24, the chlorido ligand Cl1 coordinates in a 

μ2 mode to cadmium ion Cd1. This interaction is repeated to build up a one-dimensional 

polymer which propagates through these chlorido bridges along the crystallographic a axis 

through inverted molecules of 70, illustrated in Figure 5.4(b).  

The neighbouring chains of C24 within the extended network are closely associated 

through offset face-to-face π-π stacking, illustrated in Figure 5.4(b), a common motif 

observed throughout this thesis when using derivatives of the 6-carboxy-4-ary-2,2'-bpy 

scaffold. The one-dimensional chains of C24 are further held tightly together through C-

H⸱⸱⸱Cl interactions. Similar to what has been noted for previous derivatives, the bay of 

inward facing carbon atoms donate hydrogen bonds, but in this instance the donation is to 

the chlorido ligands and bromine atoms present in the structure.  
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Figure 5.4 mi(a) Asymmetric unit of C24, with atom labelling scheme; (b) Association of the polymeric chains of C24 

looking down the a axis with partial atom labelling scheme. Hydrogen atoms are omitted for clarity.  

 

Within the asymmetric unit, carbon atoms C1 and C10 donate hydrogen bonds to the 

chlorido ligands Cl1 and Cl2 respectively, with C⸱⸱⸱Cl distances and C-H⸱⸱⸱Cl angles of 

3.487(9)/3.789(9) Å and 130.2(6)/124.6(5)° respectively. The chlorido ligand, Cl1 accepts 

three hydrogen bonds from the bay of inward facing carbon atoms C4 and C12 with C⸱⸱⸱Cl 

distances and C-H⸱⸱⸱Cl angles in the range of 3.541(10) – 3.873(10) Å and 142.5(6) –

149.8(9)° respectively. The carbon atoms of the terminal pyridine ring, C8 and C9, donate 

two hydrogen bonds to Cl2 with C⸱⸱⸱Cl distances and C-H⸱⸱⸱Cl angles of 3.565(9)/3.719(10) 

Å and 143.4(6)/160.6(5)° respectively. Furthermore, the bromine atoms Br1 and Br2 also 



                                                                      Chapter 5: Suzuki-Miyaura Cross Coupling Derivatives  

128 

 

accept hydrogen bonds. Br1 accepts one from the carbon atom C1 with a C⸱⸱⸱Br distance 

and associated C-H⸱⸱⸱Br angle of 3.721(9) Å and 137.8(6)°, respectively. Lastly, carbon 

atom C14 of the substituted phenyl moiety donates to Br2 with C⸱⸱⸱Br distance of 3.686(10) 

Å and an accompanying C-H⸱⸱⸱Br angle of 153.0(6)°.  

Figure 5.5 (a) Propagation of the 1D chain of C24; (b) View of the neighbouring chains with form a Type II Br⸱⸱⸱Br 

halogen contact.  

 

An example of a Type II halogen⸱⸱⸱halogen contact is exhibited in the structure of 

C24. The bromine atoms, Br1⸱⸱⸱Br1, in the extended network form a bromine chain in a 

zigzag pattern, illustrated in Figure 5.5(a) and (b). In this system, θ1 = 129.4(3)° and θ2 

=72.6(3)° (significantly short of the expected values of θ1 = 180 and θ2 = 90) giving |θ1-θ2| = 

57°, which is in the ideal range for Type II halogen contacts, a schematic which shows what 

these angles represent is shown in Figure 5.6.368, 369 

 

 

 

 

Figure 5.6 Geometries present in Type II halogen bonding.  
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5.4 Reaction of 66 and 67 with a Variety of Palladium Salts  

The palladium-pyridine metal-ligand interaction is frequently exploited in the construction 

of metallosupramolecular macrocyclic and cage architectures93, 100, 370 and among the ligands 

used in such structures, dipyridyl ligands are the most common connecting unit used in the 

assembly process.127, 367 Therefore, following the synthesis of terminal 4- and 3-pyridyl 

scaffolds 66 and 67, respectively, and, inspired by the work of Fujita, the research focus was 

then shifted to the development of supramolecular metallocages using palladium salts. The 

ligands 66 and 67 were reacted with three palladium salts which differ in the chemical 

composition of the associated counter ion (palladium nitrate Pd(NO3)2, 

tetrakis(acetonitrile)palladium(II)tetrafluoroborate Pd(CH3CN)4(BF4)2, and [1,1'-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) Pd(dppf)Cl2) at a variety of M:L 

stoichiometries and reaction temperatures to decipher the coordination preferences for 66 

and 67, while using DMSO-d6 as the reaction solvent in order to monitor the reaction 

progress via 1H NMR spectroscopy.  

 

5.4.1 Palladium Nitrate  

Pd(NO3)2 (2 equiv. 14 mg) was the first palladium salt employed in these studies in a 

reaction with  either the 4-pyridyl ligand 66 or the 3-pyridyl ligand 67, respectively, using 

DMSO-d6 (1 mL) as the reaction solvent. The reaction mixture was heated at 70 °C 

overnight, after which time samples were taken from the mixture, diluted with DMSO-d6 

and analysed by 1H NMR spectroscopy. The spectrum obtained for the reaction with 66 and 

Pd(NO3)2, shown in blue in Figure 5.7(a), displayed a complete change in the 1H signals 

when compared to the ligand starting material, with the peaks both shifted and significantly 

broadened relative to the ligand spectrum, portrayed in red in Figure 5.7(b). This shift and 

broadening within the reaction mixture indicated complex formation between the species, 

while the lack of any significant overlap between the red and blue spectra in Figure 5.7 

points toward complete consumption of the starting material used in the reaction.  

 The 1H NMR spectrum of the reaction between Pd(NO3)2 (2 equiv. 14 mg) with 67 

overnight also portrayed in a significant shift in proton resonances, shown in blue in Figure 

5.8(a) when compared to the 1H NMR spectrum of the ligand species, portrayed in red in 

Figure 5.8(b), but the sharp distinct peaks allude to the formation of a structure of potentially 

high symmetry or single component, than what was observed in the reaction of 66, with no 

significant overlap in the resonances.   

 



                                                                      Chapter 5: Suzuki-Miyaura Cross Coupling Derivatives  

130 

 

Figure 5.7 1H NMR (400 MHz, DMSO-d6) stacked spectra of (a) blue the complex of 66 and Pd(NO3)2;(b) red ligand 66. 

Figure 5.8 1H NMR (400 MHz, DMSO-d6) stacked spectra of (a) blue the complex of 67 and Pd(NO3)2;(b) red ligand 67. 

 

From these spectra, the size of the resultant complexes can be deduced. Sharper 

signals observed from 67 suggest the tumbling of the species in solution is faster, while the 

broadened in 66 point towards a much larger species which is tumbling in solution at slower 

rates. To study this further, both of the samples which were reacted with Pd(NO3)2 (66 and 

67, respectively)  were sent for 1H Diffusion Ordered Spectroscopy (DOSY) analysis to gain 
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an understanding of the size of the species formed in this reaction, this concept is discussed 

more thoroughly in Section 5.4.4 

 

5.4.2 Tetrakis(acetonitrile)Palladium(II)tetrafluoroborate  

Using analogous reaction conditions to those previously discussed, Pd(CH3CN)4(BF4)2 (2 

equiv. 26 mg) was then utilised in order to study the effect the counter ion would have on 

complex formation in these systems. The 1H NMR spectrum obtained from the reaction of 

66 displayed a similar shift and broadening of the proton resonance to the analogous reaction 

of 66 with Pd(NO3)2, illustrated in blue in Figure 5.9(a), pointing towards the formation of 

something larger than a mononuclear structure. The change in chemical shift is particularly 

noticeable when compared to the 1H NMR spectrum of the ligand species shown in red in 

Figure 5.9(b), and this change is clear of complex formation with consumption of the 

starting material. Due to the properties in the 1H proton spectrum obtained, this complex was 

also analysed by 1H DOSY analysis to gauge the size of the complex formed in this reaction.  

Figure 5.9 1H NMR (400 MHz, DMSO-d6) stacked spectra of (a) blue the complex of 66 and Pd(MeCN)4(BF4)2 ;(b) red 

ligand 66.   

 

In stark contrast to the distinct and sharp nature of proton resonances observed from 

the reaction of 67 with Pd(NO3)2, in analogous the reaction of Pd(CH3CN)4(BF4)2 with 67, 

the resultant 1H NMR spectrum was much broader and complex, displayed in blue in Figure 

5.10(a). The number of resonances present in the spectrum are immediately indicative of a 

mixture of species present in solution. The overlap of the resonances, when compared to the 
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ligand spectrum, shown in red in Figure 5.10(b), also suggests a mixture of the ligand and 

numerous other complexes which vary in size present in the reaction mixture. The presence 

of more defined resonances from a dominant species did not become apparent upon longer 

reaction times, increased temperature or through variation of M:L stoichiometries or reaction 

solvents.  

Figure 5.10 1H NMR (400 MHz, DMSO-d6) stacked spectra of (a) blue the complex of 67 and Pd(MeCN)4(BF4)2 ;(b) red 

ligand 67.   

 

5.4.3 [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(II) 

Pd(dppf)Cl2 was then employed to investigate the effect of a palladium salt which has 

considerably more steric bulk around the coordination sphere, and crucially, only two 

available coordination sites, as opposed to the four free coordination sites in the examples 

previously discussed. Dipyridyl ligand 66 was reacted with Pd(dppf)Cl2 (2 equiv. 19 mg) 

in DMSO-d6 overnight (1 mL) at 70 °C and the resultant 1H NMR spectrum shows a 

broadening of the resonances in the aromatic region, shown in blue in Figure 5.11(a) 

compared to the ligand spectrum shown in red in Figure 5.11(b). Also present in the blue 

spectrum is the appearance of two small new peaks adjacent to the resonances pertaining to 

the ferrocene protons, (Figure 5.11(b), pink), which is further evidence of the formation of 

a new complex. From this data it can be surmised that the ligand 66 is complexing to the 

Pd(dppf)Cl2 in a very small quantities, with the new 1H resonances attributable to the 

ferrocene rings experiencing another unique environment for Pd(II) distinct from that of the 
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free ligand. Due to the large amount of starting Pd(dppf)Cl2 material remaining in solution, 

portrayed in red in Figure 5.11(a), (when compared to the 1H NMR spectrum of 

Pd(dppf)Cl2, depicted in pink in Figure 5.11(b)) it can be deduced that only a small amount 

of this complex is formed. The ratio between the existing and novel ferrocene resonances 

were integrated to give a relative ratio of approximately ~1:0.3. The formation of this new 

species was further confirmed by the presence of two peaks in the 31P NMR spectrum at 

34.17 ppm and 24.90 ppm corresponding to the Pd(dppf)Cl2) and the new species, 

respectively, portrayed in purple in Figure 5.12(a), although only present in small quantity 

in solution. The ratio of the starting material to product did not increase upon screening 

longer reaction times, increased temperature or higher ligand concentration.  

Figure 5.11 1H NMR (400 MHz, DMSO-d6) stacked spectra of (a) blue the complex of 66 and Pd(dppf)Cl2 ;(b) pink 

Pd(dppf)Cl2; (c) red ligand 66.  

 

The reaction of 67 under the same conditions showed no new resonances pertaining 

to a complex in the 1H NMR spectra obtained between 1 – 4 days, implying that potentially 

the coordination site in the 3-pyridyl position is potentially too sterically hindered to allow 

for successful complexation to the palladium ion. From this data it may be possible that, in 

the case of 66, coordination was occurring through the 4-pyridyl nitrogen atoms and the 3-

pyridyl 67 was too sterically encumbered for successful complex formation. To prove this, 

however, solid state data would be required.  The reaction of 66 with Pd(dppf)Cl2 gave a 
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colourless crop of crystalline material suitable for X-ray diffraction experiments, but the unit 

cell parameters were found to match the cell of the Pd(dppf)Cl2 starting material, Figure 

5.12(b).  

The generation of these palladium complexes in solution using ligand scaffolds 66 

and 67 with three different palladium salts were studied in this section. The prospect of 

successful formation of this potential supramolecular architecture was further probed by 

utilising 1H DOSY and X-ray photoelectron spectroscopy (XPS), which are detailed in the 

following sections.  

Figure 5.12 (a) The 31P NMR spectrum (400 MHz, DMSO-d6) (purple) of the reaction of 66 and Pd(dppf)Cl2; (b) Structure 

of Pd(dppf)Cl2 obtained in complexation attempts.  

 

5.4.4 Diffusion Ordered NMR Spectroscopy (DOSY) 

DOSY is an NMR technique that correlates the diffusion rates of specific compounds. This 

technique is particularly useful for characterising the formation of large discrete molecules 

like cages and provides additional evidence for successful complex formation, particularly 

in solution by estimating the size of the species.371, 372 In collaboration with Dr Manuel 

Reuther and Dr John O’Brien (of the School of Chemistry, Trinity College Dublin) the data 

was fitted using the Diffusion Analysis program on TopSpin,373, 374 and an inverted sigmoid 

curve was obtained, Figure 5.12(a) and (b), for the ligand and complex respectively. The 

1H DOSY measurements of the complex obtained from 66 with Pd(MeCN)4(BF4)2 yield a 

diffusion coefficient (D) of 8.87 × 10-11 m2 s-1. Furthermore, each of the proton signals in 

the individual spectra show the same diffusion coefficients (D) demonstrating that there is 

only one species present in solution. The D value obtained for the palladium complex is an 
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order of magnitude smaller when compared to the data from the 1H DOSY measurement for 

ligand 66 itself which gave a D value of 3.08 × 10-10 m2 s-1, consistent with the complex 

being larger. An overall Dligand/Dcomplex ratio of a ~7:1 is obtained, and these D values are in 

accordance with literature values for supramolecular palladium complexes,375, 376 and 

suggests that the palladium(II) complex is indeed much larger than the free ligand. 

In addition, 1H DOSY NMR was used to estimate the size of the complex by applying 

the Stokes-Einstein equation,372, 377 given by:  

Equation 1:                                     𝑫 =  
𝑲𝑩𝑻

𝟔𝝅𝜼𝒓
 

In Equation 1, D = diffusion coefficient, KB = Boltzmann Constant, T = temperature (K), η 

= diffusion constant (for DMSO in this instance) and r = radius to find. From this the 

hydrodynamic radii r, of the complex and the ligand were determined, giving r = 1.236 nm 

for the palladium complex compared to r = 0.573 nm obtained from the data for ligand 66. 

To understand the composition of this complex it was analysed by X-ray Photoelectron 

spectroscopy (XPS) which is discussed in the following section. 

 

 

Figure 5.12 DOSY fits of field gradient vs intensity for (a) 66 and (b) Complex of 66 with Pd(MeCN)4(BF4)2. 

 

As shown in the previous section, the 1H NMR spectrum from the reaction of 67 with 

Pd(NO3)2  indicated a much more symmetrical system forming, with sharp distinct peaks as 

opposed to the broad resonances observed for the reaction of 66 with Pd(MeCN)4(BF4)2. 

The DOSY analysis data were fitted using the Diffusion Analysis program on Topspin to 

give a D value of 1.18 × 10-10 m2 s-1 for the complex compared to the ligand 67 which has a 
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D = 2.11 × 10-10 m2 s-1, the fitted curves of which are illustrated in Figure 5.13(a) and (b) 

for the ligand and complex, respectively. The plots do not show as much of a distinct inverted 

sigmoid curve as was observed with 66 but a definitive slope is noted. The resultant D values 

obtained yield a Dligand/Dcomplex ratio of 0.56:1, indicative of a complex that is still 

significantly larger than the free ligand if not as large as the 4-pyridyl 66 with 

Pd(MeCN)4(BF4)2. As before, the size of the complex was estimated by applying the Stokes-

Einstein equation to determine the hydrodynamic radii (r) of the palladium complex and of 

the ligand itself. From these data an r = 0.929 nm was obtained for the palladium complex 

compared to r = 0.527 nm for ligand 67.  

 

 

Figure 5.13 DOSY fits of field gradient vs intensity (a) 67 and (b) Complex of 67 with Pd(NO3)2. 

 

The 1H DOSY spectral data for the reaction of 66 with Pd(NO3)2 and 67 with 

Pd(MeCN)4(BF4)2 could not be fitted to the curve through Diffusion analysis on TopSpin 

as observed in Figures 5.12 and 5.13, indicating the presence of a  mixture of species in 

solution. The D values were obtained from these studies were different for each individual 

spectrum obtained and therefore isn’t representative of the solution and cannot be used to 

give an accurate size of the complex.  
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5.4.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface sensitive quantitative technique which can analyse the elemental 

composition of a material and can allow the electronic states of the atoms to be deduced. 

This is achieved by irradiating a sample with monoenergetic X-rays under high vacuum 

which interact with the core-level orbitals of the atoms and cause emission of electrons via 

the photoelectric effect. The kinetic energy of these electrons is measured by a detector and 

used to obtain the binding energy of the atomic orbital from where it originated. In 

collaboration with Mr Conor Cullen (of Prof. Georg Duesberg’s group in CRANN, Trinity 

College Dublin) XPS analysis was therefore employed to analyse the conversion of the 

starting material Pd(CH3CN)4(BF4)2 to the complex obtained upon reaction with 66. The 

solution obtained from the reaction was taken and dried under high vacuum for two days to 

produce a yellow powder suitable for XPS analysis. The resultant data for the Pd 3d and N 

1s core-level regions of the two materials was fitted and is illustrated in Figure 5.14. The Pd 

3d region shows two sets of doublets corresponding to two separate Pd environments in the 

Pd(CH3CN)4(BF4)2 salt, corresponding to the known degradation of palladium salts to form 

colloidal palladium upon exposure to air. After reaction with 66, however, only one 

configuration about the Pd atom is observed, indicating a distinct change in the environment 

experienced about the metal centre compared to that of the starting material. Similarly, the 

N 1s core-level regions show a significant binding energy difference and a reduction of the 

number of N stated from two to one after the reaction, further illustrating the changes to the 

material. By using appropriate sensitivity factors, the relative atomic ratio between Pd and 

N atoms can be analysed, giving a ratio for N:Pd of 45:55 for the starting material 

Pd(CH3CN)4(BF4)2 (again alluding to the formation of colloidal palladium from drying 

under vacuum) and a ratio of 76:24 after reaction with 66. The N:Pd ratio of ~3:1 hints to 

the generation of a complex of this nature, as from these data all of the palladium and 

nitrogen atoms are in the same chemical environment.   

 Despite many attempts of obtaining a precipitate from the reaction mixture of 67 with 

Pd(NO3)2 by use of anti-solvents, drying under vacuum, or freezing, only an oily residue 

could be obtained, therefore rendering the sample unsuitable for XPS analysis.  
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Figure 5.14 XPS spectra showing a comparison of the (a) Pd 3d and (b) N 1s core energy levels between the complex with 

66 (top) compared to the commercially bought Pd(MeCN)4(BF4)2 (bottom).  

 

5.4.6 Complex Screening 

Crystallographic analysis of the palladium species proved challenging, with various 

crystallographic techniques being employed such as the use of a ‘H-Tube’, layering with 

different solvents which differ in density, the use of a crystallisation tube, diffusion with a 

variety of anti-solvents, and variation of reaction length temperature and stoichiometry. 

These methods each resulted in the formation of yellow amorphous or glass-like products. 

In one instance the crystals obtained from a reaction of 66 with Pd(NO3)2 resulted in the 

crystallisation of the ligand 66 shown previously in Figure 5.2. Numerous attempts at 

crystallisation were attempted from the reaction of 66 and Pd(CH3CN)4(BF4)2 in DMSO-d6 

at 70 °C (which showed full conversion through 1H DOSY analysis) and these efforts 

consistently yielded a pale yellow amorphous solid. Diethyl ether was diffused into this 

reaction mixture and under microscope analysis this material seemed significantly more 

polycrystalline in nature and exhibited crystal-like behaviour; however, no structural model 

could be obtained due to lack of diffraction to any resolution when either a Mo Κα or Cu Κα 

source were used at 100 K or room temperature, and with an exposure time of up to sixty 
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seconds per frame.The reaction of 66 with Pd(CH3CN)4(BF4)2 in DMF at room temperature 

for twelve hours gave an orange solution into which diethyl ether diffused. A small 

polycrystalline crop of crystals were observed on the side of the sample vial in the diethyl 

ether, which under microscope analysis was seen to rotate plane polarized light, but 

unfortunately exhibited no diffraction to any resolution.  

 Similar techniques were used on the reaction of 67 with Pd(NO3)2. This complex 

was exceptionally soluble, and no precipitate or amorphous material deposited from the 

solution upon diffusion with diethyl ether or toluene into the reaction mixture preventing 

further structural determination.  

Each of the complexes discussed in this section were analysed by ESI and MALDI 

mass spectrometry but, unfortunately, no strong conclusions could be drawn from the data 

regarding the assembly of the complex, Figures A.63 and A.64 in the appendix. This could 

potentially be due to the fragmentation occurring using ESI techniques or the sample was 

too dilute to be detected.  

 

5.5 Synthesis and Structure of Metal-Organic-Frameworks (C25 and C26) 

5.5.1 Reaction of Cadmium Nitrate with 68 (C25) 

Ligand 68 was designed in an attempt to form porous coordination polymers, by employing 

the dicarboxylate functionality and rigid aromatic core, and combining this with the 

chelating properties of the bpy. The properties of 68 in the solid state were analysed upon 

reaction with various d-metals under solvothermal conditions. The stoichiometry of the 

metal salt was increased to three equivalents to encourage binding through the terminal 

carboxylic groups and avoid limited chelation solely through the bipyridyl nitrogen atoms. 

The reaction of 68 with cadmium nitrate tetrahydrate (3 equiv. 19 mg) in DMF (1 mL) led 

to the formation of a crop of small colourless, block-shaped crystals over the course of 

twenty-four hours in 3% yield. Analysis by X-ray diffraction provided a structural model in 

the monoclinic space group C2/c, the X-ray data are shown in Table A.10 in the appendix. 

The asymmetric unit contains one complete molecule of 68 with both carboxylic acid 

moieties deprotonated, coordinating to a cadmium ion, Cd1, via the carboxylate oxygen atom 

O1 to give [Cd(68)] C25. In a surprisingly well-ordered structure, no solvent or associated 

counter ions were located in the asymmetric unit. This observation is rationalised by 

considering the coordination mode of the ligand in C25, where all three donor groups are 
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bound to crystallographically equivalent Cd sites, restricting the possible degrees of freedom 

in the ligand backbone.  

 Figure 5.15 Connectivity of 68 to four equivalent cadmium ions to give C25. Symmetry codes to generate equivalent 

atoms are (i) 2–X, +Y, 3/2 –Z (ii) –1+X, +Y, +Z (iii) –1/2+X, –1/2 + Y, +Z.  

