
 

Exploring the Subcomponent Self-Assembly of 

Three-Dimensional Architectures from Transition 

Metals and Heteroditopic Ligands 

 

A thesis submitted to The University of Manchester for the degree of 

Doctor of Philosophy in the Faculty of Science and Engineering. 

 

2021 

Lauren L. K. Taylor 

The Department of Chemistry 

 



 2 

Table of Contents 
1. Abbreviations ..................................................................................................................................... 4 

2. Abstract .............................................................................................................................................. 7 

2.1. Publication List ............................................................................................................................ 8 

3. Declaration ......................................................................................................................................... 9 

4. Copyright Statement ....................................................................................................................... 10 

5. Acknowledgements .......................................................................................................................... 11 

6. Preface .............................................................................................................................................. 12 

6.1. Rationale for Alternative Format Submission ............................................................................ 12 

6.2. Brief of Included Works and Roles of Authors .......................................................................... 13 

7. Chapter One: Introduction ............................................................................................................ 16 

7.1. Supramolecular Chemistry ......................................................................................................... 16 

7.2.1. Geometric Preferences ........................................................................................................ 17 

7.3. Subcomponent Self-Assembly ................................................................................................... 21 

7.3.1. Imine-Bond Formation ........................................................................................................ 21 

7.3.2. Triamine Molecules ............................................................................................................. 23 

7.4. Polynuclear Architectures .......................................................................................................... 24 

7.4.1. Helical Complexes .............................................................................................................. 24 

7.4.2. Tetrahedral Complexes ........................................................................................................... 25 

7.4.3. Cubic Structures ...................................................................................................................... 28 

7.4.4. Trigonal Bipyramidal Complexes ........................................................................................... 29 

7.5. Ligand Design ............................................................................................................................ 34 

7.5.1. Homotopic Ligands ............................................................................................................. 34 

7.5.2. Heterotopic Ligands ............................................................................................................ 36 

7.5.3. Spin-State Stabilisation of Iron(II) ...................................................................................... 37 

7.5.4. Metalloligands ..................................................................................................................... 40 

7.5.5. Inorganic Bridging Ligands ................................................................................................ 41 

7.5.7. Bridged Iron(II) / Iron(III) Complexes ................................................................................ 42 

7.6. Aims and Objectives .................................................................................................................. 43 



 3 

7.7. References .................................................................................................................................. 45 

8. Chapter Two: Paper One - Self-Assembly of a Trigonal Bipyramidal Architecture with 

Stabilisation of Iron in Three Spin States ......................................................................................... 53 

9. Chapter Three: Paper Two - Mixed Metal Trigonal Bipyramidal Metal-Organic Cages with 

Adaptable Metal Coordination Centres ............................................................................................ 97 

10. Chapter Four: Paper Three - Integrative Self-Sorting of an [Fe4L6]8+ Tetrahedron Governed 

by Anion Templation and Chelation ............................................................................................... 141 

11. Miscellaneous Complexes ............................................................................................................. 147 

11.1. General Methods .................................................................................................................... 180 

11.2. Fluoride Bridged Analogues .................................................................................................. 181 

11.2.1. Synthesis of [Fe6F6L6(TAME)2](BF4)7 ............................................................................ 181 

11.2.2. Attempted Synthesis of [Fe6F6L6(TRPN)2](BF4)7 ........................................................... 184 

11.3. Additional Complexes with Ligand 1 (L1) ............................................................................. 185 

11.3.1. Complexation with Zinc(II) ............................................................................................ 185 

11.3.2. Complexation with Cadmium(II) .................................................................................... 188 

11.3.3. Formation of a Mixed-Ligand Tetrahedron Containing L1 ............................................. 190 

11.4. Introductory Self-Assembly Reactions .................................................................................. 193 

11.5. X-Ray Crystallography .......................................................................................................... 196 

11.6. References .............................................................................................................................. 200 

12. Conclusion and Outlook ............................................................................................................. 202 

 

  



 4 

1. Abbreviations  
Å Ångstrom (10-10 m) 

acac Acetylacetonate anion 

B Applied magnetic field 

BVS Bond valence sum 

CD3CN Deuterated acetonitrile 

CDCl3 Deuterated chloroform 

CH3CN Acetonitrile 

CHCl3 Chloroform 

cm Centimetre (10-2 m) 