 

Examination of the metal ion environments within the extended structure shows each 

molecule of 68 linking to four equivalent cadmium ions through the bpy nitrogen atoms, N1 

and N2, and through the terminal carboxylate moieties, via monodentate interactions with 

O1 and O2, and chelation through oxygen atoms O3 and O4, depicted in Figure 5.15, to 

reveal a distorted octahedral N2O4 coordination sphere about the metal ion. This geometry 

provides N–Cd–O cis bite angles in the range of 82.3(4) – 85.8(3)° and, similarly, the N–Cd 

–N and O–Cd–O bite angles are 70.7(3)° and 79.9(4)°, respectively. These angles give rise 

to a large octahedral distortion parameter of Σ 188°. This geometry about the metal ion draws 

a strong parallel to the coordination modes observed for the cadmium complexes C1 and C2 

discussed in Chapter 2. The assembly around equivalent cadmium ions from the oxygen 

atoms O1 and O2 forms a bridge to equivalent O2 and O1 counterparts, respectively, in two 

adjacent C25 molecules, producing a Cd2O4 loop in a μ2-κO:κO´ bridging mode. The 

presence of this loop results in a layered sheet structure consisting of two molecules of C25 

inverted and stacking through multiple offset face-to-face π-π interactions, portrayed in 

Figure 5.16(a) and (b) which shows this interaction through the crystallographic a and b 

axes.  
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Figure 5.16 (a) C25 parallel to the crystallographic a axis showing the inverted stacking between the sheets; (b) View of 

C25 parallel to crystallographic b axis showing the Cd2O4 loop comprised of oxygen atoms O1 and O2 linking adjacent Cd 

ions.   

 

  The curved shape of ligand 68, with three available coordination sites, affords the 

formation of porosity within the extended network, the largest of which forms channels 

along the crystallographic c axis, which, based on the determined structure, has diagonal 

atom-to-atom distances of ca. 14 Å. C25 is non-porous along the a and b axes, a side on 

perspective of the channels is shown in Figure 5.17(top). This association occurs via three 

molecules of C25 connected through bidentate chelation from the bipyridyl nitrogen atoms 

N1 and N2 of one molecule to the cadmium ion, Cd1, and chelation from oxygen atoms O1 

and O2 of one neighbouring molecule, and O3 and O4 of another, propagating in a three-

dimensional polymeric fashion. The bending of the bipyridyl moiety relative to the phenyl 

linker (a commonly observed characteristic discussed for the mononuclear complexes in 

Chapter 2) plays a role in arranging these porous networks into sheets, with a large torsion 

angle of 44.071(2)° for C4-C3-C11-C12. Adjacent layers of C25 stack in an offset parallel 

inverted fashion without interpenetration, represented in Figure 5.17(bottom), giving a 

double layered (6.3) sheet. The extended π-system of each 68 molecule also contributes to 

the overall crystal packing through various face-to-face π-π interactions.  
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Figure 5.17 Side on perspective of the channels in C25 (top); Space-filling diagram of the extended network C25. Colours 

represent independent molecules of C25 and show the lack of interpenetration between neighbouring sheets of the polymer 

(bottom).  

Due to the inverted nature of each C25 molecule, a variety of C-H···O hydrogen 

bonding interactions are evident in this structure, the most significant originating from the 

bipyridyl C-H groups from carbon atoms C4 and C7 whose interactions terminate with the 

carboxylate oxygen atoms, O3 and O4 of adjacent molecules respectively. These interactions 

contain C⸱⸱⸱O distances of 3.164(8) Å and 3.142(13) Å and associated C-H⸱⸱⸱O angles of 

152.6473(8)° and 144.4147(13)°, respectively.   
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Significant regions of disordered electron density were detected in the residual 

Fourier difference map after the refinement of all the framework atoms. No additional 

solvent or guest molecules could be located from Fourier residuals, and so the regions to 

which lattice solvent could not be reasonably modelled were accounted for with the 

SQUEEZE routine within PLATON,379 in order to provide meaningful refinement statistics 

for the framework atoms. Thermogravimetric analysis was used to estimate the amount of 

lattice solvent present in the bulk sample. Due to the well-known propensity for rapid lattice 

solvent exchange in MOFs, the lattice solvent detected by bulk-phase methods have not been 

included in the crystallographic formulae. It proved unable to obtain a satisfactory 

microanalysis result for C25 due the presence of inorganic impurities (correlating to the 

presence of CdCO3) present in the powder X-ray diffraction pattern, Figure A.62 in the 

appendix. 

 

5.5.1.2 Thermal Properties and Gas Uptake Studies. 

Owing to the presence of readily solvent-accessible pore volume present in the structure of 

C25, in collaboration with Dr Debobroto Sensharma (of the Schmitt group, SNIAM, School 

of Chemistry, Trinity College Dublin), gas adsorption studies on C25 were carried out to 

probe its utility as an adsorbent. As C25 contained continuous regions of lattice solvent, 

thermogravimetric analysis was initially employed to deduce the ideal conditions for 

desolvation to conduct subsequent gas uptake studies. The analysis revealed that C25 was 

found to exhibit a gradual loss in mass of approximately 20% below 300 °C before 

decomposition begins to occur at an onset temperature of 350 °C, shown in blue in Figure 

5.18.  

Crystals of C25 were subsequently soaked in MeCN for two days in order to achieve 

activation at moderate temperatures for such studies. The analysis of C25 was found to 

exhibit a gradual multi-step desolvation and decomposition profile, with a steep mass loss 

of approximately 10% below 50 °C, and a further 10% before complete desolvation at 150 

°C, portrayed in red in Figure 5.18. The graph then undergoes a gradual stabilisation before 

decomposition begins to occur at an onset temperature of 350 °C. X-ray powder diffraction 

experiments of the MeCN-exchanged C25 material at 100 K revealed retention of 

crystallinity while the crystals remained solvated; however, drying in air resulted in 

decomposition to a poorly crystalline phase.  
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Figure 5.18 Thermogravimetric analysis plot for (blue) as-diffracted C25 from DMF and (red) MeCN-soaked C25 

 

Following solvent exchange with MeCN, a sample of soaked-C25 was activated 

under dynamic vacuum at 150 °C overnight and gas adsorption measurements were 

performed to probe the internal pore volume using CO2 and N2 as probe molecules. Although 

the presence of impurities in the bulk sample mean that the total gas uptake would be 

underestimated by the measurement, the adsorption studies nevertheless show that the MOF 

readily adsorbs and desorbs gas molecules, and thus confirms the permanently porous nature 

C25. Adsorption of N2 at 77 K provided a type-IV isotherm, which is characteristic of 

mesoporous materials. The calculated Brunauer-Emmett-Teller (BET) surface area, taken 

from the smooth desorption branch, was calculated to be ca. 227 m2 g-1. This suggests that 

the MOF partly collapsed before adsorption studies, as the calculated surface area from the 

as-diffracted C25 is ca. 1300 m2 g-1. This partial collapse would also account for the 

mesoporous features at high P/Pₒ which are caused by crystal defects from desolvation. The 

material C25 showed significant N2 uptake at 77 K with a maximum uptake capacity of 143 

cc(STP) g-1 (ca. 15%). The adsorption and desorption isotherms of this uptake are 

represented Figure 5.19.  

Similarly, adsorption experiments of H2 at 77 K revealed smooth adsorption and 

desorption branches with a lower adsorption affinity relative to N2, with a maximum loading 

of 47 cc(STP) g-1 (ca. 0.4%) at 1 atm, shown in Figure 5.20(a). Lastly, affinity for CO2 was 

studied, with measurements of CO2 adsorption at 278 K giving a total adsorption capacity 

of 37 cc(STP) g-1 (ca. 7%) at 1 atm. Upon increased temperature, to 293 K, relatively minor 

CO2 uptake is observed with a maximum loading of only 19 cc(STP) g-1 (ca. 3.5%). The 

CO2 uptake capacity is summarised in Figure 5.20(b). Adsorption experiments at an 

increased temperature of 308 K resulted in negligible uptake of CO2 by C25.  
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Figure 5.19 Gas adsorption isotherms showing N2 uptake at 77 K showing the adsorption and desorption into C25. 

 

 No selectivity was observed for CO2 over N2 at 293 K. The total capacities obtained 

in these studies are consistent with moderate void volume and lack of defined CO2 

interaction sites indicated by the structural model. The smooth adsorption and desorption 

curves, with minor hysteresis, suggest no obvious indication of framework flexibility or 

structural reorganisation taking place during the gas adsorption process.  

To conclude this section, MOF material C25 was synthesised in pure phase and found 

to be permanently porous by gas uptake studies to confirm the porosity present indicated by 

the structural model. The gas adsorption experiments revealed uptake capacities for each N2, 

H2, and CO2, though these are underestimated due to the presence of inorganic impurities in 

C25. The next section of this chapter will outline the preliminary work conducted in 

employing co-ligands with the pyridyl scaffold 66 to generate porous coordination polymers 

with a different coordination sphere by use of a co-ligand. 

 

Figure 5.20 Gas adsorption isotherms showing (a) H2 uptake, adsorption and desorption for C25 at 77 K; (b) CO2 uptake, 

adsorption and desorption for C25 at 278 and 293 K.  
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5.5.2 Reaction of Zinc Nitrate with 66 and Terephthalic Acid (C26) 

The reaction of 66 with zinc nitrate hexahydrate (3 equiv. 26 mg) and terephthalic acid (2 

equiv.; 9 mg) in DMF (1 mL) for three days at 100 °C produced colourless block-shaped 

crystals suitable for X-ray diffraction experiments; the resultant data were solved and refined 

in the monoclinic space group C2/m, shown in Table A.10 in the appendix. The asymmetric 

unit contains one unique molecule of 66 coordinating to three unique zinc ions (Zn1, Zn2 

and Zn3) in two distinct coordination modes, four halves of unique terephthalic acid groups 

and a nitrate anion. Ligand 66 coordinates to Zn1 and Zn3 through the terminal pyridyl 

nitrogen atoms N4 and N3, respectively. The axial position of the five-coordinate Zn3 is 

occupied by oxygen atom O7 of a deprotonated terephthalic acid molecule (which overlaps 

with the twofold axis symmetry element) and the equatorial position is occupied by a 

partially occupied aqua molecule, O5. The equatorial positions of Zn1 are occupied by 

chelating oxygen atoms O3 and O4 of a deprotonated terephthalic acid molecule (the 

complete molecule of which is generated by the symmetry element glide plane) and 

monodentate coordination from oxygen atom O1 of another (which overlaps with the mirror 

plane symmetry element). The axial position is occupied by a monodentate oxygen atom O5 

from a third deprotonated terephthalic acid molecule which, again, is symmetry unique and 

the complete molecule is generated by the twofold axis symmetry operator, forming a 

formally square pyramidal geometry about the metal ion. The oxygen atoms O2, O4, and O6 

(of the same deprotonated terephthalic acid molecules as oxygen atoms O1, O3 and O5, 

respectively) coordinate in a monodentate fashion to the third unique zinc ion in the 

asymmetric unit the six-coordinate Zn2 ion with O2 and O4 occupying two equatorial 

positions, and O6 occupying one axial position. The remaining equatorial position is 

occupied by an oxygen atom (O9) of a partially occupied aqua molecule. An associated non-

coordinating nitrate anion, which overlaps a twofold axis symmetry element, was also 

located within the asymmetric unit. The zinc ion, Zn3, is located on a special position and is 

therefore only half occupied in the asymmetric unit; furthermore, the nitrate anion is over a 

symmetry element so there is only half an anion per asymmetric unit. From this, there exists 

a charge balance issue within the structure; another half-occupied nitrate anion may exist 

within the voids present but it was not possible to ascertain this from the residual electron 

density within C26. As such, the repeat unit can be defined as 

[Zn5(66)2(C8H6O3)8(H2O)2.5]⸱NO3 (C26). The asymmetric unit of C26 is portrayed in Figure 

5.21.  
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The lattice solvent molecules present were modelled to sites within the model 

wherever possible, and the remainder of the diffuse solvent data that could not be modelled 

were treated with the SQUEEZE routine from PLATON.379 The 66 molecule exhibits minor 

crystallographic disorder on both terminal pyridyl rings and in the bipyridyl moiety. 

Figure 5.21 Asymmetric unit of structural model of C26 with partial atom labelling scheme. Hydrogen atoms are omitted 

for clarity.  

 

 In the extended network, the bipyridyl nitrogen atoms N1 and N2 participate in 

bidentate chelation to Zn2 producing a six-coordinate octahedral geometry about the metal 

ion, while a five-coordinate geometry is observed around Zn3 wherein a neighbouring 

molecule of 66 coordinates via the nitrogen atom N3 of the terminal pyridyl group. Similar 

to C25, the curvature of ligand 66 affords the formation of pores within the extended 

structure of C26. These are slightly smaller consisting of two molecules of 66, coordinating 

via their terminal nitrogen atoms N3 and N4 and a bridging terephthalic acid molecule. Each 

carboxylate group from the terephthalic acid molecules forms oxo-bridges to two zinc ions 

in a μ2-κO:κO´ coordination bridging mode, with the result that each molecule is bound to 

three crystallographically unique zinc ions (Zn1, Zn2, and Zn3) with an inter-atomic 

diagonal distances of ca. 11 Å.  

The terephthalic acid in the pores of C26 coordinate via one oxygen atom O1, shown 

in Figure 5.22(top), but the coordination via the second oxygen atom O2 of that same 

molecule leads to the formation of a second, larger pore. Here the terephthalic acid bridge 

between Zn1 and Zn2 ions to their symmetry equivalent neighbours creates a large void 

space which encapsulates two nitrate anions. The second void space itself is larger, made up 

of four 66 molecules and the terephthalic acid bridge, with an inter-atomic diagonal distance 
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of ca. 23 Å. Within the extended network of C26 these pores alternate between the smaller 

and larger void spaces, illustrated in Figure 5.22(bottom). In a similar fashion to C25 and 

the complexes discussed in Chapter 2, the bending of the phenyl ring linker relative to the 

bipyridyl unit plays a role in arranging the porous networks. The bipyridyl moieties 

associated coordinating to Zn2 in the porous arrangement is twisted significantly relative to 

the phenyl ring, with a torsion angle of 36.203(3)° for C7-C8-C16-C17. The bipyridyl 

nitrogen atoms, N1 and N2, coordinate to the neighbouring Zn2 ion, which participates in 

coordination to the terephthalic acid oxo-bridge of the next porous arrangement, propagating 

the network, Figure 5.22(top).  

Figure 5.22 The smaller pores formed in C26 which are linked by the pillars of terephthalic acid. Metal labels are shown. 

Symmetry codes to generate equivalent atoms are (i) –X, 1–Y, 1–Z (ii) –1/2+X, 1/2+Y, +Z (iii) 1/2–X, 1/2+Y,1/2–Z (iv) –

1/2+X, 1/2–Y, +Z (v) 1/2–X, 1/2–Y, 1–Z (vi) –X, +Y, 1–Z (vii) –3/2+X, 1/2–Y, –1+Z (viii) 3/2–X, 1/2–Y, 2–Z (ix) 1–X, 

+Y, 1–Z (x) +X, 1–Y, +Z (xi) 1–X, 1–Y, 1–Z (top); Space-filling diagram of one sheet of C26  (green) depicting the 

arrangement of the void spaces which contain two encapsulated nitrate anions (purple) (bottom).     
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A second coordination mode of terephthalic acid molecule exists within C26, 

whereby coordination in this position bridges two crystallographically equivalent Zn3 ions 

together via monodentate coordination through oxygen atom O7, portrayed in Figure 

5.22(top). These terephthalic acid coordination sites about Zn1, Zn2, and Zn3 act as pillars 

linking the sheets together. These interactions propagate the network into three dimensions 

with no interpenetration and this arrangement brings about channels which align down the 

crystallographic b axis, illustrated in the space-filling diagram shown in Figure 5.23.  

Figure 5.23 Space-filling diagram of the channels down the crystallographic b axis in C26. The network is shown in pink 

and the nitrate anions present are in red/blue.  

 

All things considered, C26 can be considered as a porous coordination polymer 

which extends via the coordination of three unique zinc ions and through bridging 

terephthalic acid molecules with approximately 37% void space. The topology of C26 was 

not comparable to any RCSR net and contains two different node connectivities, in which 

there are also two different three connecting nodes with the same point symbol as each other 

and three of these in total for every two of the five connected nodes resulting in a 

stoichiometry that does not simplify the structure description.  The extended π-system of the 

ligand scaffold also contributes to the overall crystal packing through various face-to-face 

π-π interactions. In addition, various significant C-H···O hydrogen bonding interactions are 
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evident, originating from the 4-pyridyl and bipyridyl C-H groups. These interactions 

terminate with oxygen atoms of the nitrate anions present in the lattice or terephthalic acid 

oxygen atoms of adjacent molecules.  

Powder diffraction experiments did not indicate a pure bulk phase for C26, with the 

experimental pattern suggesting a decomposition to a different phase, shown in Figure 

5.24(a). When diffracting C26 there was no indication of multiple phases in the diffraction 

pattern and, by eye, under microscope analysis there appeared to be only one ‘type’ of crystal 

present in the sample, not immediately suggesting the presence of multiple phases. Unit cell 

determination confirmed this with further analysis of exposed material producing a triclinic 

phase with unit cell parameters which are in stark contrast to the as-diffracted C26 crystal, 

shown in Figure 5.24(b). This triclinic phase retained single crystallinity enough to elucidate 

a structural model, albeit with significantly reduced diffraction quality. The model obtained 

suggests a low dimensional non-porous coordination polymer which has four unique zinc 

atoms in the asymmetric unit. A full structural characterisation, however, could not be 

determined due to the poor diffraction data. More studies into identifying the degradation 

process, and whether this material is in fact undergoing a phase change or an impure bulk 

sample containing potentially three phases are ongoing in this area. Further reactions were 

carried out using analogous conditions to C26 but employing co-ligands which would 

provide a different coordination environment, namely: benzene 1,3,5-tricarboxylic acid and 

biphenyl dicarboxylic acid. Crystalline material was obtained through these reactions, but 

structural characterisation of either material was not achieved due to poor crystallinity.  

Figure 5.24 (a) X-ray powder diffraction pattern of the bulk C26 (red) obtained at 100 K compared compared to the 

simulated patterns for the as-diffracted C26 (blue) and the triclinic phase obtained upon exposure to air (purple); (b) The 

unit cell parameters of the triclinic phase compared to the as-diffracted C26 unit cell.  
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5.6 Conclusions and Future Perspectives   

The results presented in this chapter display the development of three new ligand scaffolds 

with dipyridyl (66, 67) and dicarboxylic acid (68) functionalities, wherein these new 

functionalities were installed on the phenyl ring of the 6-carboxy-4-aryl-2,2'-bpy motif 

through Suzuki-Miyuara coupling of decarboxylated dibromo precursor, 70, a the 

appropriate boronic acid. The solid-state chemistry of the dibromo ligand, 70, itself was also 

discussed and the reaction with cadmium chloride was found to produce a one-dimensional 

polymeric coordination network, C24, which exhibits Type II halogen bonding interactions. 

The addition of the 3- and 4-pyridyl moiety gave ligands (66 and 67, respectively) that were 

shown to form supramolecular complexes with Pd(II) salts in solution. Complex formation 

using Pd(NO3)2 and Pd(MeCN)4(BF4)2 was analysed by 1H NMR spectroscopy, 1H DOSY 

and XPS. 

Installation of the dicarboxylic acid functionality gave a ligand (68) capable of 

forming a three-dimensional porous coordination polymer with cadmium nitrate 

tetrahydrate, C25, which contained an inorganic phase identified as CdCO3. This MOF 

material was shown to exhibit gas uptake capacity for N2, H2 and CO2 and evacuation. 

Moreover, by use of a co-ligand, terephthalic acid, a porous coordination polymeric network, 

C26, was also obtained using the 4-pyridyl ligand, 66 with zinc nitrate hexahydrate. Through 

powder X-ray diffraction analysis, C26 was shown to phase change into a different unit cell 

and therefore bulk purity could not be determined. Work in this area is ongoing and future 

work for this project lies in screening reaction conditions and solvent ratios to isolate both 

phases in high purity, examine the gas uptake capacity of C26 and determine the nature of 

its phase change and/or degradation properties.   
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“and that’s the end of that chapter” 

- Homer Simpson  

The Simpsons “Homer to the Max” S10/E13 
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Final Summary and Conclusions  

The introduction provided an overview of crystal engineering in supramolecular chemistry 

and the design and application of discrete and polymeric complexes, in conjunction with an 

outline of the applications which have been reported for systems that incorporate a 

functionalised bpy motif. 

 This was followed by the results chapters outlining the versatility of ligands 

containing the 6-carboxy-4-aryl-2,2'-bpy motif as a robust tecton in metallosupramolecular 

architectures. The aim of this project was to obtain an understanding of the coordinating 

behaviour of these new chelating ligands, which was achieved by primarily screening a range 

of metal complexes in the crystalline state to obtain structural information, which was 

subsequently used to design metallosupramolecular assemblies of increasing complexity by 

specific variation of modular synthetic protocol, leading to the synthesis of the twenty-six 

discrete and polymeric assemblies discussed in this thesis. In all of the complexes, the 

extended structures were strongly influenced by C-H···O interactions between the electronic 

deficient aromatic backbone of the ligand and the oxygen atoms of adjacent complexes, in a 

readily identifiable polydentate intermolecular interaction motif. The results outlined in the 

preceding chapters have provided insight into the versatile coordination of the highly 

modular 6-carboxy-4-aryl-2,2´-bpy tecton in supramolecular chemistry, whereby 

modifications of the synthetic procedure (stoichiometry, reaction length, temperature) or the 

geometric or electronic substitution pattern of the ligands led to remarkable changes in the 

resultant crystal structures. In this thesis substitutions of the 4-aryl and installation of the 4-

pyrazinyl binding site were discussed. There are myriad different substitution sites which 

are unexplored with the 6-carboxy-4-aryl-2,2'-bpy motif, such as further substitution through 

the carboxylate group and the development of bis-bpy systems by the use of 

terephthaldehyde and isothalaldehyde in the initial aldol reaction.   

The focus of Chapter 2 was primarily on the preparation of a ligand family which 

were varied by the functional group present on the terminal phenyl ring. The structural 

properties of the coordination complexes (mononuclear, trinuclear and one- and two-

dimensional polymeric) obtained from multifunctional 2,2´ bpy derivatives 38, 39, 40, and 

42 were examined in the solid-state. The coordination chemistry investigated in this chapter 

provided the background for the development of this highly modular building block as a 

robust coordinating tecton for use in generating larger, more complex metallosupramolecular 
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assemblies by demonstrating the utility of the functionalities in the 6-position of the bpy 

ring, and both the functionality and the substitution pattern on the phenyl ring. 

Chapter 3 presented the preparation of a new PzPy hybrid ligand family, formed by 

installing an additional binding site (the pyrazin-4-yl nitrogen atom) on the bipyridyl ring. 

The reaction of this ligand family with Cu(II) ions resulted in a gel-to-single-crystal 

transition going from a soft material, SM(1), to discrete complexes C16 and C17. Reactions 

with Ag(I) ions demonstrated the importance of the regiochemistry employed, wherein the 

3-isomer, 46, formed a one-dimensional polymer, C18 which extends in three dimensions 

via argentophilic interactions. The change in the geometric substitution to the 4-isomer 45, 

however, resulted in a dramatic change in the superstructure, resulting in the formation of 

an octanucelar macrocycle, C19. The host-guest properties of the macrocycle showed 

successful solvent exchanges using a range of different solvents which differ in chemical 

makeup in a fully reversible single-crystal-to-single-crystal phase transition. These results 

show that surprisingly diverse and intricate functional coordination architectures can be 

realised from simple building units with seemingly minor geometric variations, and that the 

potential functionality of such materials in guest exchange applications can be accessed 

without the necessity for robust three-dimensional frameworks.  

Chapter 4 extended this work to include the preparation of the amino-substituted 

PzPy hybrid ligands, 55 and 56. The coordination chemistry of the carboxylate intermediate, 

54, is discussed, which produced one-dimensional polymeric networks with Zn(II) and 

exhibited luminescent discrete mononuclear lanthanide systems. Furthermore, a Schiff-base 

containing ligand species was developed by further reaction of the 4-amino group on the 

phenyl ring, 60. These ligands were analysed in the solid state and shown to form complexes 

with Fe(II) and Cu(II) ions in solution. The physical properties of the imine ligands were 

also examined with Ag(I) salts forming soft materials SM(1), SM(2), and SM(3) that 

exhibited dense fibrous networks. Though crystal structures of the entire synthetic procedure 

of these ligands were achieved with relative ease under facile conditions, attempts were 

made to complex 55 and 56 with d-block metals in order to elucidate their resultant structures 

in the solid state; however, none of the crystalline samples obtained were suitable for X-ray 

diffraction experiments, potentially due to the number of coordination sites present which 

would align with the formation of amorphous soft materials and the results from the solution 

studies indicating the formation of a multitude of species. 

Lastly, Chapter 5 explored the synthesis of three new ligand scaffolds by using the 

dibromo bpy ligand, 70, and using Suzuki-Miyaura cross coupling reactions to generate rigid 
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aromatic derivatives (66, 67, and 68) with examples of 4- and 3-pyridyl and carboxylic acid 

functionalities. Dibromo bpy, 70, was shown to coordinate to cadmium chloride, producing 

a one-dimensional coordination polymer containing Type II halogen⸱⸱⸱halogen contacts. The 

pyridyl scaffolds, 66 and 67, were reacted with a variety of palladium salts in an attempt to 

form supramolecular cages in solution. Though solid-state analysis proved challenging, 

successful complex formation using Pd(NO3)2 and Pd(MeCN)4(BF4)2 was confirmed by 

employing 1H NMR spectroscopy, 1H DOSY and XPS analysis. The reaction of dicarboxylic 

acid functionalised ligand scaffold (68) with cadmium nitrate tetrahydrate produced a MOF 

material, C25, in pure phase whose geometrical properties were in alignment with the 

mononuclear complexes discussed in Chapter 2. Gas adsorption studies displayed an uptake 

capacity for N2, H2 and CO2, confirming the permanent porosity from the structural model, 

though these values may be underestimated by the presence of an inorganic phase that 

corresponded to CdCO3 in the powder X-ray diffraction pattern. Moreover, by use of a co-

ligand, terephthalic acid, a porous coordination polymeric network with an entirely different 

coordination sphere, C26, was also obtained using the 4-pyridyl ligand, 66 with zinc nitrate 

hexahydrate, however bulk purity could not be determined from this structure. These porous 

coordination polymers serve as starting points for future work in this area. 
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7.1 Materials and Methods 

The following compounds, 35,186, 196 36,185, 196 and 2-pyridacylpyridinium iodide380 were 

synthesised according to literature procedures, and the characterisation data obtained were 

found to corroborate with that provided in the literature. All starting materials were 

purchased from commercial sources and used as received. Solvents were of HPLC grade and 

used without further purification. All NMR spectra were recorded using either a 400 MHz 

Bruker Avance III or 600 MHz Bruker Avance II spectrometer, operating at 400.1/600.1 

MHz for 1H NMR and 100.2/150.2 MHz for 13C NMR. Chemical shifts are reported in ppm 

and referenced relative to the internal residual solvent signals, CDCl3 and DMSO-d6 were 

used as the solvents of record. Electrospray mass spectra were recorded on a Micromass 

LCT spectrometer or a MALDI QToF Premier, running Mass Lynx NT V 3.4 on a Waters 

600 controller connected to a 996 photodiode array detector with HPLC-grade methanol or 

acetonitrile as carrier solvents. High resolution mass spectra were determined by a peak 

matching method, using leucine enkephaline (Tyr-Gly-Gly-Phe-Leu) as the standard 

reference (m/z = 556.2771). All accurate masses were reported within ±5 ppm. Melting 

points were determined using an IA9000 digital melting point apparatus in air and are 

uncorrected. Infrared spectra were recorded on a Perkin Elmer Spectrum One FT-IR 

spectrometer fitted with a Universal ATR Sampling Accessory.  

 

Thermal Analysis 

Thermogravimetric analysis was performed using a Perkin-Elmer Pyris 1 TGA instrument, 

with samples (1 – 5 mg) mounted in alumina pans and heated in the range 25 – 500 °C at a 

rate of 5 °C/min under a constant N2 flow of 20 mL/min. Elemental analyses were carried 

out at either the Microanalytical Laboratory, School of Chemistry and Chemical Biology, 

University College Dublin (2015 – 2018) or The Department of Chemistry, Maynooth 

University (2018–2019). 

 

Gas Adsorption Studies  

 Gas adsorption isotherms were carried out in collaboration with Dr Kevin Byrne and Dr 

Debobroto Sensharma of Prof. Wolfgang Schmitt’s group in SNIAM, School of Chemistry, 

Trinity College Dublin. Adsorption measurements were performed volumetrically using a 

Quantachrome Autosorb-iQ instrument. The temperature was maintained at 278, 293, and 

308 (±0.1) K using a circulating Dewar and a refrigerated/heated bath circulator (ISOTEMP 
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4100 R20, Fischer Scientific), and at 77 K using a liquid nitrogen bath. The sample was 

soaked in HPLC grade acetonitrile for 72 hours and activated under secondary vacuum at 

150 °C for 12 hours prior to the measurements. The mass of the sample was measured after 

the activation. The N2, He, and CO2 gases were obtained in CP grade from BOC Gases 

Ireland. The BET surface was determined considering the linear region of the N2 isotherm 

at 77 K prior to the pore filling step. 

 

Photophysical Measurements  

The UV/visible absorption spectra were recorded at room temperature using a Varian CARY 

50 spectrophotometer. The wavelength range was set from 200 – 600 nm with a scan rate of 

600 nm min-1. The blank used was a sample of the spectrophotometric grade acetonitrile in 

which the titration was undertaken. Baseline correction measurements were used in all 

spectra. Sample concentrations were 1 × 10−5 M. The phosphorescence measurements were 

carried out on a Varian Cary Eclipse Fluorimeter equipped with a quartz slide. 

Phosphorescence data were collected between 550 – 720 nm for Eu(III) emission and 

between 450 – 700 nm for Tb(III) emission.  

 

X-ray Powder diffraction 

X-ray powder diffraction patterns were measured on a Bruker D2 Phaser instrument 

operating using Cu Kα (λ = 1.54178 Å) radiation and a Lynxeye detector at room 

temperature, with samples mounted on a zero-background silicon single crystal sample 

stage. X-ray powder diffraction patterns collected at 100 K were measured on a Bruker 

APEX II Duo duel-source instrument using microfocus Cu Kα (λ = 1.54178 Å) maintained 

at 100 K using a cobra cryosystem. The patterns collected at room temperature or 100 K 

were compared with the patterns simulated from the single crystal data (collected at 100 K) 

to establish phase purity of each crystalline material. 

 

X-ray Crystallography 

Structural and refinement parameters are presented in Tables A.2 – A.10 in the appendix. 

X-ray crystallographic data were collected by Dr Chris Hawes for C1 – C9, C12 – C15 in 

Chapter 2 and C18 in Chapter 3, the remaining diffraction data were collected and refined 

by myself using a Bruker APEX-II Duo dual-source instrument and using graphite-

monochromated Mo Kα (λ = 0.71073 Å) or microfocus Cu Kα (λ = 1.54178 Å) radiation as 

specified. In case of acetone⊂(1, 4-dioxane⊂19) and crystal structure of 70, the X-ray 
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diffraction data were measured on a Bruker D8 Quest ECO instrument. Datasets were 

collected using ω and φ scans with the samples immersed in oil and maintained at a constant 

temperature of 100 K using a Cobra cryostream. The data were reduced and processed using 

the Bruker APEX suite of programs.381 Multi-scan absorption corrections were applied using 

SADABS.382 The diffraction data were solved using SHELXT and refined by full-matrix 

least squares procedures using SHELXL-2015 within the OLEX-2 GUI.206, 383 The functions 

minimized were Σw(F2
o-F

2
c), with w=[σ2(F2

o)+aP2+bP]-1, where P=[max(Fo)
2+2F2

c]/3. All 

non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen 

atoms were placed in calculated positions and refined with a riding model, with isotropic 

displacement parameters equal to either 1.2 or 1.5 times the isotropic equivalent of their 

carrier atoms. In cases where Uij or position restraints were necessary, these were employed 

as sparingly as possible and only for the purpose of maintaining chemically sensible 

geometries and ADPs. Hirshfeld dnorm surface properties were mapped using CrystalExplorer 

package (Isovalue 0.5, property ranges 0.5 – 1.0).215, 216 Specific refinement strategies are 

briefly outlined below and detailed in full in the crystallographic information file (.cif) in the 

accompanying USB to this thesis. CCDC 1544479 – 1544485 (C1 – C8) and 1872462 – 

1872474 (C17 – C19 and solvent exchanged complexes of C19).  

 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was carried out in collaboration with Mr Conor 

Cullen of Prof. Georg Duesberg’s group in CRANN, Trinity College Dublin. XPS spectra 

of the Pd 3d and N 1s core-levels were recorded under ultra-high vacuum conditions (< 10-

8 mbar) on a VG Scientific ESCAlab MkII system using Al Κα X-rays and an analyser pass 

energy of 20 eV. Analysis was performed using CasaXPS software. Spectral components 

were fitted using a Shirley background subtraction and appropriate line shapes. Relative 

atomic percentages were calculated using the relative sensitivity factors provided by the 

software CasaXPS. 

 

Scanning Electron Microscopy (SEM) 

Microscopy analysis of gel/aggregate samples by Scanning Electron Microscopy (SEM) was 

carried out using the facilities of the Advanced Microscopy Laboratory (AML) in Trinity 

College Dublin by Dr Amy Lynes and Monsieur Jason Delente of the Gunnlaugsson group. 

Samples were prepared by a drop-casting methodology onto clean silicon wafers. The 

manually drop cast samples were dried overnight in ambient conditions and under high 
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vacuum for two hours prior immediately to their imaging. In some cases, samples were 

coated with a conductive Pd/Au layer using a Cressington 208Hr high resolution sputter 

coater, in order to improve contrast where static charging interfered with imaging. Low kV 

SEM was carried out using the Zeiss ULTRA Plus using an SE2 detector. Energy Dispersive 

X-ray spectroscopy (EDX) measurements were carried out using a Carl Zeiss ULTRA SEM 

that was equipped with an Oxford Instruments Inca System EDX setup. The samples used 

for EDX analysis were uncoated.  

 

7.2 Structure Specific Details  

Chapter 2:  

C2: Refined as a two-component inversion twin, with scale factors 0.54(3) and 0.46(3). One 

slightly disordered NO2 group was assigned isotropic approximation restraints to ADPs. 

 

C3: Positional disorder on one DMF ligand and one non-coordinating nitrate anion required 

DFIX and RIGU restraints to maintain appropriate geometries and Uij tensors.  

 

C4: RIGU restraints were employed to maintain sensible ADPs for two slightly disordered 

nitrate anions. 

 

C14: Non-coordinating nitrate anion was modelled across two disordered orientations at 

50:50 occupancy with no restraints. 

 

C15: Extremely poor diffraction characteristics were displayed by this compound; while the 

framework atoms could be unambiguously assigned from the Fourier residuals, these data 

are presented as a connectivity model only. Rigid body Uij restraints were employed across 

the entire organic fragment. 

 

Chapter 3: 

C16: DFIX and DANG were used to model the hydrogen atom of the coordinating methanol.  

 

C17: DFIX and DANG were used to model the hydrogen atom of the coordinating methanol. 

RIGU and ISOR were also used to model a coordinating lattice methanol.  
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C19 and each of the solvent-exchanged derivatives exhibited significant crystallographic 

disorder on the guest solvent molecules and triflate anions. Most of the atoms involved could 

be located from the Fourier residuals and their positions and ADPs refined either freely or 

with the restraint strategies outlined below. However, in the case of CCl4⊂19, toluene⊂19, 

THF⊂19 and hexane⊂19, several triflate counter ions were inserted as rigid groups using 

FRAG and modelled as split across three positions. Occupancies of the lattice solvent 

molecules and triflate anions (when split over multiple orientations) were initially 

ascertained with free variable refinement; in most cases, however, this led to difficulties in 

achieving convergence for the refinement, and so these parameters were generally fixed to 

the nearest sensible fractional occupancy to avoid over-parameterizing. In order to compare 

the cell parameters associated with each solvent exchange the cells of complexes 1, 4-

dioxane⊂19 and benzene⊂19 were reoriented to match the cell setting of the remaining 

complexes; although this is not the standard cell setting for these two structures we consider 

this more instructive to the structural comparisons. 

 

C19: DFIX, SADI and RIGU were used to model the disorder present in some of the triflate 

anions and acetone molecules within the lattice and DFIX and RIGU was used for the 

disorder of acetone molecules.  

 

1, 4-dioxane⊂19: DFIX, RIGU, SADI and ISOR was used to model the disorder in several 

triflate anions. DFIX, RIGU and ISOR was used to model the disorder present in the 1, 4-

dioxane molecules. RIGU was used to restrain a carbon atom in the scaffold of 45.  

 

PhMe⊂19: DFIX, SIMU and ISOR restraints and FRAG constraints were used to model the 

disorder of triflate anions where required. DANG, FLAT and ISOR restraints were used to 

model the overlapping toluene molecules within the lattice, and EADP constraints were used 

for co-incident atoms.  

 

THF⊂19: RIGU, SIMU and ISOR restraints and FRAG constraints were used to model 

several of the disordered triflate anions with EADP constraints for co-incident atoms. SIMU, 

RIGU and ISOR were used for the THF solvent molecules in the lattice and SADI and SIMU 

were used to model the disorder in the nitrophenyl group of 45.  

 



                                                                                                          Chapter 7: Experimental  

 

160 

 

EtOAc⊂19: SADI, RIGU and ISOR were used to model the disorder of the triflate counter 

ions and SIMU and ISOR restraints were used to model disorder of an ethyl acetate solvent 

molecule within the lattice.  

 

C6H6⊂19: DFIX, SADI, SIMU, RIGU and ISOR restraints and an EADP constraint were 

used to model the disordered triflate counterions. SIMU, RIGU and EADP was necessary to 

model the benzene solvent molecules, and ISOR and EADP were used to model the disorder 

in some of the acetone solvent molecules within the lattice.  

 

n-Hexane⊂19: DFIX, SADI, RIGU and ISOR restraints and EADP and FRAG constraints 

were used to model the disorder present for several triflate anions. RIGU was used in the 

modelling of the disordered acetone solvent molecules.  

 

CCl4⊂19: DFIX, SADI, RIGU and ISOR restraints and EADP and FRAG constraints were 

used to model the disorder of several triflate anions. SADI and ISOR restraints and EADP 

constraints were used to model the disorder of the acetone solvent molecules, and EADP 

was used for near-overlapping chlorine atoms in the disordered CCl4 molecule.  

 

Acetone⊂(1,4-dioxane⊂19): DFIX, SADI, SIMU, RIGU and ISOR restraints, and EADP 

constraints were used in modelling several disordered triflate anions. DFIX restraints and 

EADP constraints were used to model the disorder of several lattice acetone molecules. 

DFIX was used to restrain the distance between the hydrogen atoms of the partial-occupancy 

aqua ligand and a nearby acetone molecule.  

 

Chapter 5: 

C26: The terminal pyridyl rings and the terminal bipyridyl ring of 66 was modelled across 

two disordered orientations at 50:50 occupancy with no restraints.  

 

7.3 General Synthetic Procedures:  

General procedure 1 (GP1): The appropriate benzaldehyde (1 equiv.) was suspended in 

EtOH (50 mL) (MeOH for 37) and heated to dissolve. Sodium pyruvate (1.1 equiv.) was 

dissolved in H2O (50 mL) and the two solutions were added together and cooled to < 0 °C. 

NaOH (30 mL; 2 M) was added and the reaction was stirred for 3 h (6 h in the case of 57). 
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The mixture was subsequently neutralised with HCl (30 mL; 2 M – no acid employed for 57 

and 70) and the isolated precipitate was washed with cold EtOH. 

 

General procedure 2 (GP2): The appropriate chalcone (1 equiv.), 2-pyridaclypyridnium 

iodide/2-pyazinacylpyridnium iodide (1 equiv.) and ammonium acetate (8 equiv.) were 

added to H2O (70 – 100 mL) and heated to reflux for 5 h. The resulting precipitate was 

isolated via suction filtration and washed with H2O (2 × 15 mL) and acetone (2 × 15 mL).  

 

General procedure 3 (GP3): The appropriate carboxylate was heated under high vacuum 

until the evolution of CO2 ceased. The residue was then dissolved in EtOAc and activated 

charcoal was added. The mixture was heated to reflux for 25 min before being filtered hot 

through celite and washed with CH2Cl2 before being concentrated in vacuo. 

 

General procedure 4(GP4): The appropriate carboxylate (1 equiv.) was suspended in EtOH 

(80 mL) and SOCl2 (3.1 equiv.) and heated to 80 °C for 24 h to yield a dark brown solution. 

The excess SOCl2 was removed by vacuum distillation. The hydrochloride salt was taken up 

in H2O (50 mL) and neutralised with sodium bicarbonate solution (3 × 15 mL), the 

precipitated product was then collected via suction filtration.  

 

7.3.1 Compounds Discussed in Chapter 2 

4-(4-(Methoxycarbonyl)phenyl)-2-oxobut-3-enoic acid (37) 

Compound 37 was synthesised according to GP1 using methyl-

4 formylbenzoate (3.01 g) and sodium pyruvate (2.50 g). The 

product was obtained as a yellow solid (4.02 g, 93%); m.p 

(decomp.) 205 – 210 °C; m/z (HR-ESI-) 233.044 [M-H]-, calcd. 

for C12H9O5 233.0455; δH (400 MHz, DMSO-d6) 8.01 – 7.90 (H1+3, m, 2H), 7.76 (H2+4, dd, 

J = 19.1,8.4 Hz, 2H), 7.45 (H5, dd, J = 16.4, 4.1 Hz, 1H), 6.90 – 6.81 (H6, m, 1H), 3.86 (CH3, 

s, 3H); δC (100 MHz, DMSO-d6) 167.2, 166.2, 130.3, 130.2, 129.9, 128.9, 128.8, 52.7; νmax 

(cm-1) 3396m br, 1725m sh, 1674s sh, 1638s sh, 1601s sh, 1566m sh, 1438m sh, 1417w, 

1398m, 1326m, 1280s sh, 1209w, 1188m, 1103s sh, 1015w sh, 990m sh, 957w, 922w,  855m 

sh, 811w, 782m, 751s sh, 689m sh.  
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4-(4-Nitrophenyl)-[2, 2´-bipyridyl]-6-carboxylic acid (38) 

 Compound 38 was synthesised according to GP2 (1.83g, 53%). m.p 

(decomp.) 238 – 240 °C; m/z (HR-ESI-) 320.0671 [M-H]-, calculated 

for C17H10N3O4 320.0667); δH (DMSO-d6, 400 MHz) 8.66 (H5,d, J 

= 1.8 Hz, 1H), 8.51 (H4, d, J = 8.0 Hz, 1H), 8.38 (H9+8, d, J = 8.9 

Hz, 2H), 8.24 (H6, d, J = 1.8 Hz, 1H), 8.16 (H10+7, d, J = 8.8 Hz, 

2H), 8.00 (H3, td, J = 7.7, 1.8 Hz, 1H), 7.50 (H2, ddd, J = 7.4, 4.7, 1.0 Hz, 1H); δC (DMSO-

d6) 167.6, 157.6, 155.2, 155.1, 149.2, 147.7, 145.9, 144.2, 137.4, 128.3, 124.7, 124.3, 121.3, 

121.1, 117.8; νmax (cm-1) 2981m br, 1617w, 1588s sh, 1551w, 1510s sh,  1431s, 1415s, 

1383m, 1330s sh, 1256s, 1256w, 1104m sh, 1003m sh, 855s sh, 824 m sh, 806m sh, 788m 

sh, 764m sh, 752m sh, 695m sh, 686m sh; Found C, 53.54; H, 4.51; N, 14.37 Calculated for 

C17H11N3O4·2.5H2O [NH438·2.5H2O] C, 53.26; H, 4.99; N, 14.62%. 