COSY Correlation spectroscopy 

CSD Crystal structure database 

DFT Density functional theory 

DL Dynamic library 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DOSY Diffusion-ordered spectroscopy 

dppp 1,3-Bis(diphenylphosphino)propane 

EPR Electron Paramagnetic Resonance 

equiv Equivalent 

ESI Electronic supplementary information 

fac Facial 

g Isotopic g-factor 

g Gram 

GHz Gigahertz 

H Magnetic field strength 

H2O Water 

HMBC Heteronuclear Multiple Bond Correlation 

hr Hour 

HR-MS High resolution mass spectrometry 

HS High-spin 

HSQC Heteronuclear Single Quantum Coherence 

Hz Hertz 

i Cation 

j Anion 
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J, zJ, J1, J2 Coupling constants 

K Kelvin 

LS Low-spin 

M Molar magnetisation 

m s-1 Metres per second 

m/z Mass / charge 

MeCN Acetonitrile 

MeOD Deuterated methanol 

MeOH Methanol 

mer Meridional 

mg Milligram (10-3 g) 

MHz Megahertz (106 Hz) 

mL Millilitre (10-3 L) 

MLCT Metal to ligand charge transfer 

mmol Millimole (10-3 mol) 

Mol-1 Per mole 

NMR Nuclear magnetic resonance 

NOESY Nuclear Overhauser effect spectroscopy 
oC Degrees celsius 

Oe Oersted 

p- Para- 

Ph Phenyl 

ppm Parts per million 

p-TsOH p-Toluenesulfonic acid 

rij Bond length 

SCO Spin crossover 

Sij Bond valence 

SQUID Superconducting quantum interference device 

T Temperature 

TAME 1,1,1-Tris(aminoethyl)ethane 

THF Tetrahydrofuran 

TREN Tris(2-aminoethyl)amine 

TRPN Tris(3-aminopropyl)amine 

μB Bohr-Magneton, magnetic moment 

µL Microlitre (10-6 L) 

µmol Micromole (10-6 mol) 



 6 

UV-Vis Ultraviolet-visible 

ZFS Zero-field splitting 

D Delta 

L Lambda 

c'M In-phase magnetic susceptibility  

c''M Out-of-phase magnetic susceptibility 
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2. Abstract 

Exploring the Subcomponent Self-Assembly of Three-Dimensional Architectures from 

Transition Metals and Heteroditopic Ligands. A thesis submitted to the University of Manchester 

for the degree of Doctor of Philosophy in the Faculty of Science and Engineering. 

 Subcomponent self-assembly has become an attractive design strategy for the formation of 

functional three-dimensional container molecules, many of which have been employed for a wide 

variety of applications. The subcomponent syntheses described in this thesis utilise heteroditopic 

ligands and a range of transition metal salts to prepare a series of novel metal-organic complexes. 

 Chapter one presents an introduction into supramolecular chemistry and the relevant inorganic 

principles utilised within the area for the formation of functional architectures. The chapter provides a 

review of the literature surrounding subcomponent self-assembly with a variety of ligands, highlighting 

the site-specific binding of different metal ions, as well as the stabilisation of metals in different spin-

states. 

 Chapter two reports the synthesis of a trigonal bipyramidal complex formed from a 

heteroditopic ligand, where iron was bound within the construct as low-spin iron(II), high-spin iron(II) 

and high-spin iron(III). This complex was the first literature example of a fluoride-bridged mixed-

valence iron star, with six fluoride ions being abstracted from the tetrafluoroborate counterions. 

 Chapter three highlights a series of analogous iron(II) and silver(I) trigonal bipyramidal 

complexes with different anions bound within the central cavity. The complex was also formed with 

copper(I) in place of silver for potential catalytic applications. 

 In Chapter four, anion-induced self-sorting phenomena were explored to facilitate the formation 

of a heteroleptic tetrahedral iron(II) cage. Control over the sorting within the system was obtained 

through the choice of anion in the starting metal salt, with iron(II) perchlorate supporting integrative 

self-sorting. 

Chapter five contains results relevant to the work described in the preceding chapters. This 

work highlights a number of polynuclear architectures formed from both hetero- and homoditopic 

ligands in the presence of transition metal ions. The experimental procedures and characterisation for 

each compound are given. 

Lauren L. K. Taylor 

September 2021 
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6. Preface 
6.1. Rationale for Alternative Format Submission 

The research undertaken in this PhD have resulted in a number of results which fall into distinct 

publishable categories. As such, the results have been written up as papers in the format of journal 

articles. Paper one is published in Chemical Communications, 2021. Paper two is unpublished and paper 

three is ready for submission. 

Below is a summary of each paper presented in this thesis, followed by an explanation of the 

contributions of each author. 
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6.2. Brief of Included Works and Roles of Authors 

Paper One: Self-Assembly of a Trigonal Bipyramidal Architecture with Stabilisation of Iron in 

Three Spin States 

Lauren L. K. Taylor, Iñigo J. Vitorica-Yrezabal, Ivana Borilović, Floriana Tuna, and Imogen A. Riddell, 

Chem. Commun., 2021, 57, 11252–11255. 

Paper one reports the synthesis and characterisation of a mixed spin-state trigonal bipyramidal 

architecture formed from a heteroditopic ligand, TREN and iron(II) tetrafluoroborate. The complex was 

fully characterised by NMR, mass spectrometry, elemental analysis, X-ray crystallography, bond 

valence sum analysis and magnetic studies. This compound is the first literature example of a complex 

containing a six fluoride-bridged mixed-valence iron star motif. 

LLKT and IAR designed the experiments. IAR wrote the initial draft of the manuscript and 

LLKT wrote the initial draft of the supplementary information. LLKT was responsible for the 

characterisation of all complexes, as well as preparation of all NMR and MS samples. IAR supervised 

the work and edited the final draft of the manuscript. IVY solved and refined all the crystallographic 

data. IB and FT collected the magnetic measurements. 
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Paper Two: The Development of Self-Assembled Bimetallic Trigonal Bipyramidal Complexes for 

Supramolecular Catalysis 

Lauren L. K. Taylor, April C. Y. Sung, Iñigo J. Vitorica-Yrezabal, and Imogen A. Riddell. 

Paper two highlights the synthesis and characterisation of a series of heterometallic trigonal bipyramidal 

architectures formed from a heteroditopic ligand. The complexes formed were either mixed iron(II)-

silver(I) or iron(II)-copper(I) architectures with the formula [Fe2Ag3L6T2]7+ and [Fe2Cu3L6T2]7+, 

respectively. The complexes were characterised by NMR, mass spectrometry and X-ray 

crystallography. The crystallographic data highlighted the anion encapsulation abilities and the 

subsequent flexibility of the architecture. 

LLKT and IAR designed the experiments. LLKT wrote the initial draft of the manuscript and 

the initial draft of the supplementary information. LLKT was responsible for the characterisation of all 

complexes, as well as preparation of all NMR and MS samples. ACYS was responsible for the synthesis 

of the novel ligand used in the paper. IAR supervised the work and edited the final draft of the 

manuscript. IVY solved and refined all the crystallographic data. 
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Paper Three: Factors Governing Integrative Self-Sorting of an [Fe4L6]8+ Tetrahedron with One 

Unique Vertex 

Lauren L. K. Taylor, April C. Y. Sung, Iñigo J. Vitorica-Yrezabal, and Imogen A. Riddell. 

Paper three presents the formation of a heteroleptic tetrahedral iron(II) cage from a mixture of a 

heteroditopic ligand, a homoditopic ligand, TREN and iron(II) perchlorate. Access to the desired mixed-

ligand tetrahedron was achieved through anion-induced integrative self-sorting. In the presence of other 

ions such as BF4
-, OTf- and NTf2

-, a mixture of products were obtained. The complexes were 

characterised by NMR, mass spectrometry and X-ray crystallography. 

LLKT and IAR designed the experiments. LLKT wrote the initial draft of the manuscript and 

the initial draft of the supplementary information. LLKT was responsible for the characterisation of all 

complexes, as well as preparation of all NMR and MS samples. ACYS was responsible for the synthesis 

of the novel ligand used in the paper. IAR supervised the work and edited the final draft of the 

manuscript. IVY solved and refined all the crystallographic data. 
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7. Chapter One: Introduction 
7.1. Supramolecular Chemistry 

Supramolecular chemistry is often described as ‘the chemistry of the intermolecular bond’, a term 

expressed by Jean-Marie Lehn who, along with Donald J. Cram and Charles J. Pedersen, won the Nobel 

Prize in 1987 for their work in the area.1 Whilst more traditional chemistry focuses on covalent bonding, 

supramolecular chemistry utilises weaker and reversible intermolecular non-covalent interactions such 

as hydrogen bonding, van der Waals interactions and p-effects.  