 

4-(3-Nitrophenyl)-[2, 2´-bipyridyl]-6-carboxylic acid (39) 

Compound 39 was synthesised according to GP2 (1.62 g, 48%). 

m.p (decomp) 219 – 221 °C; m/z (HR-ESI+)  322.0828 ([M+H]+, 

calc. for C17H12N3O4 322.0832); δH (600 MHz, DMSO-d6) 8.70 

(H1, d, J = 4.0 Hz, 1H), 8.64 (H5, d, J = 1.7 Hz, 1H), 8.56 (H10, t, J 

= 1.8 Hz, 1H), 8.49 (H4, d, J = 7.9 Hz, 1H), 8.32 (H7+8, dd, J = 8.0, 

2.0 Hz, 2H), 8.23 (H6, d, J = 1.8 Hz, 1H), 7.97 (H3, td, J = 7.8, 1.7 Hz, 1H), 7.82 (H9, t, J = 

8.0 Hz, 1H), 7.46 (H2, ddd, J = 7.4, 4.8, 1.0 Hz, 1H); δC (DMSO-d6, 600 MHz) 168.3, 158.8, 

155.8, 155.7, 149.6, 149.0, 146.5, 139.9, 137.9, 133.9, 131.4, 124.7, 124.2, 121.9, 121.6, 

121.6, 118.0; νmax (cm-1) 2981m br, 1579s sh, 1550w, 1516m, 1478w, 1413m, 1342s sh, 

1316s, 1237w, 1105m sh, 1001m sh, 885w, 854m sh, 788m sh ,751m sh, 685m; Found C, 

54.37; H, 4.17; N, 14.36; Calculated for [(H39)0.2(NH4L2)0.8]·2.33H2O C, 54.17; H, 4.83; N, 

14.12%. 
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Ethyl 4-(3-nitrophenyl)-[2, 2´- bipyridyl]-6-carboxylate (43) 

Compound 43 was synthesised using GP4 with 38 (1.0 g, 1 eq, 

2.6 mmol) and SOCl2 (0.70 mL, 3.7 eq, 9.6 mmol). The product 

was obtained as a beige solid (0.97 g, quant.). m.p (decomp.) 182 

– 184 °C ; m/z (HR-ESI+) 350.1156 [M+H]+ calc. for C19H16N3O4 

350.1141); δH (400 MHz, DMSO) 8.91 (H5,s, 1H), 8.77 (H1, d, J 

= 4.2 Hz, 1H), 8.48 (H4, d, J = 7.9 Hz, 1H), 8.43 (H7+10, d, J = 8.5 

Hz, 2H), 8.40 (H6, s, 1H), 8.22 (H8+9, d, J = 8.6 Hz, 2H), 8.06 (H3, t, J = 7.6 Hz, 1H), 7.56 

(H2, m, 1H), 4.47 (CH2, q, J = 7.1 Hz, 2H), 1.42 (CH3, t, J = 7.1 Hz, 3H); δC (DMSO-d6) 

164.4, 156.4, 153.9, 149.5, 148.7, 148.1, 147.5, 142.8, 137.7, 128.7, 125.0, 124.4, 122.6, 

121.2, 121.0, 61.6, 14.2; νmax (cm-1) 3116w, 3088w, 2983w, 2937w, 1752s sh, 1710w, 

1584m sh, 1554m sh, 1513s sh, 1426m sh, 1350s sh, 1235s sh, 1167m sh, 1081m sh, 1024m 

sh, 904w sh, 850s sh, 822m sh, 783s sh, 752s sh, 695m sh, 658m sh, 635m sh, 620m sh; 

Found C, 62.16; H, 4.09; N, 11.21; Calculated for C19H15N3O4·H2O C, 62.12; H, 4.66; N, 

11.44%. 

 

4-(4-(Methoxycarbonyl)phenyl)-[2,2'-bipyridyl]-6-carboxylic acid (41) 

Compound 41 was synthesised according to GP2 using 37 and 

was obtained as a white solid (1.84 g, 50%);m.p (decomp.) 225 – 

228 °C; m/z (HR-ESI+) 335.1018 [M+H]+, calcd. for C19H15N2O4 

335.1026; δH (600 MHz, DMSO-d6) 8.73 (H1, d, J = 4.4 Hz, 1H), 

8.69 (H5, s, 1H), 8.53 (H4, d, J = 7.9 Hz, 1H), 8.27 (H6, d, J = 1.8 

Hz, 1H), 8.13 (H8+9, d, J = 8.3 Hz, 2H), 8.03 (H10+7, d, J = 8.3 Hz, 2H), 7.99 (H3, td, J =7.8, 

1.6 Hz, 1H), 7.49 (H3, dd, J = 6.5, 4.9 Hz 1H), 3.90 (CH3, s, 3H); δC (150 MHz, DMSO-d6) 

167.5, 165.8, 155.3, 155.1, 149.2, 147.2, 141.9, 137.3, 130.1, 130.1, 127.3, 126.8, 124.4, 

121.4, 121.1, 118.3, 52.3, 30.7; νmax (cm-1) 3027m br, 1713s sh, 1586s sh, 1546w, 1478w, 

1429s sh, 1379s sh, 1320m, 1281s sh, 1253m, 1185m, 1110s, 1072w, 1050w, 1017w, 

1000m, 896w, 854m sh, 810w sh, 791m sh, 768s sh, 749w, 726m sh, 698w sh, 682w sh. 
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4-(4-carboxyphenyl)-[2,2'-bipyridyl]-6-carboxylic acid (42) 

Compound 41 (1.00 g, 2.99 mmol) was suspended in KOH (2M, 

20 mL) and heated at reflux at 130 °C for 5 h. The reaction was 

diluted with H2O (30 mL) and the product was precipitated with 

acetic acid (3 mL) with stirring giving 42 as a beige solid. (0.93 

g, 97%); m.p. (decomp.) >280 °C; m/z (HR-ESI )319.0712 [M-

H]-, calcd. for C18H11N2O4 319.0724; δH (600 MHz, DMSO-d6) 8.73 (H1, s, 1H), 8.58 (H5, s, 

1H), 8.51 (H4, d, J = 7.2 Hz, 1H), 8.21 (H6, s, 1H), 8.03 (H9+8, d, J = 7.4 Hz, 2H), 7.97 (H3, 

t, J  = 7.1 Hz), 7.80 (H7+10, d, J  = 7.5 Hz, 2H), 7.47 (H2, s, 1H); δC (150 MHz, DMSO-d6) 

172.6, 168.4, 168.2, 158.6, 155.7, 154.9, 149.2, 147.9, 138.5, 137.2, 129.2, 125.9, 124.0, 

121.1, 120.9, 117.4; νmax (cm-1) 3456w, 3016w br, 2970, 2946w, 1738s sh, 1625w, 1587w, 

1424w, 1366s sh, 1217s, 1229s, 1206s, 1092w, 1010w, 897w br, 855w br, 788w, 770w, 

751w, 725w, 677w, 655w, 699w. 

 

Ethyl 4-(3-nitrophenyl)-[2,2'-bipyridyl]-6-carboxylate (44) 

Compound 44 was synthesised according to GP4 using 39 (0.50 g, 

3.11 mmol) and SOCl2 (0.35 mL, 9.6 mmol). The product was 

obtained as a beige solid. (0.47 g, quant.); m.p (decomp.) 185 – 188 

°C; m/z (HR-ESI+) 350.1154 [M+H]+, calcd. for C19H16N3O4
  

350.1141; δH (400 MHz, DMSO-d6) 8.86 (H5, d, J = 1.7 Hz, 1H), 

8.76 (H1, dd, J = 13.7, 6.0 Hz, 1H), 8.62 (H10, t, J = 2.0 Hz, 1H), 

8.45 (H4, d, J = 8.0 Hz, 1H) 8.38 (H7+8, dd, J = 4.4, 2.0 Hz, 2H), 8.36 (H6, d, J = 2.0 Hz, 1H), 

8.04 (H3, td, J = 7.7, 1.8 Hz, 1H), 7.85 (H9, t, J = 8.0 Hz, 1H), 7.55 (H2, ddd, J = 7.5, 4.8, 

1.1 Hz, 1H) 4.45 (CH2, q, J = 7.1 Hz, 2H), 1.41 (CH3, t, J = 7.1 Hz, 3H); δC (100 MHz, 

DMSO-d6) 164.5, 156.4, 153.9, 149.5, 148.6, 148.5, 147.5, 138.2, 137.7, 133.8, 131.0, 

125.0, 124.3, 122.6, 121.8, 121.1, 121.0, 61.6, 14.2; νmax (cm-1) 1730s sh, 1599m sh, 1584m 

sh, 1526s sh, 1473w, 1424w, 1347s sh, 1234s sh, 1145m, 1083m, 1021w sh, 1066w, 990w 

sh, 888m sh, 862w, 800m sh, 784s sh, 741s sh, 725m sh, 690m sh, 669m sh. 
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4-(3-Aminophenyl)-[2,2'-bipyridyl]-6-carboxylic acid (40) 

Compound 40 was synthesised from 44 (0.030 g, 0.057 mmol, 1 

equiv.) suspended in EtOH (50 mL) and 5% Pd/C was added. 

Reaction stirred for 45 min before hydrazine monohydrate (0.014 

mL, 0.28 mmol, 5 equiv.) was added and heated at reflux for 5 h 

before being filtered hot through celite and concentrated in vacuo. 

(0.025 g, 93 %); m.p (decomp.) 155 – 157 °C; m/z (HR-ESI-) 290.0930 [M-H]-, calcd. for 

C17H12N3O2  290.0935; δH (600 MHz, DMSO-d6) 8.72 (H1, d, J = 4.1 Hz, 1H), 8.58 (H5, d, J 

= 1.5 Hz, 1H), 8.50 (H4, d, J = 7.9 Hz, 1H), 8.17 (H6, d, J = 1.5 Hz, 1H), 7.98 (H3, td, J = 

7.9, 1.6 Hz, 1H), 7.48 (H2, td, J = 6.5, 4.9 Hz, 1H), 7.19 (H8, t, J = 7.8 Hz, 1H), 7.09 (H10, s, 

1H), 6.98 (H7, d, J = 7.4 Hz, 1H), 6.68 (H9, dd, J = 7.9, 1.2 Hz), 5.32 (NH2, br-s, 2H); δC 

(150 MHz, DMSO-d6) 168.4, 156.3, 155.4, 154.9, 149.2, 149.5, 149.0, 138.1, 137.3, 

129.8,124.1, 121.0, 120.9, 117.7, 114.8, 113.9, 111.8; νmax (cm-1) 3016w br, 2970w sh, 1738s 

sh, 1630w br, 1579m, 1552m, 1445w, 1411w, 1367s sh, 1276w, 1228s sh, 1217s sh, 1155w, 

1009w br, 998w sh, 958w br, 885w br, 811w, 792w, 747m sh, 770m sh, 688m, 730m, 671m. 

 

7.3.2 Compounds Discussed in Chapter 3 

 2-pyrazinacylpyridinium iodide 

2-acetylpyrazine (1.0 g, 16.3 mmol) was added to a mixture of iodine 

(2.5 g, 16.6 mmol) and pyridine (30 mL) and the mixture was heated 

under reflux for 1 h. The reaction mixture was cooled in ice to yield a 

light brown crystalline solid which was filtered and air-dried; (2.2 g, 

82%); m.p. 207 – 210 °C; m/z (HR-ESI+) 200.0812 [M+H]+, calcd. for C11H10N3O 200.0818; 

δH (600 MHz, DMSO-d6) 9.25 (H7, d, J = 1.5 Hz, 1H), 9.08 (H5, d, J = 2.5 Hz, 1H), 9.00 – 

8.97 (H3+8+9, m, 3H), 8.75 (H1, tt, J = 7.9, 1.3 Hz, 1H), 8.29 (H2+4, ddd, J = 9.9, 5.0, 2.4 Hz, 

2H), 6.48 (H6+6’, s, 2H); δC (150 MHz, DMSO- d6-) 191.1, 146.5, 146.4, 145.2, 144.4, 143.0, 

127.8, 66.4, 63.5; νmax (cm-1) 2051w br, 1701m sh, 1524m sh, 1437w, 1404s, 1358m, 1337m, 

1245m, 1157m, 1053m, 1017w, 991s sh, 866m , 837w, 779s sh, 712s sh, 667s sh, 585m, 

561s sh; Found C, 40.09; H, 3.00; N, 12.56%. C11H10N3OI requires: C, 40.38; H, 3.08; N, 

12.84%. 

 



                                                                                                          Chapter 7: Experimental  

 

166 

 

4-nitrophenyl-(pyridyn-2yl) pyrazine) (45) 

Compound 45 was synthesised according to GP2 and GP3 using 

the appropriate chalcone (1.35 g) and 2-pyrazinacylpyridinium 

iodide (1.20 g), and ammonium acetate (3.81 g) in H2O (80 mL) 

giving 45 as a beige solid (0.9 g, 53%); m.p 152 – 155 °C; m/z 

(HR-ESI+) 279.0874 [M+H]+, calcd. for C15H11N4O2 279.0877; δH (600 MHz, DMSO-d6) 

9.60 (H4, d, J = 1.2 Hz, 1H), 8.91 (H5, dd, J = 5.6, 2.9 Hz, 1H), 8.82 (H6, dd, J = 2.3, 1.6 Hz, 

1H), 8.708 (H2, d, J = 2.4 Hz, 1H), 8.69 (H3, d, J = 1.2 Hz, 1H), 8.40 (H7+9, dd, J = 9.1, 2.3 

Hz), 8.19 (H8+10, dd, J = 7.9, 3.3 Hz, 2H), 7.97 (H1, dd, J = 5.1, 1.8 Hz, 1H); δC (150 MHz, 

DMSO-d6) 155.0, 151.1, 150.4, 148.5, 146.9, 145.9, 144.7, 143.8, 143.0, 129.0, 124.8, 

123.2, 119.12; νmax (cm-1)  3449w br, 3064w, 1940w, 1763m, 1724m, 1575s sh, 1545w, 

1534m sh, 1508s sh, 1456m sh, 1406w, 1345s sh, 1322w, 1243m, 1157m, 1088m sh, 1109m, 

1034m sh, 1016m sh, 919w, 857m, 837s sh, 823s, 781w, 749s sh, 698s sh, 684m, 660m, 

622w, 578w. 

3- nitrophenyl-(pyridyn-2yl) pyrazine) (46) 

Compound 46 was synthesised according to GP2 and GP3 using 

the appropriate chalcone (1.30 g) and 2-pyrazinacylpyridinium 

iodide (1.17 g), and ammonium acetate (3.62 g) in H2O (80 mL) 

giving 46 as a beige solid (0.75 g, 46%); m.p. 168 – 170 °C; m/z 

(HR-ESI+) 279.0878 [M+H]+, calcd. for C15H11N4O2 279.0877; 

δH  (400 MHz, DMSO-d6)  9.61 (H3, d, J = 1.5 Hz, 1H), 8.89 (H6, dd, J = 5.1, 0.7 Hz, 1H), 

8.82 (H2, dd, J = 2.5, 1.5 Hz, 1H), 8.79 (H2, d, J = 2.5 Hz, 1H), 8.70 (H5, dd, J = 1.9, 0.7 Hz, 

1H), 8.65 (H10, t, J = 2.0 Hz, 1H), 8.39 – 8.34 (H7+8, m, 2H), 8.01 (H4, dd, J = 5.1, 1.9 Hz, 

1H), 7.87 (H9, t, J = 8.0 Hz, 1H); δC (100 MHz, DMSO-d6) 154.4, 150.6, 150.0, 148.6, 146.4, 

145.3, 144.2, 142.5, 138.7, 133.6, 131.0, 124.1, 122.6, 121.7, 118.5; νmax (cm-1) 1973w, 

1766m, 1727m, 1599m sh, 1524m br, 1479w, 1458m sh, 1422w, 1343s sh, 1284w, 1240w, 

1194w, 1156m sh, 1113m sh, 1086m sh, 1039m sh, 1017m sh, 1002w, 920w, 889m sh, 865w 

sh, 839m sh, 823m sh, 800m sh, 759w, 745m, 735s sh, 689s sh, 678s sh, 639w, 616s sh, 

574w br. 
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7.3.3 Compounds Discussed in Chapter 4 

(E)-4-(4-acetamidophenyl)-2-oxobut-3-enoic acid (57) 

Compound 57 was synthesised according to GP1 using 4-

acetoimidobenzaldehyde (4.0 g), sodium pyruvate (3.2 g) using 

30 mL of EtOH/H2O respectively and NaOH (20 mL) for 6 h to 

give a yellow solid (3.5 g, 62%); m.p 147 – 149 °C; m/z (HR-ESI-

) 232.0624 [M-H]-, calcd. for C12H10NO4 232.0615; δH  (400 

MHz, DMSO-d6) 10.17 (NH, s, 1H), 7.63 (H1+3, d, J = 8.7 Hz, 2H), 7.57 (H2+4, d, J = 8.7 

Hz, 2H), 7.37 (H6, d, J = 16.3 Hz, 1H), 6.65 (H5, d, J = 16.3 Hz, 1H), 2.06 (CH3, s, 3H); δC 

(100 MHz, DMSO-d6) 197.9, 169.6, 169.1, 143.6, 141.5, 129.3, 124.0, 119.4, 119.0, 24.5.; 

νmax (cm-1) 3309br, 3263br, 3194br, 1686m, 1673m, 1643m, 1587s sh, 1519m br, 1433w sh, 

1412m sh, 1372s sh, 1319s sh, 1255s sh, 1237w, 1165w,1129w, 1017w, 1080m sh, 1017w, 

989m, 968m, 943w, 900w, 863m sh, 829s sh, 800w, 779w, 757s sh, 714s sh, 663m, 627w, 

604m. 

 

 4-(4-acetamidophenyl)-6-(pyrazin-2-yl)picolinic acid (58) 

Compound 58 was synthesised according to GP2 using 57 (1.25 

g), 2-pyrazinacylpyridinium iodide (1.10 g) and ammonium 

acetate (3.30 g) in H2O (50 mL) gave 58 as a beige solid (1.35 g, 

75%); m.p (decomp.) 188 – 190 °C; m/z (HR-ESI-) 333.0986 [M-

H]-, calcd. for C18H13N4O3 333.099; δH  (600 MHz, DMSO-d6) 

10.20 (NH, s, 1H), 9.64 (H4, d, J = 1.3 Hz, 1H), 8.78 (H5, dd, J = 2.4, 1.6 Hz, 1H), 8.74 (H1, 

d, J = 2.5 Hz, 1H), 8.53 (H2, d, J = 1.7 Hz, 1H), 8.21 (H3, d, J = 1.8 Hz, 1H), 7.84 (H7+8, d, 

J = 8.8 Hz, 2H), 7.78 (H6+9, d, J = 8.7 Hz, 2H), 2.10 (CH3, s, 3H);  δC  (150 MHz, DMSO-

d6) 172.5, 169.1, 168.1, 153.6, 151.1, 148.4, 145.3, 144.4, 143.4, 141.0, 132.1, 127.7, 121.5, 

119.9, 117.9, 24.6; νmax (cm-1) 3027m br, 1668m, 1586w, 1552w, 1523s sh, 1475w, 1404m, 

1368s, 1320s sh, 1261m, 1177m, 1150w, 1047w,1076w, 1065w, 1047w, 1018m sh, 995w, 

964w, 897w, 832m sh, 805m sh, 757m sh, 700m, 666m sh, 619w, 599w, 571w br. 
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  4-(4-aminophenyl)-6-(pyrazin-2-yl)picolinic acid (54) 

Compound 58 (0.250 g) was suspended in MeOH (12 mL) and 

HCl (12 mL; 2 M) was added. The reaction was heated to reflux 

for 4 h. The solution was then basified to pH 7 to yield 54 as a 

white crystalline solid. (0.120 g, 55%); m.p (decomp.) >280 °C; 

m/z (HR-ESI+) 293.1030 [M+H]+, calcd. for C16H13N4O2 

289.1033; δH  (600 MHz, DMSO-d6) 9.66 (H4, s, 1H,), 8.79 (H5, 

s, 1H), 8.76 (H2, d, J = 2.4 Hz, 2H), 8.53 (H1, s, 1H), 8.27 (H2, d, J = 1.4 Hz, 1H), 7.65 (H7+8, 

d, J = 8.5 Hz, 2H), 6.72 (H6+9, d, J = 8.5 Hz, 2H), 5.65 (s, 2H, NH2); δC  (150 MHz, DMSO-

d6) 167.0, 153.1, 150.8, 150.3, 149.6, 145.1, 145.0, 144.1, 143.0, 127.7, 122.8, 120.0, 117.9, 

114.2; νmax (cm-1) 3491w, 3350w, 2971w br, 1737w, 1690w, 1595m, 1578m, 1520w sh, 

1480w, 1365s sh, 1321m sh, 1259m br, 1150w, 1050w, 1017w, 996w, 837m sh, 810w, 755m 

sh, 721w sh, 688w sh, 667w, 628w, 575w, 566m sh, 553w sh.  

 

N-(4-(2-(pyrazin-2-yl)pyridin-4-yl)phenyl)acetamide (59) 

 Compound 59 was synthesised according to GP3 to give 59 as a 

beige solid. (0.331 g, 48%); m.p 201 – 202 °C; m/z (HR-ESI-) 

289.1093 [M-H]- calcd. for C17H13N4O 289.1094; δH  (600 MHz, 

DMSO-d6)  10.17 (NH, s, 1H), 9.58 (H4, s, 1H), 8.81 – 8.74 (H1,2+5, 

m, 3H), 8.60 (H3, s, 1H), 7.86 (H8+9, d, J = 8.6 Hz, 2H), 7.83 (H6, d, J = 5.0 Hz, 1H), 7.78 

(H7+10, d, J = 8.5 Hz, 2H), 2.09 (CH3, s, 3H); δC (150 MHz, DMSO-d6) 169.1, 154.6, 150.8, 

150.7, 148.5, 145.6, 144.6, 143.0, 141.2, 131.5, 127.8, 122.1, 119.9, 118.0, 24.6; νmax (cm-1) 

3290m, 3046w, 1658m sh, 1596s sh, 1552w sh, 1522s sh, 1559m sh, 1432w, 1405w, 1369s 

sh, 1316s sh, 1295w, 1260w, 1184w, 1156w, 1109w sh, 1085w sh, 1050w, 1031m sh, 1014s 

sh, 995w, 971w, 948w, 895w, 848w, 817s sh, 760w, 738w, 724m, 685m, 652m sh, 591w sh.  

 

4-(2-(pyrazin-2-yl)pyridin-4-yl)aniline (60) 

Compound 59 (0.21 g) was suspended in MeOH (12 mL) and HCl 

(2M; 12 mL) was added. The reaction was heated under reflux for 

4 h. The solution was then basified to pH 7 to yield 60 an off-white 

crystalline solid. (0.09 g, 53%); m.p 199 – 200 °C; m/z (HR-ESI-) 

247.0991 [M-H]-, calcd. for C15H11N4 247.098; δH  (600 MHz, 

DMSO-d6) 9.55 (H4, t, J = 5.2 Hz, 1H), 8.78 – 8.76 (H1, m, 1H), 8.74 (H2, t, J = 3.7 Hz, 1H), 

8.65 (H6, d, J = 5.2 Hz, 1H), 8.50 (H5, t, J = 7.7 Hz, 1H), 7.71 (H3, dd, J = 5.2, 1.8 Hz, 1H), 
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7.62 (d, J = 8.6 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 5.62 (NH2, s, 2H); δC  (150 MHz, DMSO-

d6) 154.3, 151.1, 151.0, 150.5, 149.1, 145.4, 144.5, 142.9, 128.1, 123.6, 120.9, 116.7, 114.6; 

νmax (cm-1) 3393m, 3350m, 3225m br, 3038w br, 1661m sh, 1593s sh, 1521m sh, 1492m, 

1458m sh, 1424w, 1372m, 1319m sh, 1244m sh, 1183m sh, 1160w, 1129w, 1087m sh, 

1034m sh, 1017m sh, 994m, 890m sh, 836w, 815s sh, 725m sh, 685m, 600w, 589m, 580w, 

564m sh. 