Supramolecular chemistry is heavily influenced by concepts found in biological systems and 

as a discipline can generally be divided into two categories: host-guest recognition and self-assembly. 

Host-guest binding in supramolecular chemistry is comparable to the enzyme ‘lock and key’ model 

proposed by Emil Fischer in 1894, which explains how two complementary shapes can fit within one 

another.2 This theory was elaborated on by Daniel Koshland and the ‘induced fit model’ for substrate 

binding was proposed which takes into account the flexibility of enzymes and thus the capability of a 

host to adapt and reshape to fit a particular substrate.3 Supramolecular chemistry has utilised these 

biological concepts to form synthetic host-guest complexes, with the first examples including the 

binding of cationic molecules and metals within crown ethers4 and hydrogen-bonded complexation 

reactions between arylurea molecules and sulfonates, phosphates and carboxylates.5 Host-guest 

chemistry within the supramolecular field has come a long way since the formation of simple two-

dimensional complexes, and has now been used to form larger three-dimensional structures. Prominent 

examples include tetrahedral architectures capable of encapsulating and stabilising reactive guests such 

as white phosphorus,6 and the encapsulation of proteins such as ubiquitin within large synthetic 

architectures.7 

 Self-assembly is the process by which a disordered system undergoes spontaneous and 

reversible organisation to form ordered structures stabilised by non-covalent interactions.8 In 

supramolecular chemistry, subcomponent self-assembly is a coordination driven design strategy 

whereby reversible covalent and coordination bonds are formed between simple ligand building blocks 

and metal ion templates, respectively. This approach has been used to form functional three-

dimensional architectures which often contain internal void space.9 This feature gives many constructs 

unique capabilities leading to applications including the encapsulation and stabilisation of reactive guest 

molecules,6,10 drug delivery11 and catalysis.12,13 In more recent years, three-dimensional supramolecular 

constructs have increased in both complexity14 and size,15 expanding the scope even further for 

functional purposes. 
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7.2. Inorganic Principles 

7.2.1. Geometric Preferences 

Transition metals are often incorporated within supramolecular structures due to their well-understood 

coordination geometries and intrinsic properties such as individual redox potentials and 

fluorescence.16,17 Knowledge of these features has allowed chemist to propose and synthesize a range 

of architectures.18,19 Three common geometries adopted by transition metal ions in coordination 

compounds are square planar, tetrahedral and octahedral (figure 1). These geometric preferences arise 

from the d-orbital splitting of the individual metal ions caused by the introduction of ligands into the 

system.  

 

Figure 1. Three commonly observed metal coordination geometries: A) square planar, B) tetrahedral 

and C) octahedral. Pink spheres represent metal ions, whilst the green spheres represent the donor atoms 

of organic ligands. 

 

7.2.2. Crystal Field Theory 

As transition metal ions carry positive charges, coordination chemistry considers ligands to be 

negatively charged. A metal ion surrounded by six ligands can be visualised as a sphere containing a 

central metal cation surrounded by six equally distributed negative charges. The average orbital energy 

of this sphere complex would be much higher than the metal cation alone, making its formation 

unfavourable. In reality, as ligands approach the cationic metal centre the d-orbitals experience different 

levels of electrostatic repulsion which causes splitting of the d-orbital energy levels (figure 3). 

Depending on the number of ligands approaching the metal centre and the shape adopted by the 

resulting complex, the level of splitting differs. If the metal d-orbitals are full, the resulting geometry is 

no longer directed by electronics and, as presented in Chapter three, sterics govern the arrangement. 
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Figure 2. Figures representing the five d-orbitals and where they lie on the x, y and z axes. The subscript 

letters after d in dyx, dxy and dxz indicate the planes in which the lobes of the orbitals exist. In the case 

of dx
2

-y
2, the lobes lie on the x and y axes, whilst lying along the z axis in dz

2. 