 

(E)-N-(4-(2-(pyrazin-2-yl)pyridin-4-yl)phenyl)-1-(pyridin-2-yl)methanimine) (55)  

Compound 60 (0.21 g) was dissolved in EtOH (30 

mL) and 2-pyridinecarboxaldehyde (0.08 mL, 1 

equiv.) was added. The reaction was heated to 

reflux for 6 h after which time the solvent was 

reduced to a fifth of its volume and 55 was 

deposited a beige crystalline solid which was 

isolated by filtration and washed with cold EtOH (0.21 g, 76%); m.p 155 – 158 °C; m/z (HR-

ESI+) 338.1403 [M+H]+, calcd. for C21H16N5 338.1400;  δH (600 MHz, DMSO-d6) 9.61 (H3, 

d, J = 1.1 Hz, 1H), 8.85–8.81 (H1+6, m, 2H), 8.77 (H2+14, dd, J = 7.5, 3.6 Hz, 2H), 8.68 

(H4+imine, d, J = 12.5 Hz, 2H), 8.22 (H11, d, J = 7.7 Hz, 1H), 8.02–7.98 (H7,10+13, m, 3H), 7.93 

(H5, dd, J = 5.1, 1.7 Hz, 1H), 7.58 (H12, dd, J = 7.1, 5.0 Hz, 1H), 7.54 (H8+9, d, J = 8.3 Hz, 

2H); δC (150 MHz, DMSO-d6) 162.1, 154.7, 154.3, 152.0, 150. 8, 150. 6, 150.3, 148.3, 145. 

7, 144.6, 142.9, 137.6, 135.5, 128.5, 126.3, 122.6, 122.5, 121.9, 118.4; νmax (cm-1) 3047m, 

1598s sh, 1542w, 1511m, 1458m sh, 1432m sh, 1372m sh, 1365w, 1359w, 1250w, 1209w 

sh, 1156m sh, 1113m sh, 1084m sh, 1033m sh, 992m sh, 880m sh, 829s sh, 817s sh, 783m 

sh, 743m sh, 685m sh, 655m, 618m, 595w, 584w, 568w. Found C, 70.71; H, 4.54; N, 

20.75%. C21H15N5 requires: C, 74.76; H, 4.48; N, 20.76%. 

 

(E)-N-(4-(2-(pyrazin-2-yl)pyridin-4-yl)phenyl)-1-(pyridin-4-yl)methanimine (56) 

Compound 60 (0.21 g) was dissolved in EtOH (30 

mL) and 4-pyridinecarboxaldehyde (0.08 mL, 1 

equiv.) was added. The reaction was heated to 

reflux for 6 h after which time the solvent was 

reduced to a fifth of its volume and 56 was 

deposited as a beige crystalline solid which was 

isolated by filtration and washed with cold EtOH (0.22 g, 78%); m.p 167 – 169 °C; m/z (HR-
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ESI+) 338.1408 [M+H]+, calcd. for C21H16N5 338.1400; δH  (600 MHz, DMSO-d6) 9.60 (H3, 

s, 1H), 8.86 – 8.74 (H1,2,7,13,12+imine, m, 6H), 8.66 (H4, d, J = 0.7 Hz, 1H), 8.01 (H7+10, d, J = 

8.3 Hz, 2H), 7.94 – 7.85 (H5,11+14, m, 3H), 7.52 (H8+9,d, J = 8.3 Hz, 2H); δC (600 MHz, 

DMSO-d6) 160.7, 154.7, 152.0, 151.0, 150.9, 150.6, 148.2, 145.7, 144.6, 142.9, 142.8, 

135.7, 128.4, 122.7, 122.7, 122.5, 118.4; νmax (cm-1) 3054w, 1738, 1629m, 1596s sh, 1576w, 

1558w, 1541m, 1508w, 1456m sh, 1433w, 1414m, 1370m sh, 1320m, 1275w, 1229w, 

1216w, 1196w, 1171m, 1105m, 1082m, 1059w, 1050w, 1030m sh, 1014m sh, 990w, 975w, 

960w, 900w, 886m sh, 852m sh, 840, 820s sh, 808s sh, 763m, 738m, 723w, 683m, 665w, 

644m sh, 598w. Found C, 70. 69; H, 4.52; N, 20.79%. C21H15N5 requires: C, 74.76; H, 4.48; 

N, 20.76%. 

 

7.3.4 Compounds Discussed in Chapter 5 

 (E)-4-(3,5-dibromophenyl)-2-oxobut-3-enoic acid (69) 

Compound 69 was synthesised according to GP1 using 3,5-

dibromobenzaldehyde (4.0 g), Sodium Pyruvate (3.3 g, 3.2 

equiv.). Compound 69 was obtained as a yellow solid (2.0 g, 

40%); m.p 224 – 226 °C; m/z (HR-ESI-) 330.8599 [M-H]- calcd. 

for C10H5Br2O3 330.8610; δH  (400 MHz, DMSO-d6) 7.92 (H2+3, d, J = 1.6 Hz, 2H), 7.83 

(H1, t, J = 1.6 Hz, 1H), 7.36 (H4, d, J = 16.4 Hz, 1H), 6.95 (H5, d, J = 16.3 Hz, 1H); δC (150 

MHz, DMSO-d6) 196.5, 168.5, 139.7, 139.2, 134.3, 129.7, 127.9, 123.0; νmax (cm-1) 3352 

br, 1678w, 1637m, 1598s sh, 1548m sh, 1414w, 1391s, 1305m sh, 1284m sh, 1253w, 1110m, 

1094m, 1012w, 981w, 874w, 856m sh, 804m, 778m sh, 746s, 681w, 663w, 587w.  

 

4-(3,5-dibromophenyl)-2,2'-bipyridine (70) 

Compound 70 was synthesised according to GP3 (0.81 g, 40%); 

m.p 141 – 143 °C; m/z (HR-ESI+) 388.929041 [M+H]+ calcd. for 

C16H11Br2N2 387.1640; δH (600 MHz, DMSO-d6) 8.78 (H5, d, J = 

5.1 Hz, 1H), 8.74 (H7, d, J = 4.0 Hz, 1H), 8.63 (H1, s, 1H), 8.43 

(H4, d, J = 8.0 Hz, 1H), 8.09 (H8+10, s, 2H), 8.01–7.97 (H3+9, m, 

2H), 7.85 (H6, d, J = 4.7 Hz, 1H, H9), 7.52–7.49 (H2, m, 1H); δC (150 MHz, DMSO-d6) 

156.6, 155.3, 150.6, 149.8, 145.9, 142.0, 137.9, 134.5, 129.4, 124.9, 123.9, 122.4, 121.2, 

118.5.; νmax (cm-1) 3059w br, 1655w br, 1688w,1601w, 1580s sh, 1558w, 1537s sh, 1444m 

sh, 1426w, 1378m sh, 1367m sh, 1320w, 1304w, 1255w, 1235m sh, 1146w, 1103m, 1094m, 
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1071w, 1060w, 1012w, 987m sh, 967w, 943w, 919w, 899w, 884w, 863w sh, 843m sh, 791s 

sh, 744s sh, 738s sh, 682w, 670w, 658w, 632s sh, 618w, 588w.  

 

4-(3,5-di(pyridin-4-yl)phenyl)-2,2'-bipyridine (66) 

Compound 70 (0.80 g), 4-pyridine boronic acid (0.80 g, 3.2 

equiv.), and K2CO3 (1.71 g, 6 equiv.) were suspended in a 1,4-

dioxane/H2O mixture (4:1, 50 mL) and degassed for 1 h under 

Ar. Tetrakis(triphenylphosphine)palladium(0) was added (0.08 g, 

0.033 equiv.) was added and the reaction was heated to 100 °C 

for 6 days. The reaction mixture was cooled to room temperature 

and was added to H2O (50 mL). The product was then extracted into CH2Cl2 (3 × 50 mL) 

and washed with brine (2 × 30 mL). The combined organic layers were dried over MgSO4 

and reduced in vacuo to yield a yellow solid. The crude product was purified by trituration 

with methanol to yield 66 as a pale-yellow solid. (0.47 g, 60%); m.p 253 – 255 °C; m/z (HR-

ESI+) 387.1607 [M+H]+ calcd. for C26H19N4 387.1640; δH  (400 MHz, CDCl3)  8.77 (H5, d, 

J = 5.1 Hz, 1H), 8.72 (H1,12,13,16+17, d, J = 6.0 Hz, 5H), 8.69 (H1, d, J = 4.8 Hz, 1H), 8.49 (H4, 

d, J = 8.0 Hz, 1H), 8.01 (H8+10, d, J = 1.4 Hz, 2H), 7.90 (H9, s, 1H), 7.84 (H3, td, J =  7.8, 

1.5 Hz, 1H), 7.60 (H6,11,14,15+18, t, J = 4.9 Hz, 5H), 7.33 (H2, m, 1H); δC (100 MHz, CDCl3) 

157.0, 155.8, 150.5, 149.9, 149.2, 148.3, 147.5, 140.6,140.2, 137.1 126.5, 126.3, 125.5, 

124.7, 124.1, 121.9, 121.4, 119.1.; νmax (cm-1) 1584s sh, 1567s sh, 1551m sh, 1498w, 1463m, 

1439m, 1412m, 1402w, 1383m, 1323m, 1289m, 1259m br, 1223m, 1092w, 1072m br, 

1016m, 992s, 960w, 899w, 871w, 849w, 836w, 813w, 794s, 751s, 743m, 706m, 661m, 

656m, 618s br, 611s br, 592s, 554w.  

 

4-(3,5-di(pyridin-3-yl)phenyl)-2,2'-bipyridine (67) 

Compound 70 (0.69 g), 3-pyridine boronic acid (0.70 g, 3.2 

equiv.), and K2CO3 (1.46 g, 6 equiv.) were suspended in a 1,4-

dioxane/H2O mixture (4:1, 50 mL) and degassed for 1 hr under 

Ar. Tetrakis(triphenylphosphine)palladium(0) was added 

(0.033 eq,  0.07 g) was added and the reaction was heated to 

100 °C for 6 days. The reaction mixture was cooled to room 

temperature and was added to H2O (50 mL). The product was 

then extracted into CH2Cl2 (3 × 50 mL) and washed with brine (2 × 30 mL). The combined 

organic layers were dried over MgSO4 and reduced in vacuo to yield a yellow oil. The crude 
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product was then purified by trituration by methanol to give 67 as a white solid. (0.443 g, 

65%); m.p 118 – 121 °C; m/z (HR-ESI+) 387.1604 [M+H]+ calcd. for C26H19N4 387.1593;  

δH  (600 MHz, DMSO-d6) 9.18 (H11+18, d, J = 2.0 Hz, 2H), 8.83 (H14+15, d, J = 5.1 Hz, 2H), 

8.75 (H5, d, J = 4.0 Hz, 1H), 8.66 (H12+17, dd, J = 4.9, 1.4 Hz, 2H), 8.47 (H4, d, J = 7.9 Hz, 

1H), 8.40 – 8.36 (H1+7, m, 2H), 8.21 (H8+9+10, dd, J = 13.4, 1.3 Hz, 3H), 8.07 (H1, dd, J = 

4.9, 1.9 Hz, 1H), 8.00 (H3, td, J = 7.8, 1.7 Hz, 1H), 7.57 (H13+16, dd, J = 7.8, 4.9 Hz, 2H), 

7.53–7.48 (H2, m, 1H); δC  (600 MHz, DMSO-d6) 206.5, 156.1, 155.2, 150.0, 149.3, 148.9, 

148.2, 147.9, 139.3, 139.1, 137.4, 135.0, 134.8, 126.5, 125.3, 124.3, 123.9, 122.3, 120.8, 

118.3; νmax (cm-1) 1573w, 1555s sh, 1539s sh, 1470w sh, 1434w, 1414m, 1396w, 1362s sh, 

1313m, 1263w, 1227w sh, 1159w, 1122w sh, 1098w, 1079m sh, 1040w, 1015w, 990m sh, 

925w, 909w br, 851m sh, 791s sh, 764m sh, 746s sh, 724m sh, 685m sh, 678m, 642m sh, 

634s sh, 619m, 605w, 562w sh.  

 

Diethyl 5'-([2,2'-bipyridin]-4-yl)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (71) 

Compound 70 (1.21 g), 4-ethoxycarbonylphenyl boronic acid 

(2.00 g, 3.2 equiv.) and K3PO4 (3.92 g, 6 equiv.) were 

suspended in a 1,4-dioxane/H2O mixture (4:1, 50mL) and 

degassed for 1 h under Ar. 

Tetrakis(triphenylphosphine)palladium(0) was added (0.033 

eq,  0.12 g) was added and the reaction was heated to 100 °C 

for 6 days. The reaction mixture was cooled to room 

temperature and was added to H2O (50 mL). The product was then extracted into CH2Cl2 (3 

× 50 mL) and washed with brine (2 × 30 mL). The combined organic layers were dried over 

MgSO4 and reduced in vacuo to yield a brown solid. The crude product was purified by 

trituration with methanol to yield 71 as a light beige solid. (1.05 g, 64%); m.p 99 – 101 °C; 

m/z (HR-ESI+) 529.2131 [M+H]+  calcd. for C34H29N2O4  529.2121; δH  (600 MHz, DMSO-

d6) 8.83–8.71 (H2,5+7, m, 3H), 8.45 (H1, d, J = 7.9 Hz, 1H), 8.15 (H8,9+10, dd, J = 13.9, 1.2 

Hz, 3H), 8.08 (H11,12,13,14,15,16,17+18, s, 8H), 8.01 – 7.96 (H6+4, m, 2H), 7.49 (H3, dt, J = 11.6, 

5.1 Hz, 1H), 4.36 (CH2, q, J = 7.0 Hz, 4H), 1.35 (CH3, t, J = 7.1 Hz, 6H); δC  (150 MHz, 

DMSO-d6) 166.03, 156.52, 155.65, 150.49, 149.78, 148.39, 144.42, 141.28, 139.79, 137.87, 

130.20, 129.68, 128.08, 127.06, 126.07, 124.85, 122.80, 121.27, 118.74, 61.30, 14.67;  νmax 

(cm-1) 2984,  1709s sh, 1605m sh, 1585m sh, 1569w, 1510w, 1465m sh, 1445w, 1387m sh, 

1365m sh, 1271m sh. 1247w, 1183m sh, 1101s sh, 1018, sh. 992w, 901w, 885w, 871w, 

844m sh, 790m sh, 762s sh, 738w, 698m sh, 666w, 655w, 629m sh, 606w, 547w.  
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5'-([2,2'-bipyridin]-4-yl)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (68) 

Compound 71 (0.3 g) was suspended in KOH (2M; 20 mL) 

and heated to reflux at 130 °C overnight. The reaction was 

diluted with H2O (30 mL) and 68 deposited as an off-white 

solid by the addition of acetic acid (3 mL), with stirring. (0.195 

g, 73%); m.p (decomp.) >280 °C; m/z (HR-ESI-) 471.1349 [M-

H]-  calcd. for C30H19N2O4  471.1350; δH  (400 MHz, DMSO-

d6); 8.79 (H5+7, dd, J = 8.9, 2.8 Hz, 2H), 8.72 (H1, d, J = 4.3 

Hz, 1H), 8.44 (H3, d, J = 8.0 Hz, 1H), 8.17 – 8.11 (H8,9+10, m, 3H), 8.07 (H12,13+16+17, d, J = 

8.4 Hz, 4H), 8.04 – 7.95 (H4,6,11,14,15,18, m, 6H), 7.49 (H2, dd, J = 6.9, 5.2 Hz, 1H); δC (100 

MHz, DMSO-d6) 167.6, 156.2, 155.3, 150.2, 149.5 148.2, 143.3, 141.3, 139.5, 139.4, 137.7, 

136.7, 136.0, 131.5, 130.1, 127.5, 126.9, 126.7, 125.5, 124.6, 122.5, 121.0, 118.4; νmax (cm-

1) 3198w br, 1694m br, 1607w, 1587m sh, 1548m sh, 1456w, 1383m, 1048s br, 1031s, 

1014s, 848m, 789m, 771m sh, 701w, 681w, 629w, 567w. 

 

7.4 Complex Synthesis and Characterisation:  

7.4.1 Complexes Discussed in Chapter 2   

 [Cd(38)2].H2O] (C1) 

Cadmium nitrate tetrahydrate (8 mg, 26 μmol) was dissolved in DMF:H2O (2:1, 3 mL) and 

43 (10 mg, 27 μmol) was added. The reaction mixture was added to a sealed vial with a 

PTFE-lined cap and heated in a dry block heater at 80 °C for 8 h. The resulting colourless 

crystals were isolated by filtration. Phase purity was analysed by powder X-ray diffraction. 

(7 mg, 35%); m.p (decomp.) >280 °C; νmax (cm-1) 3398w br, 3072w, 1632m sh, 1599s sh, 

1556w, 1513s sh, 1482w, 1430w, 1375m sh, 1344m, 1312s sh, 1246s, 1164w, 1105w, 

1009m sh, 891m sh, 860w 824m sh, 796m sh, 756s sh, 719m sh, 683m sh, 664m sh, 637m 

sh, 600m sh, 554w; Found: C, 52.49; H, 2.72; N, 10.7%. C34H22CdN6O9 requires C, 52.97%; 

H, 2.87; N, 10.9%. 

 

[Cd(39)2] (C2) 

Cadmium nitrate tetrahydrate (8 mg, 26 μmol) was dissolved in DMF: H2O (2:1, 3 mL) and 

39 (10 mg, 26 μmol) was added. The reaction mixture was added to a sealed vial with a 

PTFE-lined cap and heated in a dry block heater at 100 °C for 14 h. The resulting colourless 
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crystals were isolated by filtration. Phase purity was analysed by powder X-ray diffraction. 

(3 mg, 15%); m.p (decomp.) >280 °C; νmax (cm-1) 3059w sh, 1635m sh, 1602s sh, 1577s sh, 

1522s sh, 1485m, 1422m, 1415m, 1644s sh, 1305m, 1282m, 1245w, 1164m, 1078m sh, 

1020m sh, 879w, 797s sh, 762m sh, 750m sh, 741s sh, 723m sh, 695m sh, 667m sh, 631s sh, 

597m sh, 569m sh; Found C, 53.33; H, 2.57 N, 10.95% C34H20CdN6O8 requires C, 54.23; H, 

2.67; N, 11.16%. 

 

[Cd3(38)3(NO3)2(DMF)4]NO3 (C3) 

Cadmium nitrate tetrahydrate (18 mg, 58 μmol) was dissolved in DMF (0.5 mL) and 43 (20 

mg, 54 μmol) was added. The reaction mixture was added to a sealed vial with a PTFE-lined 

cap and heated in a dry block heater at 100 °C for 18 h. On cooling to room temperature, the 

resulting colourless crystals were isolated by filtration. Phase purity was analysed by powder 

X-ray diffraction. (18 mg, 56%); m.p (decomp.) >280 °C; νmax(cm-1) 3389w br, 2935w, 

1641m sh, 1585m sh, 1555m sh, 1516m sh, 1447m sh, 1410m sh, 1383s sh, 1342s, 1299s, 

1248w, 1107m sh, 1075w, 1035w, 1009m, 908m sh, 857m sh, 799m sh, 776s sh, 754m sh, 

688m sh, 665w sh, 633m sh, 618w, 598s sh, 586m, 576m; Found C 40.57; H, 2.81; N,11.33% 

C51H30N12O21Cd3.3DMF.1.5H2O requires C, 40.45; H, 2.84; N, 11.47%. 

[Cd3(39)3(NO3)2(DMF)4]NO3·DMF (C4) 

Cadmium nitrate tetrahydrate (18 mg, 58 μmol) was dissolved in DMF (0.5 mL) and 39 (20 

mg, 52 μmol) was added. The reaction mixture was added to a sealed vial with a PTFE-lined 

cap and heated in a dry block heater at 100 °C for 18 h. On cooling to room temperature, the 

resulting colourless crystals were isolated by filtration. Phase purity was analysed by powder 

X-ray diffraction. (12 mg, 38%); m.p (decomp.) >280 °C; νmax(cm-1) 3387w br, 3066w, 

1638s sh, 1599s, 1580s, 1553s sh,  1540w, 1525s sh, 1482m, 1424m, 1380m, 1347m, 1308s 

sh, 1246s br, 1163w, 1109m, 1075m, 1050m, 1019m sh, 888m sh, 797m sh, 781m sh, 741s 

sh, 719m sh, 692m sh, 670m sh, 625m sh, 557w; Found C 40.54; H, 2.65; N,11.37%. 

C51H30N12O21Cd3.3DMF.1.5H2O requires C, 40.54; H, 2.84; N, 11.47%. 

 

[Co(38)2] (C5) 

Cobalt(II) nitrate hexahydrate (3 mg, 10 μmol) was dissolved in DMF:H2O (1:1, 3 mL) and 

43 (10 mg, 27 μmol) was added. The reaction mixture was added to a sealed vial with a 

PTFE-lined cap and heated in a dry block heater at 100 °C for 18 h. On cooling to room 

temperature, the resulting orange rod shaped crystalline material was isolated by filtration. 

Phase purity was analysed by powder X-ray diffraction for each complex. (3 mg, 43%); m.p 
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(decomp.) >280 °C; νmax (cm-1) 3070w, 1638s sh, 1604s sh, 1556w, 1525s sh, 1482m sh, 

1442m sh, 1421w, 1347s sh, 1310m, 1280m, 1247w sh, 1186w, 1162m sh, 1124w, 1084w, 

1070w, 1024w, 972w, 938w, 898w, 890s, 880s sh, 823w sh, 793s sh, 764m sh, 754m sh, 

741m sh, 730s sh, 724s sh, 694s sh, 669m sh, 628, 608m sh, 577m, 562w; Found: C, 57.89; 

H, 2.76; N, 11.97. C34H20CoN6O8 requires C, 58.37; H, 2.88; N, 12.01%. 

 

[Co(39)2] (C7) 

Cobalt(II) nitrate hexahydrate (3 mg, 10 μmol) was dissolved in DMF:H2O (1:1, 3 mL) and 

39 (10 mg, 26 μmol) was added. The reaction mixture was added to a sealed vial with a 

PTFE-lined cap and heated in a dry block heater at 100 °C for 18 h. On cooling to room 

temperature, the resulting orange rod shaped crystalline material was isolated by filtration. 

Phase purity was analysed by powder X-ray diffraction for each complex. (6 mg, 86%); m.p 

(decomp.) >280 °C; νmax (cm-1) 3068w, 1638s sh, 1604s sh, 1526s sh, 1482m, 1421m sh, 

1347m, 1280m sh, 1161w, 1123w, 1071w, 1005w, 898m sh, 880w, 823s sh, 793m sh, 764m 

sh, 754s sh, 741m sh, 684m sh, 628m sh, 607m sh, 559m sh; Found C, 57.86; H, 2.76; N, 

11.72. C34H20CoN6O8 requires C, 58.37; H, 2.88, N. 12.01%.  

 

Mixed phase Co(II)/Co(III) phases containing [Co(38/39)2]NO3 impurity (C6 and C8) 

Cobalt(II) nitrate hexahydrate (8 mg, 27 μmol) was added to DMF (1 mL) and 43/39 (10 

mg, 27/26 μmol) was added. The reaction mixture added to a sealed vial with a PTFE-lined 

cap and heated in a dry block heater at 100 °C for 24 h, giving a red crystalline solid which 

contained both Co(II)/Co(III) phases. Individual crystals of C6 and C8 were manually 

isolated from this mixture for single crystal X-ray diffraction analysis. 

 

[Cr(38)Cl2DMF] (C9) 

 CrCl3.6H2O (7 mg, 27 μmol) was added to DMF (1 mL) and 43 (10 mg, 28 μmol) was 

added. The mixture was added to a sealed vial with PTFE-lined cap and heated in a dry block 

heater at 100 °C for 48 h yielding green rod shaped crystals which were isolated by filtration 

and washed with cold DMF (6 mg, 20%); m.p (decomp) >280 °C; νmax (cm-1) 3077w sh, 

1672m sh, 1646s sh, 1613m sh, 1518m sh, 1559w sh, 1484m sh, 1430m, 1398w, 1350s sh, 

1268m, 1242m, 1190m sh, 1115m sh, 1078m sh, 1051w, 1030m sh, 894m sh, 858s sh, 826m 

sh,, 798m sh, 775m sh, 756m sh, 714m sh, 705s sh, 690m sh, 672m; Found C, 46.42; H, 

3.03; N,10.57. C20H17CrN4O5Cl2 requires C, 46.52%; H, 3.33%; N, 10.85%. 
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[Cr(38)Cl2DMA] (C10) 

CrCl3.6H2O (7 mg, 27 μmol) was added to DMA (1 mL) and 43 (10 mg, 28 μmol) was 

added. The mixture was added to a sealed vial with PTFE-lined cap and heated in a dry block 

heater at 100 °C for 48 h yielding green rod shaped crystals which were isolated by filtration 

and washed with cold DMA (5 mg, 18%); m.p (decomp) >280 °C; νmax (cm-1) 3070w br, 

1664s sh, 1605m sh, 1557w, 1513m sh, 1460w, 1438m sh, 1398m sh, 1343s sh, 1303w, 

1265s 1245s, 1161w, 1123w, 1108w, 1097w, 1077w, 1050w, 1009w, 895s sh, 856s sh, 824m 

sh, 798s sh, 752s sh, 713 s sh, 671s sh, 621m sh, 647w sh, 607m.; Found C, 47.33; H, 3.33; 

N,10.24. C21H19CrN4O5Cl2 requires C, 47.56%; H, 3.61%; N, 10.65%. 

 

[Cr(38)Cl2NMP] (C11) 

CrCl3.6H2O (7 mg, 27 μmol) was added to NMP (1 mL) and 43 (10 mg, 28 μmol) was added. 

The mixture was added to a sealed vial with PTFE-lined cap and heated in a dry block heater 

at 100 °C for 48 h yielding green rod shaped crystals which were isolated by filtration and 

washed with cold NMP (9 mg, 32%); m.p (decomp) >280 °C; νmax (cm-1) 3076w, 1670s sh, 

1625s sh, 1613s sh, 1558m sh, 1512s sh, 1482w, 1439s sh, 1401s sh, 1364w, 1345s sh, 

1303w, 1297w, 1270m, 1258m, 1219m, 1160w sh, 1125m sh, 1110w, 1099w, 1078m, 

1050w sh, 1022w sh, 985w sh, 909w sh, 898m sh, 858s sh, 826m sh, 807s sh, 774m sh, 

763m sh, 753s sh, 721s sh, 691m sh, 671m sh, 647m sh, 620m sh, 635w sh, 606w sh, , 565w.; 

Found C, 49.21; H, 3.33; N,10.11. C22H19CrN4O5Cl2 requires C, 48.72%; H, 3.35%; N, 

10.33%. 

 

[Cu(38)NO3]·DMF (C12) 

Cu(NO3)2·3H2O (11 mg, 42 μmol)) was added to DMF (1 mL) and 43 (10 mg, 28 m μmol) 

was added. The reaction mixture was added to a sealed vial with a PTFE-lined cap and heated 

in a dry block heater at 100 °C for 18 h. The green plate shaped crystals were isolated by 

filtration. Phase purity was established by X-ray powder diffraction (4 mg, 8%); m.p 

(decomp) > 280 °C; νmax (cm-1) 3112w, 3055w, 2874w br, 1669s sh, 1649m sh, 1627m sh, 

1591m sh, 1517s sh, 1444w, 1411w, 1347s sh, 1293m sh, 1268s sh, 1209s sh, 1162w sh, 

1128m, 1081m, 1010s sh, 995m, 962m sh, 953m, 934w, 893m sh, 864w, 847w sh, 824w sh, 

796 s sh, 767m sh, 733s sh, 707s sh, 690m sh, 670s sh;  Found: C, 54.65; H, 2.61; N, 11.73%. 

C20H20CuN5O8 requires C, 54.49%; H, 2.31; N, 11.54%. 
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7.4.2 Complexes Discussed in Chapter 3 

[Cu2(45)2(SO4)2(CH3OH)2] (C16) 

Copper(II) sulfate pentahydrate (9 mg, 0.036 μmol) was dissolved in MeOH (2 mL) and 

added to a sonicated suspension of 45 (10 mg, 0.035 μmol) in MeOH (2 mL), and the mixture 

was sealed. A flocculent green precipitate formed immediately, which was converted to 

green crystals after 72 h. These crystals were isolated by filtration. Phase purity was analysed 

by powder X-ray diffraction.  The crystals of C16 tended to lose crystallinity and adsorb 

atmospheric water over time after drying in air. (5 mg, 30%); m.p (decomp.) >280 °C ; νmax 

(cm-1) 3041m br, 1609m sh, 1551m sh, 1520m, 1514m, 1477w, 1408m sh, 1345s sh, 1175w, 

1139m, 1093s, 1054w, 1046s, 972m, 931w br, 846m sh, 824m sh, 752m sh, 749w, 691w, 

615m br; Found C, 37.28; H, 3.14; N, 11.65%. C30H20Cu2N8O12S2·5H2O requires: C, 37.30; 

H, 3.13; N, 11.60%.  

 

[Cu2(46)2(SO4)2(CH3OH)2]·2CH3OH·H2O (C17) 

Copper(II) sulfate pentahydrate (9 mg, 0.036 μmol) was dissolved in MeOH (2 mL) and 

added to a sonicated suspension of 46 (10 mg, 0.035 μmol) in MeOH (2 mL). The mixture 

was sealed and cooled at 1 – 2 °C. After 3 h, green gelatinous material is evident, which 

converts to green/blue crystals after 72 hrs, which were isolated by filtration. Phase purity 

was analysed by powder X-ray diffraction. The crystals of C17 tended to adsorb atmospheric 

water over time after drying in air. 

 

C17: (11 mg, 65%); m.p (decomp.) 250 – 270 °C; νmax (cm-1) 3233m br, 1614m sh, 1529m 

sh, 1510w, 1490w, 1407 m sh, 1349m sh, 1174w, 1150w, 1050w, 1035w, 1014s sh, 990w, 

910m, 852w, 815m sh, 732m sh, 674m, 606s, 590s; Found C, 34.97; H, 3.67; N,10.93. 

C30H20Cu2N8O12S2·9H2O requires C, 34.71%; H, 3.69%; N, 10.79%  

Xerogel of SM(1): (8 mg, 47%); m.p (decomp.) > 280 °C; νmax (cm-1) 3012w br, 2983w, 

1613m sh, 1527m sh, 1519w, 1467w, 1409m sh, 1353m sh, 1295w, 1107w, 1090s br, 

1065w, 995m sh, 945m br, 853w sh, 785w, 751w, 723w, 716w, 667w, 672w, 619s sh; Found 

C, 37.05; H, 2.75; N, 11.35%. C30H20Cu2N8O12S2·5H2O requires C, 37.3, H, 3.31, N, 11.6%. 

 

poly-[Ag7467]·7CF3SO3 (C18) 

Silver trifluoromethanesulfonate (9 mg, 35 μmol) was dissolved in acetone (2 mL) via 

sonication and added to a solution of 46 (10 mg, 35 μmol) in acetone (2 mL). The reaction 

was sealed to stand at room temperature with light excluded for 48 h, after which time the 
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colourless crystals were isolated by filtration. Phase purity was analysed by powder X-ray 

diffraction. (7 mg, 37%); m.p (decomp.) 229 – 230 °C;  νmax (cm-1) 3482w br, 3081m br, 

1980s, 1607m sh, 1527s sh, 1474m, 1409m sh, 1348s sh, 1237s br, 1222s br, 1153s sh, 

1109w, 1072w, 1023s sh, 896w, 847m sh, 807m, 799m, 735m, 689m sh, 631s sh 572m sh; 

Found C, 35.89; H, 1.97; N, 10.28%. C112H70Ag7F21N28O35S7 requires: C, 35.90; H, 1.88; N, 

10.46%. 

 

[Ag8458]8CF3SO3·10C3H6O (C19)  

Silver trifluoromethansulfonate (9 mg, 35 μmol) was dissolved in acetone (2 mL) via 

sonication in a glass vial and added to a solution of 45 (10 mg, 35 μmol) in acetone (2 mL). 

The reaction was sealed, and light was excluded. The reaction was left at room temperature 

for 48 h after which time a crop of yellow crystals formed. Phase purity was analysed by 

powder X-ray diffraction. (12 mg, 56%); m.p (decomp.) 165 – 188 °C; νmax (cm-1) 3469w 

br, 3079w, 1704m sh, 1609m sh, 1598m sh, 1553m sh, 1519m sh, 1479w, 1415m sh, 1395m 

sh, 1348s sh, 1228s, 1212s, 1155s sh, 1075w, 1110w 1021s sh, 1011w, 909w, 859m br, 

843m sh, 831m sh, 754m sh, 684m, 655m sh; Found C, 33.29; H, 1.84; N, 9.06%. 

C67H40Ag4F12N16O20S4 + 4.5 C3H6O + 0.75 H2O requires: C, 33.31; H, 1.98; N, 9.27%. 

 

Solvent exchange general procedure for C19: The supernatant of C19 was decanted off 

and the crystals of C19 were rinsed with a small quantity of the exchanged guest to remove 

any trace amounts of acetone. Guest solvent (4 mL) was then added to the glass vial 

containing crystalline material of C19. The vessel was sealed with light excluded for 36 h. 

 

1, 4-Dioxane⊂19: νmax (cm-1) 3080w br, 2963w, 2855w, 1598m, 1553m, 1518m sh, 1485w, 

1479m, 1410w, 1348m, 1246sh, 1223sh, 1081sh, 1055sh, 1045w, 1025sh, 890w, 871sh, 

859m sh, 841sh, 829sh, 764sh, 694m sh. 

 

EtOAc⊂19: νmax (cm-1) 3150w br, 1725m, 1600m, 1552w sh, 1518m sh, 1495w, 1420w, 

1347m sh, 1238s br, 1154 sh, 1051w, 1023s sh, 995w, 842m sh, 830m sh, 720m sh, 694m, 

631s sh, 568m. 

 

THF⊂19: νmax (cm-1) 3472br, 3260w br, 3150w, 1600m, 1556s, 1515sh, 1450s, 1351sh, 

1225sh, 1242sh, 1156sh, 1120s, 1025sh, 920s, 875w, 841m sh, 755m sh, 6933m sh, 640m. 
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C6H6⊂19: νmax (cm-1) 3088w br, 1702m, 1600m, 1552w, 1518m sh, 1478w sh, 1411m, 

1348sh, 1242s sh, 1200w, 1155s sh, 1024s sh, 851w, 840s, 753sh, 684sh, 631s sh, 571m sh. 

 

PhMe⊂19: νmax (cm-1) 3084br, 1703w, 1599m sh, 1553m, 1518sh, 1478w, 1412w, 1348s 

sh, 1241s br, 1355w, 1155s sh, 1050w, 1035w, 1025s sh, 850w, 841sh, 753sh, 736m, 695m 

sh, 632s sh, 572m sh. 

 

n-Hexane⊂19: νmax (cm-1) 3076w br, 2400w, 2200w br, 1703m, 1599m, 1550m, 1518m sh, 

1499w, 1413m, 1348s sh, 1241s, sh, 1213w, 1154s sh, 1080w, 1024s sh, 841m sh, 753m sh, 

695m sh, 632s sh, 571m sh. 

 

CCl4⊂19: νmax (cm-1) 3095w br, 1703m, 1600m, 1552m, 1517m sh, 1480w, 1411m, 1348m 

sh, 1241s sh, 1195w, 1154s sh, 1110w, 1024s sh, 860w br, 842m sh, 801w, 752m sh, 695m 

sh, 632s sh, 572m sh. 

 

Acetone⊂(1,4-dioxane⊂19): νmax (cm-1) 3108w br, 2981w sh, 1702m, 1597m, 1552m sh, 

1518m sh, 1485w, 1413w, 1348s sh, 1242s sh, 1195w, 1154s br, 1119w, 1024s sh, 842m sh, 

830m sh, 754m sh, 696m sh, 633s sh, 571m sh. 

 

7.4.3 Complexes Discussed in Chapter 4 

[Zn(54)HCOO-
0.75Cl0.25]·H2O (C21)  

Zinc chloride (5 mg, 34 μmol) was added to DMF (1 mL) and 54 (10 mg, 34 μmol) was 

added. The mixture was added to a sealed vial with a PTFE-lined cap and heated in a dry 

block heater at 100 °C for 18 h to give C21 as orange block crystals. Phase purity was 

analysed by powder X-ray diffraction. Elemental analysis shows loss of lattice water upon 

drying. (7 mg, 12%); m.p (decomp.) >280 °C; νmax (cm-1) 3325m br, 3212m br, 1639m sh, 

1583s sh, 1548w, 1523m sh, 1485m sh, 1446w, 1420m, 1398w, 1368s sh, 1308m, 1290w, 

1257w, 1184w, 1153m sh, 1117m, 1099w, 1075m sh, 1018m sh, 1001m, 983m sh, 833s sh. 

805s sh, 759s sh, 725w, 630w, 570s br; C, 49.81; H, 2.93; N, 14.95%. C17H12ZnN4O4Cl0.3 

requires C, 49.73, H, 2.94, N, 14.98%. 
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[Tb(54)2(Cl)(DMF)]·DMF (C22) 

Terbium(III) chloride hexahydrate (13 mg, 34 μmol) was added to DMF (1 mL) and 54 (10 

mg, 34 μmol) was added. The mixture was added to a sealed vial with a PTFE-lined cap and 

heated in a dry block heater at 100 °C for 18 h to give C22 as yellow block crystals. Phase 

purity was analysed by powder X-ray diffraction. (3 mg, 3%); m.p (decomp.) >280 °C; νmax 

(cm-1) 3343w br, 3222w br, 2109w, 1631m, 1585s sh, 1522m, 1488w, 1418w sh, 1373s sh, 

1319m, 1289w, 1256w,1183m, 1153m sh, 1117m, 1083w, 1077m sh, 1029m sh, 1010m sh, 

895 m, 833m sh, 804m sh, 761m sh, 700m sh, 673m, 650w, 596s sh; C, 49.47; H, 3.43; N, 

14.88%. C35H29TbN9O5Cl1 requires C, 49.45, H, 3.43, N, 14.82%. 

 

[Eu(54)2(Cl)(DMF)]·DMF (C23) 

Europium(III) chloride hexahydrate (13 mg, 34 μmol) was added to DMF (1 mL) and 54 (10 

mg, 34 μmol) was added. The mixture was added to a sealed vial with a PTFE-lined cap and 

heated in a dry block heater at 100 °C for 18 h. To give C23 as orange block crystals. Phase 

purity was analysed by powder X-ray diffraction. (2 mg, 2%); m.p (decomp.) > 280 °C; νmax 

(cm-1) 3328w br, 3216w br, 1634s sh, 1588s sh, 1522m sh, 1487m sh, 1418m, 1374s sh, 

1317w, 1289w, 1184w, 1154m sh, 1097m sh, 1078m sh, 1029m sh, 1001m sh, 894m, 834s 

sh, 805s sh, 760s sh, 701m sh, 673w, 570s sh; C, 49.74; H, 3.43; N, 14.88%. C35H29N9O5Cl1 

requires C, 49.80, H, 3.46, N, 14.93% 

 

SM(2): 

Silver trifluoromethanesulfonate (15 mg, 0.058 μmol) was dissolved in MeCN (0.5 mL) and 

added to a sonicated suspension of 55 (10 mg, 0.029 μmol) in MeCN (0.5 mL). The mixture 

was sealed and cooled at 1 – 2 °C. After 48 h, a yellow gelatinous material is evident. Xerogel 

of material was obtained by drying under vacuum to yield a yellow solid. Xerogel of SM(2): 

(11 mg, 30%); m.p (decomp.) 243 – 244  °C; νmax (cm-1) 3082w br, 2251w sh, 1605s sh, 

1564w, 1545w sh, 1500w, 1478m sh, 1421w, 1404m sh, 1270w, 1256s sh, 1225w, 1156s 

sh, 1052s br, 1026s sh, 909w, 829s sh, 777w sh, 758w, 720w sh, 682w, 666w, 635s sh, 572w 

sh; Found C, 46.52; H, 3.04; N, 13.60%. C21H15AgN5O3F3·MeCN⸱0.5H2O requires C, 46.02, 

H, 3.19, N, 13.90%. 
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SM(3): 

Silver tetrafluoroborate (11 mg, 0.058 μmol) was dissolved in MeCN (0.5 mL) and added to 

a sonicated suspension of 55 (10 mg, 0.029 μmol) in MeCN (0.5 mL). The mixture was 

sealed and cooled at 1 – 2 °C. After 48 h, a yellow gelatinous material is evident. Xerogel of 

material was obtained by drying under vacuum to yield a yellow solid. Xerogel of SM(3): 

(12 mg, 36%); m.p (decomp.) 228 – 230 °C; νmax (cm-1) 3571w br, 3078w br, 2255w sh, 

1605s sh, 1544w sh, 1478s sh, 1405s sh, 1373w, 1320w sh, 1158m, 1048s br, 1023s br, 

908w, 829s sh, 777w sh, 742w sh, 700w sh, 681w sh, 666w, 633m, 569w; Found C, 43.51; 

H, 3.96; N, 13.10%. C21H15AgN5BF4·3THF⸱H2O requires C, 43.79, H, 4.28, N, 12.77%. 

 

SM(4): 

Silver tetrafluoroborate (11 mg, 0.058 μmol) was dissolved in MeCN (1 mL) and added to a 

sonicated suspension of 56 (10 mg, 0.029 μmol) in MeCN (1 mL). The mixture was sealed 

and cooled at 1 – 2 °C. After 72 h, a yellow gelatinous material is evident. Xerogel of 

material was obtained by drying under vacuum to yield a yellow solid. Xerogel of SM(4): 

(6 mg, 19%); m.p (decomp.) 199 – 201 °C; νmax (cm-1) 3380w br, 2961w br, 1595s sh, 1524m 

sh, 1470m sh, 1405m sh, 1325w, 1260m sh, 1165w br, 1021s br, 1050s br, 926w, 835s sh, 

764w, 680w, 659w sh, 635w, 552w; Found C, 45.56; H, 3.27; N, 12.73%. 

C21H15AgN5BF4·H2O requires C, 45.85, H, 3.12, N, 12.73% 

 

7.4.4 Complexes Discussed in Chapter 5 

 [Cd(70)Cl2] (C24)  

Cadmium chloride (8 mg, 19 μmol) was dissolved in DMF (1 mL) and 70 (10 mg, 23 μmol) 

was added. The reaction mixture was added to a sealed vial with a PTFE-lined cap and heated 

in a dry block heater at 100 °C for 48 h. On cooling to room temperature, the resulting 

colourless block shaped crystalline material was isolated by filtration and washed with DMF. 

Phase purity was established by powder X-ray diffraction. (3.2 mg, 27%); m.p (decomp.) 

>280 °C ; νmax (cm-1) 1656w br, 1606w, 1593w, 1574m, 1537s sh, 1480m, 1414w br, 1385m, 

1368m, 1315m, 1247m, 1170w, 1106m, 1079m, 1069m, 1014w, 990w, 910w, 886m, 862w, 

845s, 809w, 792s, 766w, 747s sh, 687m sh, 650w, 648m sh, 638s sh, 568w br; Found C, 

33.52; H, 1.75; N, 4.88%. C16H10CdN2Cl1Br2 requires: C, 33.67; H, 1.54; N, 4.87%. 
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Pd Complexation Studies:  

66 with Pd(MeCN)4(BF4)2 

Tetrakis(acetonitrile)palladium(II) tetrafluoroborate  (26 mg, 58 μmol) was dissolved in 

DMSO-d6 (1 mL) and 66 (10 mg, 26 μmol) was added.The reaction mixture was added to a 

sealed vial with a PTFE-lined cap and heated in a dry block heater at 70 °C for 48 h. Solid 

was obtained upon cooling and dried under vacuum to give a yellow polycrystalline solid. 

(10 mg); m.p (decomp.) 271 – 274 °C; δH (600 MHz, DMSO-d6) 9.15 (d, J = 3.3 Hz, 3H), 

9.06 (s, 1H), 8.80 (d, J = 7.8 Hz, 1H), 8.70 (s, 1H), 8.64 (s, J = 8.2 Hz, 1H), 8.53 (t, J = 7.4 

Hz, 1H), 8.44 – 8.36 (m, 7H), 7.92 – 7.87 (m, 1H); δC  (150 MHz, DMSO-d6) 172.0, 157.2, 

156.6, 156.2, 152.8, 151.8, 150.5, 149.6, 149.3, 148.9, 142.8, 137.5, 137.3, 129.7, 129.5, 

128.5, 125.3, 125.1, 122.5, 117.6 (MeCN); νmax (cm-1) 3049w br, 2247w br, 1665w, 1610m 

sh, 1484w sh, 1400w br, 1334w, 1263m, 1022w sh, 1003s sh, 821m sh, 790w, 758m sh, 

647w, 635m, 521w; Found C, 39.63; H, 3.93; N, 7.14%.  

 

67 with Pd(NO3)2 

Palladium nitrate dihydrate (16 mg, 55 μmol) was dissolved in DMSO-d6 (1 mL) and 67 (10 

mg, 26 μmol) was added. The reaction mixture was added to a sealed vial with a PTFE-lined 

cap and heated in a dry block heater at 70 °C for 48 h to produce a clear dark orange solution. 

The solution was dried to yield red residue (23 mg)  δH (600 MHz, DMSO-d6) 10.33 (s, 1H), 

9.56 (d, J = 5.5 Hz, 1H), 9.41 (s, 1H), 8.93 (s, 1H), 8.82 (d, J = 7.8 Hz, 1H), 8.75 (d, J = 8.2 

Hz, 1H), 8.49–8.43 (m, 2H), 8.28 (dd, J = 10.7, 5.9 Hz, 1H), 8.21 (d, J = 6.1 Hz, 1H), 8.06 

–8.02 (m, 1H), 7.87–7.81 (m, 1H); δC  (150 MHz, DMSO-d6) 157.0, 156.5, 151.9, 151.2, 

150.0, 149.4, 149.2, 142.9, 139.8, 138.4, 137.4, 136.8, 129.0, 128.5, 128.3, 128.1 125.3, 

125.1, 122.4; νmax (cm-1) 2257m sh, 2126w sh, 1664br, 1498s sh, 1341m, 1259s sh, 1148s 

sh, 1022w, 1007w, 960m, 907 m, 824m sh, 776m, 705w, 630w. 

 

[Cd(68)] (C25) 

Cadmium nitrate tetrahydrate (19 mg, 62 μmol) was dissolved in DMF (1 mL) and 68 (10 

mg, 21 μmol) was added. The reaction mixture was added to a sealed vial with a PTFE-lined 

cap and heated in a dry block heater at 100 °C for 24 h. On cooling to room temperature, the 

resulting colourless block shaped crystalline material was isolated by filtration and washed 

with DMF. Phase purity was established by powder X-ray diffraction. (8 mg, 3%); m.p 

(decomp.) >280 °C; νmax (cm-1) 3329w, 1660m, 1583m, 1534m, 1484w, 1436w, 1386m, 

1313w, 1054s br, 1017s sh, 855m, 809w, 781m sh, 738w, 704m, 651w, 629w, 586w. 
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[Zn3(66)(C8H6O3)4(H2O)1.25]⸱NO3 (C26) 

Zinc nitrate hexahydrate (23 mg, 77 μmol) was dissolved in DMF (1 mL) and 66 (10 mg, 25 

μmol) and terephthalic acid (9 mg, 52 μmol) were added simultaneously. The reaction 

mixture was added to a sealed vial with a PTFE-lined cap and heated in a dry block heater 

at 100 °C for 48 h. Individual crystals of C26 were manually isolated from this mixture for 

single crystal X-ray diffraction analysis. 
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Data to Support Chapter 2: 

 

Figure A.1 1H NMR spectrum (DMSO-d6, 400 MHz) of 35 with inset of highlighted aromatic region.  
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Figure A.2 1H and 13C NMR spectra of 38 (DMSO-d6, 600/150 MHz) with inset of the highlighted aromatic region.  

 

 



Appendix 

199 

 

 

 

Figure A.3 1H and 13C NMR spectra of 39 (DMSO-d6, 600/150 MHz) with highlighted aromatic region.  
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Figure A.4 1H and 13C NMR spectra of 40 (DMSO-d6, 600/150 MHz) with highlighted aromatic region.  
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Figure A.5 1H and 13C NMR spectra of 42 (DMSO-d6, 600/150 MHz) with highlighted aromatic region.  
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Figure A.6 1H and 13C NMR spectra of 43 (DMSO-d6, 400/100 MHz) with inset of the highlighted aromatic region.  

 

 

 

 

 

 

Figure A.7 Histogram plot of (coordinated) bipyridine N-C2-C2′-N′ torsion angles (TOR1, °) in the Cambridge Structural Database, CSD 

version 5.36 (Nov 2016). The quantile bounds are defined at 98% with values of -15.0° - +15.4° (n = 16306). 
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Figure A.8 Hirshfeld surfaces for complexes C1–C8 with dnorm surface property mapped using CrystalExplorer package 

(Isovalue 0.5, surface property ranges -0.5 – 1.0). Green arrows indicate significant contacts with areas of polydentate 

hydrogen bond donor capacity. 
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Figure A.9 Hirshfeld surfaces for complexes C9–C11 with dnorm surface property mapped using CrystalExplorer package 

(Isovalue 0.5, surface property ranges -0.5–1.0). Green arrows indicate significant contacts with areas of hydrogen bond 

donor capacity.     

 

 

Figure A.10 X-ray powder diffraction pattern for C1 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue).  
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Figure A.11 X-ray powder diffraction pattern for C2 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

Figure A.12 X-ray powder diffraction pattern for C3 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

Figure A.13 X-ray powder diffraction pattern for C4 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

 



Appendix 

206 

 

 

Figure A.14 X-ray powder diffraction pattern for C5 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

Figure A.15 X-ray powder diffraction pattern for C7 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

 

Figure A.16 X-ray powder diffraction pattern for C9 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 
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Figure A.17 X-ray powder diffraction pattern for C10 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

Figure A.18 X-ray powder diffraction pattern for C12 measured at room temperature (red) compared with the pattern 

simulated from single crystal data obtained at 100K (blue). 

Figure A.19 19F NMR (DMSO-d6, 400 MHz) stacked spectra of (a) C11-ligand exchange; (b) C11 chlorido exchange with 

AgOTf; (c) AgOTf. 
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Data to Support Chapter 3:  

Figure A.20 1H and 13C NMR spectra (DMSO-d6, 600/150 MHz) of 45 with highlight of aromatic region. X denotes 

residual solvent peaks.  
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Figure A.21 1H and 13C NMR spectra (DMSO-d6, 600/150 MHz) of 46 with highlight of aromatic region. X denotes 

residual solvent peaks.  
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Figure A.22 1H NMR spectrum of C19 digested into DMSO-d6 (400 MHz). 

 

Figure A.23 1H NMR spectrum of THF⊂19 digested into DMSO-d6 (400 MHz). 
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Figure A.24 1H NMR spectrum of EtOAc⊂19 digested into DMSO-d6 (400 MHz). 

 

 

Figure A.25 1H NMR spectrum of C6H6⊂19 digested into DMSO-d6 (400 MHz). 
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Figure A.26 1H NMR spectrum of PhMe⊂19 digested into DMSO-d6 (400 MHz). 

 

 

Figure A.27 1H NMR spectrum of acetone⊂(1, 4- dioxane⊂19) digested into DMSO-d6 (400 MHz). 
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Figure A.28 1H NMR spectrum of 1,4-dioxane/THF (1:1)⊂19 digested into DMSO-d6 (400 MHz). 

 

 

Figure A.291H NMR spectrum of 1,4-dioxane/EtOAc (1:1)⊂19 digested into DMSO-d6 (400 MHz). 
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Figure A.30 1H NMR spectrum of EtOAc/THF (1:1)⊂19 digested into DMSO-d6 (400 MHz). 

Figure A.31 X-ray powder diffraction pattern for C16 measured at room temperature (red) compared to the pattern 

simulated from single crystal X-ray data obtained at 100K (blue). 

Figure A.32 X-ray powder diffraction pattern for C17 measured at room temperature (red) compared to the pattern 

simulated from single crystal X-ray data obtained at 100K (blue). 
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Figure A.33 X-ray powder diffraction pattern for C18 measured at room temperature (red) compared to the pattern 

simulated from single crystal X-ray data obtained at 100K (blue). 

Figure A.34 X-ray powder diffraction pattern for 1, 4-dioxane⊂19 measured at room temperature (red) compared to the 

pattern simulated from single crystal X-ray data obtained at 100K (blue). 

Figure A.35 X-ray powder diffraction pattern for THF⊂19 measured at room temperature (red) compared to the pattern 

simulated from single crystal X-ray data obtained at 100K (blue). 
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Figure A.36 X-ray powder diffraction pattern for EtOAc⊂19 measured at room temperature (red) compared to the pattern 

simulated from single crystal X-ray data obtained at 100K (blue). 

 Figure A.37 X-ray powder diffraction pattern for acetone⊂(1, 4-dioxane⊂19) (red) compared to the pattern 

simulated from single crystal X-ray data (blue), both obtained at 100K. 

 Figure A.38 X-ray powder diffraction pattern for C6H6⊂19 (red) compared to the pattern simulated from single 

crystal X-ray data (blue), both obtained at 100K. 
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 Figure A.39 X-ray powder diffraction pattern for Hexane⊂19 (red) compared to the pattern simulated from 

single crystal X-ray data (blue), both obtained at 100K. 

 Figure A.40 X-ray powder diffraction pattern for CCl4⊂19 (red) compared to the pattern simulated from single 

crystal X-ray data (blue), both obtained at 100K. 

 Figure A.41 X-ray powder diffraction pattern for PhMe⊂19 (red) compared to the pattern simulated from single 

crystal X-ray data (blue), both obtained at 100K. 
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Figure A.42 Thermogravimetric analysis plot of C19 showing the loss of lattice solvent (acetone).  

Figure A.43 Overlay of the thermogravimetric analysis plots of the guest solvents that fully exchanged with C19 including 

acetone⊂(1, 4-dioxane⊂19).  

Figure A.44 Overlay of the thermogravimetric analysis plots of the guest solvents that partially exchanged with C19. 
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Figure A.45 Overlay of the thermogravimetric analysis of C19 upon guest exchange with the 50:50 mixtures of the fully 

exchanged guest solvents. 

Figure A.46 N2 adsorption isotherm for C19 measured at 77 K. 

Figure A.47 CO2 adsorption isotherm for C19 measured at 278 K. 
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Data to Support Chapter 4: 

Figure A.48 13C NMR spectrum (DMSO-d6, 150 MHz) of 55.  

Figure A.49 13C NMR spectrum (DMSO-d6, 150 MHz) of 56.  
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Figure A.50 1H and 13C NMR spectra (DMSO-d6, 600/150 MHz) for 54 with highlight of aromatic region. X denotes 

residual solvent peaks. 
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Figure A.51 Simplified diagram illustrating how the ‘antenna effect’ indirectly sensitises the Lanthanide (Ln(III)) ion 

generating definitive lanthanide emission.   

Figure A.52 Jablonski diagram representing the energy transfer process of the ‘antenna effect’.   

 

Table A.1 Summary of binding constants for solution studies with 55 and 56.  Asterix (*) denotes fixed value.  
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Figure A.53 Recalibrated UV/visible absorbance spectra of the titration studies of 55 and 56 from REACTLAB program.   

Figure A.54 EDX output for SM(2).  
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Figure A.55 EDX output for SM(3).  

Figure A.56 EDX output for SM(4).  
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Data to Support Chapter 5:  

 

Figure A.57 1H and 13C NMR spectra of 70 (DMSO-d6, 600/150 MHz) with highlight of aromatic region. X denotes 

residual solvent peaks.  
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Figure A.58 1H and 13C NMR spectra of 66 (CDCl3, 400/100 MHz) with highlight of aromatic region. X denotes residual 

solvent peaks.  
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Figure A.59 1H and 13C NMR spectra (DMSO-d6, 600/150 MHz) of 67 with highlight of aromatic region. X denotes 

residual solvent peaks.  
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Figure A.60 1H and 13C NMR spectra (DMSO-d6 600/150 MHz) of 68 with highlight of aromatic region. X denotes residual 

solvent peaks.  
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Figure A.61 X-ray powder diffraction pattern for C24 (red) measured at room temperature compared to the pattern 

simulated from single crystal X-ray data obtained at 100K.  

 

Figure A.62 X-ray powder diffraction pattern for C25 (red) compared to the pattern simulated from single crystal X-ray 

data, both obtained at 100K. Blue arrows indicate the powder pattern corresponding to the inorganic CdCO3 phase.  
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Figure A.63 ESI output from the reaction of 66 with tetrakis(acetonitrile)palladium(II)tetrafluoroborate  

 

 

Figure A.64 ESI output from the reaction of 67 with Palladium Nitrate 
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Crystal structure data and refinement tables: 

Table A.2 Crystal data and structure refinement for C1 - C5 

Identification 

code 

C1 C2 C3 C4 C5 

Empirical 

formula 

C34H22CdN6O9 C34H20CdN6O8 C63H58Cd3N16O26 C66H65Cd3N17O26 C34H20CoN6O8 

Formula weight 770.97 752.96 1792.45 1849.55 699.49 

Temperature/K 100 100 100 100.01 100 

Crystal system triclinic orthorhombic triclinic triclinic monoclinic 

Space group P-1 Pna21 P-1 P-1 C2/c 

a/Å 10.6327(6) 30.908(3) 11.2959(5) 12.8513(6) 26.387(4) 

b/Å 10.8937(6) 7.4219(7) 19.0634(8) 16.0684(7) 8.4153(13) 

c/Å 13.7591(8) 25.239(2) 19.1406(8) 18.0214(9) 14.684(2) 

α/° 87.4810(10) 90 112.735(2) 85.2710(10) 90 

β/° 89.2630(10) 90 105.212(2) 76.4100(10) 117.729(4) 

γ/° 75.0120(10) 90 101.366(2) 86.4680(10) 90 

Volume/Å3 1538.00(15) 5789.7(9) 3455.8(3) 3601.5(3) 2886.2(8) 

Z 2 8 2 2 4 

ρcalcg/cm3 1.665 1.728 1.723 1.706 1.61 

μ/mm-1 0.78 0.824 1.01 0.973 0.664 

F(000) 776 3024 1800 1864 1428 

Crystal 

size/mm3 

0.3 × 0.19 × 0.18 0.09 × 0.06 × 0.05 0.19 × 0.02 × 0.01 0.16 × 0.07 × 0.03 0.45 × 0.19 × 0.02 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for 

data 

collection/° 

2.962 to 55.16 4.842 to 52.03 2.458 to 50.996 3.264 to 52.982 3.488 to 51.998 

Index ranges -13 ≤ h ≤ 13, -14 ≤ k 

≤ 12, -17 ≤ l ≤ 17 

-38 ≤ h ≤ 38, -9 ≤ k 

≤ 9, -31 ≤ l ≤ 31 

-11 ≤ h ≤ 13, -21 ≤ k 

≤ 23, -23 ≤ l ≤ 23 

-16 ≤ h ≤ 16, -20 ≤ k 

≤ 14, -22 ≤ l ≤ 22 

-20 ≤ h ≤ 32, -10 ≤ k 

≤ 10, -18 ≤ l ≤ 18 

Reflections 

collected 

29313 89435 46478 53019 8799 

Independent 

reflections 

7092 [Rint = 0.0379, 

Rsigma = 0.0377] 

11368 [Rint = 

0.1189, Rsigma = 

0.0664] 

12853 [Rint = 

0.1573, Rsigma = 

0.2269] 

14709 [Rint = 

0.0996, Rsigma = 

0.1194] 

2845 [Rint = 0.0921, 

Rsigma = 0.1259] 

Data/restraints

/parameters 

7092/0/454 11368/19/884 12853/44/1037 14709/21/1019 2845/0/222 

Goodness-of-fit 

on F2 

1.035 1.018 0.982 0.975 1.017 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0321, wR2 = 

0.0691 

R1 = 0.0456, wR2 = 

0.0946 

R1 = 0.0763, wR2 = 

0.1281 

R1 = 0.0517, wR2 = 

0.1110 

R1 = 0.0604, wR2 = 

0.1060 

Final R indexes 

[all data] 

R1 = 0.0438, wR2 = 

0.0737 

R1 = 0.0699, wR2 = 

0.1037 

R1 = 0.2041, wR2 = 

0.1622 

R1 = 0.1251, wR2 = 

0.1333 

R1 = 0.1381, wR2 = 

0.1296 

Largest diff. 

peak/hole / e Å-

3 

1.04/-1.09 1.72/-0.59 1.96/-1.72 1.83/-1.06 0.63/-0.93 

Flack Parameter - -0.005(13) - - - 
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Table A.3 Crystal data and structure refinement for C6-C11 

Identification code C6 C8 C9 C10 C11 

Empirical formula C34H20CoN7O11 C34H20CoN7O11 C20H17Cl2CrN4O5 C21H19Cl2CrN4O5 C22H19Cl2CrN4O5 

Formula weight 761.5 761.5 516.28 530.3 542.31 

Temperature/K 100.01 99.99 100 100 100.02 

Crystal system triclinic monoclinic triclinic triclinic triclinic 

Space group P-1 P21/n P-1 P-1 P-1 

a/Å 8.054(3) 9.5657(13) 8.6618(3) 10.4005(3) 10.7120(6) 

b/Å 13.418(4) 10.8843(15) 8.8599(3) 11.0913(3) 11.0523(6) 

c/Å 15.092(5) 28.686(4) 15.0296(5) 11.2444(3) 11.2970(6) 

α/° 71.257(8) 90 100.6400(10) 97.290(2) 99.464(4) 

β/° 76.306(8) 95.028(2) 101.8630(10) 115.178(2) 116.258(4) 

γ/° 83.362(9) 90 105.3440(10) 100.638(2) 99.721(4) 

Volume/Å3 1499.2(9) 2975.2(7) 1053.05(6) 1122.49(6) 1138.16(11) 

Z 2 4 2 2 2 

ρcalcg/cm3 1.687 1.7 1.628 1.569 1.582 

μ/mm-1 5.206 0.66 7.179 6.751 6.674 

F(000) 776 1552 526 542 554 

Crystal size/mm3 0.07 × 0.07 × 

0.04 

0.14 × 0.06 × 

0.04 

0.19 × 0.04 × 

0.04 

0.2 × 0.04 × 

0.02 

0.1 × 0.02 × 

0.01 

Radiation CuKα (λ = 

1.54178) 

MoKα (λ = 

0.71073) 

CuKα (λ = 

1.54178) 

CuKα (λ = 

1.54178) 

CuKα (λ = 

1.54178) 

2Θ range for data 

collection/° 

6.962 to 

136.452 

2.85 to 51.998 6.212 to 

136.682 

8.336 to 

136.764 

8.43 to 136.78 

Index ranges -9 ≤ h ≤ 9, -16 

≤ k ≤ 16, -18 ≤ 

l ≤ 17 

-11 ≤ h ≤ 11, -13 

≤ k ≤ 13, -35 ≤ l 

≤ 28 

-10 ≤ h ≤ 10, -10 

≤ k ≤ 10, -18 ≤ l 

≤ 18 

-10 ≤ h ≤ 12, -13 

≤ k ≤ 13, -13 ≤ l 

≤ 13 

-12 ≤ h ≤ 12, -13 

≤ k ≤ 13, -13 ≤ l 

≤ 13 

Reflections collected 15448 29069 13041 11550 9937 

Independent reflections 5452 [Rint = 

0.0466, Rsigma = 

0.0518] 

5844 [Rint = 

0.1146, Rsigma = 

0.0987] 

3847 [Rint = 

0.0313, Rsigma = 

0.0325] 

4078 [Rint = 

0.0344, Rsigma = 

0.0361] 

4101 [Rint = 

0.0690, Rsigma = 

0.1189] 

Data/restraints/parameters 5452/0/478 5844/0/478 3847/0/291 4078/17/339 4101/0/308 

Goodness-of-fit on F2 1.024 0.985 1.052 1.062 1.01 

Final R indexes [I>=2σ (I)] R1 = 0.0406, 

wR2 = 0.1008 

R1 = 0.0523, 

wR2 = 0.1000 

R1 = 0.0341, 

wR2 = 0.0935 

R1 = 0.0395, 

wR2 = 0.1076 

R1 = 0.0608, 

wR2 = 0.1501 

Final R indexes [all data] R1 = 0.0462, 

wR2 = 0.1040 

R1 = 0.1082, 

wR2 = 0.1165 

R1 = 0.0349, 

wR2 = 0.0943 

R1 = 0.0434, 

wR2 = 0.1110 

R1 = 0.0891, 

wR2 = 0.1713 

Largest diff. peak/hole / e Å-

3 

0.31/-0.40 0.38/-0.42 0.42/-0.45 0.78/-0.46 0.43/-0.54 
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Table A.4 Crystal data and structure refinement for C12-C15.  

Identification code C12 C13 C14 C15 

Empirical formula C20H17CuN5O8 C20H17N6O11Yb C36H20Mn2N4O8 C43H45N11O13Zn2 

Formula weight 518.92 690.43 746.44 1054.64 

Temperature/K 100 100 100 100 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P21/c P21/n C2/c P21/c 

a/Å 13.2458(6) 9.0076(7) 31.523(3) 10.7273(5) 

b/Å 8.0424(4) 11.9835(9) 8.4020(8) 21.2873(9) 

c/Å 19.5917(9) 22.0607(17) 18.7356(19) 9.8576(4) 

α/° 90 90 90 90 

β/° 95.1087(16) 95.745(2) 125.526(5) 99.674(4) 

γ/° 90 90 90 90 

Volume/Å3 2078.77(17) 2369.3(3) 4038.5(7) 2219.02(17) 

Z 4 4 4 2 

ρcalcg/cm3 1.658 1.936 1.228 1.578 

μ/mm-1 1.112 4.021 5.504 2.013 

F(000) 1060 1348 1512 1088 

Crystal size/mm3 0.15 × 0.15 × 0.05 0.09 × 0.07 × 0.03 0.09 × 0.08 × 0.03 0.06 × 0.04 × 0.02 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 

3.086 to 55.994 3.712 to 57.998 6.89 to 93.342 8.306 to 136.644 

Index ranges -17 ≤ h ≤ 17, -10 ≤ k ≤ 

10, -25 ≤ l ≤ 16 

-12 ≤ h ≤ 12, -16 ≤ k ≤ 

16, -30 ≤ l ≤ 30 

-29 ≤ h ≤ 24, -6 ≤ k ≤ 

7, -10 ≤ l ≤ 17 

-12 ≤ h ≤ 12, -19 ≤ k ≤ 

25, -11 ≤ l ≤ 10 

Reflections collected 32246 50707 5649 16030 

Independent reflections 5021 [Rint = 0.0537, 

Rsigma = 0.0359] 

6318 [Rint = 0.0679, 

Rsigma = 0.0402] 

1616 [Rint = 0.0707, 

Rsigma = 0.0919] 

3911 [Rint = 0.0856, 

Rsigma = 0.0701] 

Data/restraints/parameters 5021/0/309 6318/0/345 1616/219/226 3911/32/347 

Goodness-of-fit on F2 1.052 1.061 1.629 1.042 

Final R indexes [I>=2σ (I)] R1 = 0.0389, wR2 = 

0.0902 

R1 = 0.0280, wR2 = 

0.0439 

R1 = 0.1472, wR2 = 

0.3942 

R1 = 0.0567, wR2 = 

0.1497 

Final R indexes [all data] R1 = 0.0551, wR2 = 

0.0975 

R1 = 0.0470, wR2 = 

0.0468 

R1 = 0.1932, wR2 = 

0.4199 

R1 = 0.0834, wR2 = 

0.1668 

Largest diff. peak/hole / e Å-

3 

0.62/-0.65 0.81/-1.89 1.86/-0.68 1.03/-0.67 
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Table A.5 Crystal data and structure refinement for C16–C18 and Pyrazinacyl pyridinium iodide, 46, 48.  
 

Identification code C16 C17 C18 Pyrazinacyl Pyridinium  46 48 

Empirical formula C32H28Cu2N8O14S2 C34H37.34Cu2N8O16.67S2 C16H10AgF3N4O5S C11H10N3OI C10H20N4O0.5 C16H10N4O4 

Formula weight 939.82 1015.98 535.21 327.12 204.3 322.28 

Temperature/K 99.99 99.94 99.95 100 99.98 100.01 

Crystal system triclinic triclinic monoclinic monoclinic monoclinic monoclinic 

Space group P-1 P-1 Cc P21/m P21 P21/c 

a/Å 9.5753(5) 7.5980(4) 20.4459(7) 7.6519(7) 3.7701(2) 7.6841(3) 

b/Å 9.5924(5) 10.5330(5) 22.1125(7) 7.1833(7) 7.2565(4) 16.4804(7) 

c/Å 10.1968(5) 13.8045(7) 28.6080(11) 10.9347(11) 23.0420(15) 10.9438(5) 

α/° 112.189(3) 69.674(4) 90 90 90 90 

β/° 95.042(4) 87.047(4) 104.973(2) 100.319(2) 90.482(5) 102.1250(10) 

γ/° 102.088(3) 74.857(4) 90 90 90 90 

Volume/Å3 833.44(8) 999.07(9) 12494.8(8) 591.31(10) 630.35(6) 1354.97(10) 

Z 1 1 28 2 2 4 

ρcalcg/cm3 1.872 1.689 1.992 1.837 1.076 1.58 

μ/mm-1 3.529 3.044 10.828 2.69 0.557 0.99 

F(000) 478 521 7392 316 224 664 

Crystal size/mm3 0.09 × 0.06 × 

0.05 

0.07 × 0.06 × 0.03 0.08 × 0.03 × 

0.02 

0.11 × 0.07 × 0.01 0.13 × 0.13 × 0.03 0.35 × 0.17 × 0.08 

Radiation CuKα (λ = 

1.54178) 

CuKα (λ = 1.54178) CuKα (λ = 

1.54178) 

MoKα (λ = 0.71073) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 

9.53 to 136.958 6.834 to 137.962 6 to 136.774 3.786 to 56.632 3.834 to 136.586 9.856 to 136.916 

Index ranges -11 ≤ h ≤ 11, -10 

≤ k ≤ 11, -12 ≤ l ≤ 

12 

-8 ≤ h ≤ 9, -12 ≤ k ≤ 

12, -15 ≤ l ≤ 16 

-24 ≤ h ≤ 24, -26 

≤ k ≤ 26, -34 ≤ l ≤ 

34 

-10 ≤ h ≤ 9, -9 ≤ k ≤ 9, -

12 ≤ l ≤ 14 

-4 ≤ h ≤ 4, -8 ≤ k ≤ 8, -27 ≤ l ≤ 23 -8 ≤ h ≤ 9, -19 ≤ k ≤ 18, -13 ≤ l ≤ 13 

Reflections collected 8144 8955 81266 6664 5851 11765 

Independent reflections 3028 [Rint = 

0.0471, Rsigma = 

0.0541] 

3634 [Rint = 0.0511, 

Rsigma = 0.0628] 

22170 [Rint = 

0.0866, Rsigma = 

0.1143] 

1581 [Rint = 0.0480, 

Rsigma = 0.0459] 

2312 [Rint = 0.0626, Rsigma = 0.0840] 2486 [Rint = 0.0341, Rsigma = 0.0259] 

Data/restraints/parameters 3028/3/266 3634/12/318 22170/2/1891 1581/38/111 2312/1/190 2486/0/218 

Goodness-of-fit on F2 1.048 1.04 1.027 1.048 1.034 1.042 

Final R indexes [I>=2σ (I)] R1 = 0.0619, 

wR2 = 0.1515 

R1 = 0.0636, wR2 = 

0.1681 

R1 = 0.0522, 

wR2 = 0.1203 

R1 = 0.0277, wR2 = 

0.0503 

R1 = 0.0590, wR2 = 0.1302 R1 = 0.0371, wR2 = 0.1031 

Final R indexes [all data] R1 = 0.0665, 

wR2 = 0.1586 

R1 = 0.0799, wR2 = 

0.1826 

R1 = 0.0660, 

wR2 = 0.1288 

R1 = 0.0412, wR2 = 

0.0534 

R1 = 0.0842, wR2 = 0.1418 R1 = 0.0376, wR2 = 0.1036 

Largest diff. peak/hole / e Å-

3 

1.20/-0.76 1.01/-0.61 2.33/-1.08 0.65/-0.69 0.25/-0.24 0.25/-0.21 

Flack parameter - - -0.011(6) - 0.1(4) - 
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Table A.6 Crystal data and structure refinement for C19 and fully exchanged solvents. 

Identification code C19 19⊂1, 4-dioxane 19⊂THF 19⊂EtOAc 19⊂1, 4-

dioxane⊂acetone 

Empirical formula C79H71.5Ag4F12N16

O25.75S4 

C77.75H63.83Ag4F12N1

6O27.16S4 

C77H64Ag4F12N16

O23.25S4 

C77.34H65.67Ag4F12N1

6O26.33S4 

C77.01H67.02Ag4F12

N16O25S4 

Formula weight 2444.74 2382.93 2373.16 2428.22 2404.32 

Temperature/K 99.99 99.99 100(2) 99.99 100(2) 

Crystal system triclinic triclinic triclinic triclinic triclinic 

Space group P-1 P-1 P-1 P-1 P-1 

a/Å 12.5643(4) 12.532(3) 12.6763(9) 12.5618(11) 12.499(2) 

b/Å 15.0925(5) 15.486(4) 15.3591(11) 15.2290(13) 15.145(3) 

c/Å 25.2576(8) 25.142(6) 25.2633(18) 24.842(2) 25.237(5) 

α/° 103.2190(10) 107.193(2) 104.2650(10) 102.9490(10) 103.550(4) 

β/° 93.3530(10) 83.606(3) 94.1030(10) 92.2200(10) 93.043(6) 

γ/° 92.5540(10) 92.800(2) 90.1400(10) 94.3740(10) 92.900(7) 

Volume/Å3 4646.3(3) 4631.5(18) 4753.8(6) 4610.5(7) 4627.9(16) 

Z 2 2 2 2 2 

ρcalcg/cm3 1.747 1.709 1.658 1.749 1.725 

μ/mm-1 1.028 1.025 1 1.036 1.03 

F(000) 2447 2377 2368 2425 2402 

Crystal size/mm3 0.36 × 0.28 × 0.09 0.46 × 0.33 × 0.17 0.37 × 0.31 × 

0.07 

0.3 × 0.19 × 0.1 0.47 × 0.47 × 0.09 

Radiation MoKα (λ = 

0.71073) 

MoKα (λ = 0.71073) MoKα (λ = 

0.71073) 

MoKα (λ = 0.71073) MoKα (λ = 

0.71073) 

2Θ range for data 

collection/° 

2.776 to 61.2 3.27 to 53.478 2.83 to 56.792 2.882 to 56.616 4.812 to 50.962 

Index ranges -17 ≤ h ≤ 17, -21 ≤ 

k ≤ 21, -36 ≤ l ≤ 33 

-15 ≤ h ≤ 15, -19 ≤ k 

≤ 19, -31 ≤ l ≤ 31 

-16 ≤ h ≤ 11, -20 

≤ k ≤ 19, -33 ≤ l ≤ 

33 

-15 ≤ h ≤ 16, -20 ≤ k 

≤ 20, -33 ≤ l ≤ 33 

-15 ≤ h ≤ 15, -18 ≤ 

k ≤ 18, -30 ≤ l ≤ 30 

Reflections 

collected 

117829 67205 61346 69623 96627 

Independent 

reflections 

28499 [Rint = 

0.0375, Rsigma = 

0.0359] 

19517 [Rint = 

0.0505, Rsigma = 

0.0570] 

23747 [Rint = 

0.0294, Rsigma = 

0.0415] 

22892 [Rint = 

0.0754, Rsigma = 

0.0928] 

17077 [Rint = 

0.1595, Rsigma = 

0.0824] 

Data/restraints/par

ameters 

28499/231/1448 19517/115/1392 23747/504/1492 22892/63/1430 17077/204/1340 

Goodness-of-fit on 

F2 

1.054 1.108 1.041 1.005 1.031 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0436, 

wR2 = 0.1016 

R1 = 0.0959, wR2 = 

0.1992 

R1 = 0.0759, 

wR2 = 0.2091 

R1 = 0.0583, wR2 = 

0.1465 

R1 = 0.0746, 

wR2 = 0.1969 

Final R indexes [all 

data] 

R1 = 0.0710, 

wR2 = 0.1177 

R1 = 0.1504, wR2 = 

0.2318 

R1 = 0.1121, 

wR2 = 0.2421 

R1 = 0.1377, wR2 = 

0.1934 

R1 = 0.1364, 

wR2 = 0.2478 

Largest diff. 

peak/hole / e Å-3 

1.96/-1.03 2.27/-2.03 2.54/-2.05 1.49/-1.32 2.96/-1.08 
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Table A.7 Crystal data and structure refinement for Partially Exchanged Solvents.  

Identification code 19⊂Benzene  19⊂PhMe 19⊂Hexane 19⊂CCl4  

Empirical formula C79.5H60.75Ag4F11.75N16O

21.75S4 

C78.25H60.17Ag4F12N16O2

1.75S4 

C79H71Ag4F12N16

O24S4 

C77H60Ag4Cl4F12N16

O24S4 

Formula weight 2371.16 2360.31 2416.23 2522.93 

Temperature/K 100 100.02 99.98 99.93 

Crystal system triclinic triclinic triclinic triclinic 

Space group P-1 P-1 P-1 P-1 

a/Å 12.1199(6) 12.1193(13) 12.5264(3) 12.5434(4) 

b/Å 15.9796(7) 15.7806(17) 15.3015(4) 15.3059(5) 

c/Å 24.4413(11) 24.659(3) 25.0246(7) 25.2934(8) 

α/° 104.5980(10) 104.421(2) 103.4320(10) 103.3030(10) 

β/° 88.806(2) 90.943(2) 93.0640(10) 93.6400(10) 

γ/° 90.245(2) 91.173(2) 92.0220(10) 93.3890(10) 

Volume/Å3 4579.8(4) 4565.4(8) 4653.0(2) 4702.6(3) 

Z 2 2 2 2 

ρcalcg/cm3 1.719 1.717 1.725 1.782 

μ/mm-1 1.037 1.04 1.024 1.128 

F(000) 2363 2351 2418 2508 

Crystal size/mm3 0.2 × 0.15 × 0.1 0.55 × 0.085 × 0.07 0.46 × 0.21 × 0.16 0.23 × 0.16 × 0.04 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 

2.76 to 50.806 2.666 to 51.008 2.74 to 56.66 2.852 to 56.788 

Index ranges -13 ≤ h ≤ 14, -19 ≤ k ≤ 18, -

29 ≤ l ≤ 29 

-14 ≤ h ≤ 9, -19 ≤ k ≤ 19, -

29 ≤ l ≤ 29 

-16 ≤ h ≤ 16, -20 ≤ k 

≤ 20, -32 ≤ l ≤ 33 

-16 ≤ h ≤ 16, -20 ≤ k ≤ 

20, -33 ≤ l ≤ 31 

Reflections collected 67105 69092 67838 66530 

Independent 

reflections 

16628 [Rint = 0.1388, 

Rsigma = 0.1558] 

16601 [Rint = 0.0612, 

Rsigma = 0.0686] 

23053 [Rint = 

0.0340, Rsigma = 

0.0510] 

23507 [Rint = 0.0322, 

Rsigma = 0.0459] 

Data/restraints/param

eters 

16628/214/1297 16601/359/1379 23053/122/1398 23507/236/1431 

Goodness-of-fit on F2 1.011 1.039 1.025 1.07 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0820, wR2 = 0.1789 R1 = 0.0584, wR2 = 0.1601 R1 = 0.0572, wR2 = 

0.1308 

R1 = 0.0654, wR2 = 

0.1641 

Final R indexes [all 

data] 

R1 = 0.1847, wR2 = 0.2198 R1 = 0.1139, wR2 = 0.1944 R1 = 0.1034, wR2 = 

0.1573 

R1 = 0.0988, wR2 = 

0.1849 

Largest diff. peak/hole 

/ e Å-3 

1.83/-1.20 1.06/-1.05 4.42/-2.44 2.77/-2.41 
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Table A.8 Crystal data and structure refinement for Compounds 55, 59 and 60 and C20. 

Identification code 55 59 60 C20 C21 

Empirical formula C21H15N5 C17H14N4O C15H12N4 C16H23N4NaO8 C16.75H12.25Cl0.25N4O3.75Zn 

Formula weight 337.38 290.32 248.29 422.37 403.79 

Temperature/K 100.06 100.01 100.03 99.98 100 

Crystal system triclinic triclinic triclinic triclinic monoclinic 

Space group P-1 P-1 P-1 P-1 P21/n 

a/Å 5.5534(5) 9.8525(4) 7.3916(4) 6.1701(5) 12.2003(7) 

b/Å 10.1639(8) 10.4299(4) 11.0075(6) 10.0576(8) 9.2674(6) 

c/Å 14.5997(14) 14.3991(6) 15.2449(8) 16.1455(13) 13.8819(9) 

α/° 79.220(7) 82.840(3) 90.606(4) 89.061(2) 90 

β/° 85.000(7) 75.078(3) 102.491(3) 84.538(2) 93.030(2) 

γ/° 84.707(7) 75.234(3) 104.189(4) 76.369(2) 90 

Volume/Å3 804.01(13) 1379.78(10) 1171.41(11) 969.27(14) 1567.36(17) 

Z 2 4 4 2 4 

ρcalcg/cm3 1.394 1.398 1.408 1.447 1.711 

μ/mm-1 0.687 0.734 0.699 0.135 1.641 

F(000) 352 608 520 444 820 

Crystal size/mm3 0.14 × 0.04 × 

0.02 

0.12 × 0.03 × 

0.02 

0.2 × 0.05 × 

0.03 

0.33 × 0.19 × 

0.05 

0.18 × 0.17 × 0.11 

Radiation CuKα (λ = 

1.54178) 

CuKα (λ = 

1.54178) 

CuKα (λ = 

1.54178) 

MoKα (λ = 

0.71073) 

MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 

6.178 to 

136.498 

6.366 to 

136.67 

5.952 to 

136.544 

2.534 to 55.4 4.332 to 58.416 

Index ranges -6 ≤ h ≤ 6, -

12 ≤ k ≤ 12, -

17 ≤ l ≤ 17 

-11 ≤ h ≤ 11, 

-12 ≤ k ≤ 12, 

-17 ≤ l ≤ 15 

-8 ≤ h ≤ 8, -

13 ≤ k ≤ 13, -

18 ≤ l ≤ 17 

-6 ≤ h ≤ 8, -13 

≤ k ≤ 12, -20 ≤ 

l ≤ 21 

-15 ≤ h ≤ 16, -10 ≤ k ≤ 12, 

-19 ≤ l ≤ 17 

Reflections collected 8319 14999 11345 9484 12600 

Independent reflections 2869 [Rint = 

0.0621, 

Rsigma = 

0.0762] 

5040 [Rint = 

0.0402, 

Rsigma = 

0.0383] 

4214 [Rint = 

0.0346, 

Rsigma = 

0.0475] 

4488 [Rint = 

0.0353, 

Rsigma = 

0.0598] 

4238 [Rint = 0.0409, 

Rsigma = 0.0512] 

Data/restraints/parameters 2869/0/235 5040/0/399 4214/4/359 4488/12/306 4238/2/262 

Goodness-of-fit on F2 1.022 0.821 0.898 1.015 1.013 

Final R indexes [I>=2σ (I)] R1 = 0.0716, 

wR2 = 

0.1871 

R1 = 0.0439, 

wR2 = 

0.1207 

R1 = 0.0602, 

wR2 = 

0.1615 

R1 = 0.0447, 

wR2 = 0.1018 

R1 = 0.0396, wR2 = 

0.1000 

Final R indexes [all data] R1 = 0.1202, 

wR2 = 

0.2255 

R1 = 0.0579, 

wR2 = 

0.1347 

R1 = 0.0745, 

wR2 = 

0.1811 

R1 = 0.0833, 

wR2 = 0.1156 

R1 = 0.0622, wR2 = 

0.1058 

Largest diff. peak/hole / e Å-

3 

0.24/-0.29 0.21/-0.23 0.30/-0.33 0.34/-0.36 0.95/-0.43 
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Table A.9 Crystal data and structure refinement for C22, C24, 66 and 70. 

Identification code C22 C24 66 70 

Empirical formula C38H36ClN10O6Tb C16H10Br2CdCl2N2 C26H16N4 C16H10Br2N2 

Formula weight 923.14 573.38 384.43 390.08 

Temperature/K 100.01 100.01 99.99 99.99 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P21/n P21/c P21/c P21 

a/Å 13.6626(4) 24.6200(13) 20.966(14) 4.5884(2) 

b/Å 20.1245(6) 9.4878(5) 10.687(7) 19.9025(8) 

c/Å 15.0434(4) 7.1142(4) 8.569(5) 7.6949(3) 

α/° 90 90 90 90 

β/° 112.8370(10) 92.974(4) 95.360(14) 95.024(2) 

γ/° 90 90 90 90 

Volume/Å3 3812.00(19) 1659.57(16) 1912(2) 700.00(5) 

Z 4 4 4 2 

ρcalcg/cm3 1.609 2.295 1.336 1.851 

μ/mm-1 1.986 19.131 0.636 5.78 

F(000) 1856 1088 800 380 

Crystal size/mm3 0.42 × 0.19 × 0.02 0.05 × 0.02 × 0.01 0.07 × 0.02 × 

0.02 

0.15 × 0.09 × 

0.05 

Radiation MoKα (λ = 

0.71073) 

CuKα (λ = 

1.54178) 

CuKα (λ = 

1.54178) 

MoKα (λ = 

0.71073) 

2Θ range for data collection/° 3.422 to 55.998 3.594 to 117.98 8.472 to 

118.174 

5.314 to 

53.732 

Index ranges -18 ≤ h ≤ 18, -20 ≤ 

k ≤ 26, -19 ≤ l ≤ 19 

-26 ≤ h ≤ 27, -10 ≤ 

k ≤ 10, -5 ≤ l ≤ 7 

-22 ≤ h ≤ 23, -

11 ≤ k ≤ 11, -

9 ≤ l ≤ 9 

-5 ≤ h ≤ 5, -25 

≤ k ≤ 25, -9 ≤ 

l ≤ 9 

Reflections collected 76479 9718 12910 15803 

Independent reflections 9190 [Rint = 

0.0790, Rsigma = 

0.0537] 

2375 [Rint = 

0.0614, Rsigma = 

0.0519] 

2753 [Rint = 

0.0933, 

Rsigma = 

0.0689] 

2999 [Rint = 

0.0905, 

Rsigma = 

0.0659] 

Data/restraints/parameters 9190/2/515 2375/0/208 2753/0/271 2999/1/181 

Goodness-of-fit on F2 1.07 0.991 0.978 0.997 

Final R indexes [I>=2σ (I)] R1 = 0.0460, 

wR2 = 0.0982 

R1 = 0.0459, wR2 = 

0.1155 

R1 = 0.0631, 

wR2 = 0.1540 

R1 = 0.0352, 

wR2 = 0.0534 

Final R indexes [all data] R1 = 0.0838, 

wR2 = 0.1136 

R1 = 0.0599, wR2 = 

0.1223 

R1 = 0.1183, 

wR2 = 0.1906 

R1 = 0.0587, 

wR2 = 0.0593 

Largest diff. peak/hole / e Å-3 2.89/-2.09 0.92/-0.66 0.59/-0.25 0.63/-0.45 

Flack parameter - - - -0.009(10) 
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Table A.10 Crystal data and structure refinement for Fe(dppf)Cl2, C25 and C26 and 43 
 

Identification code Fe(dppf)Cl2 C25 C26 43 

Empirical formula C35H28Cl2FeO0.5P2PdS C30H18CdN2O4 C80H58N9.5O21Zn5 C19H15N3O4 

Formula weight 497.39 582.86 1815.21 349.34 

Temperature/K 100.01 100 99.99 100 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group C2/c C2/c C2/m P21/c 

a/Å 33.956(5) 17.4117(5) 27.9432(9) 21.5493(16) 

b/Å 10.3340(14) 25.3772(7) 37.1266(11) 3.8220(4) 

c/Å 18.169(3) 17.0440(8) 17.6413(12) 20.4524(15) 

α/° 90 90 90 90 

β/° 103.734(5) 112.108(2) 121.0970(10) 108.193(6) 

γ/° 90 90 90 90 

Volume/Å3 6193.2(16) 6977.3(4) 15671.6(13) 1600.3(2) 

Z 16 8 4 4 

ρcalcg/cm3 2.134 1.11 0.769 1.45 

μ/mm-1 20.423 5.248 1.192 0.863 

F(000) 3967 2336 3690 728 

Crystal size/mm3 0.12 × 0.05 × 0.02 0.06 × 0.05 × 0.02 0.14 × 0.1 × 0.08 0.3 × 0.04 × 0.02 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 

78.544 to 136.678 11.206 to 108.922 26.582 to 118.662 4.316 to 136.982 

Index ranges -30 ≤ h ≤ 23, -12 ≤ k ≤ 

0, -16 ≤ l ≤ 

18 

-18 ≤ h ≤ 18, -26 ≤ k ≤ 

26, -17 ≤ l ≤ 

17 

-31 ≤ h ≤ 25, -41 ≤ k ≤ 

41, -17 ≤ l ≤ 

19 

-25 ≤ h ≤ 22, -4 ≤ k ≤ 

4, -23 ≤ l ≤ 

24 

Reflections collected 1781 40985 29936 7755 

Independent reflections 1571 [Rint = 0.0213, 

Rsigma = 

0.0378] 

4286 [Rint = 0.0729, 

Rsigma = 

0.0344] 

11197 [Rint = 0.0860, 

Rsigma = 

0.1022] 

2918 [Rint = 0.0489, 

Rsigma = 

0.0610] 

Data/restraints/paramete

rs 

1571/240/378 4286/0/334 11197/284/600 2918/0/236 

Goodness-of-fit on F2 1.031 1.066 1.007 1.027 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0358, wR2 = 

0.0871 

R1 = 0.0583, wR2 = 

0.1495 

R1 = 0.0758, wR2 = 

0.2043 

R1 = 0.0710, wR2 = 

0.1798 

Final R indexes [all data] R1 = 0.0449, wR2 = 

0.0940 

R1 = 0.0685, wR2 = 

0.1552 

R1 = 0.1398, wR2 = 

0.2513 

R1 = 0.1000, wR2 = 

0.1994 

Largest diff. peak/hole / e 

Å-3 

0.25/-0.28 0.94/-0.97 0.58/-0.46 0.42/-0.37 