 

Iron(II) is a metal with an intrinsic preference for adopting an octahedral geometry.20 

Introduction of ligands around an iron(II) centre results in the five degenerate d-orbitals (figure 2) 

splitting into two groups with differing energies: the doubly degenerate eg orbitals, and the triply 

degenerate t2g. The eg orbitals, dx
2-y

2 and dz
2, interact directly with the incoming ligands and therefore 

experience electrostatic repulsion that increases their energy with respect to the spherical crystal field. 

In contrast, the dyx, dxy and dxz orbitals in the t2g group are oriented between the ligands, which 

consequently decreases their energy with respect to the metal-ligand sphere, giving rise to an octahedral 

splitting pattern (figure 3). 

 Similarly, the crystal field splitting in tetrahedral complexes results in the d-orbitals separating 

into two groups: t2 and e (figure 3). Electrostatic repulsions between the four coordinating ligands and 

the dyx, dxy and dxz orbitals are high, whilst the ligands lie between the dx
2-y

2 and dz
2 axes and so are lower 

in energy. 
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 The square planar geometry is also four-coordinate and has a structure analogous to that of the 

octahedral arrangement following removal of the two ligands on the z axis. The absence of these ligands 

results in the stabilisation of the dz
2, dyz and dxz energy levels and thus decreases their energy (figure 3). 

Complexation with second and third row transition metals results in more significant splitting of the  

d-orbitals compared with the first row,21 and palladium(II) and platinum(II) are both d8 metals with a 

bias for square planar geometries. This preference can be put down to significant splitting of the d-

orbitals caused by incoming ligands, meaning the spin pairing energy is much less than the energy 

penalty for populating the dx
2-y

2 energy level. Both octahedral and four-coordinate geometries are 

adopted by metals described in this thesis. 

 

Figure 3. Crystal field splitting diagram for the tetrahedral, octahedral and square-planar coordination 

environments in relation to a free metal ion. The tetrahedral crystal field splitting energy is denoted Dtet, 

and the octahedral crystal field splitting energy is denoted Doct. 
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7.2.3. Paramagnetism  

The degree to which the d-orbital energy levels are split depends on the field strength of the ligand that 

is approaching the metal centre. In supramolecular self-assembly, a commonly employed binding motif 

is the bisbidentate imino-pyridyl ligand scaffold (figure 4), of which three can bind to an octahedral 

metal centre, saturating its coordination sphere. Octahedrally coordinating metal ions such as iron(II)22 

and ruthenium(II)23 usually form low-spin complexes in the presence of bisbidentate imino-pyridyl 

ligands as the spin-pairing energy is much less than that of Doct, making it more favourable for all six d-

electrons to pair up in a low-spin arrangement rather than populating the higher energy eg orbitals. 

Weaker field ligands such as those containing imidazole-imine24 and benzimidazole25,26 binding motifs 

are capable of binding iron(II) in its high-spin configuration as Doct < spin-pairing energy, allowing 

electrons to populate the eg orbital and subsequently form a paramagnetic d6 iron(II) complex (figure 

4). Studying high-spin iron(II) complexes by means of NMR can be more complicated relative to 

diamagnetic compounds, as the unpaired electrons influence and increase spin relaxation rates, resulting 

in broad NMR spectra with high chemical shifts.  

 

Figure 4. Iron(II) coordinated to three bidentate ligands in A: a low-spin iron(II) configuration (purple) 

bound by three imino-pyridyl ligands, B: a high-spin iron(II) configuration (red) bound by three 

imidazole-imine ligands and C: a high-spin iron(II) configuration (red) with three benzimidazole 

ligands bound.   

 

In comparison to first-row octahedral metal complexes, tetrahedral complexes only have four 

ligands bound to the central metal atom. The splitting caused by these ligands tends to be less than that 

for octahedral complexes, resulting in Dtet being not only smaller than Doct, but also smaller than the 

spin-pairing energy, favouring a high spin electron arrangement. 
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7.3. Subcomponent Self-Assembly 

7.3.1. Imine-Bond Formation 

Dynamic imine bond formation is prevalent throughout supramolecular self-assembly systems, where 

the reversible reaction between an amine and an aldehyde proceeds under thermodynamic control to 

give a C=N imine bond (scheme 1).27  

 

Scheme 1. Imine condensation reaction mechanism between an aldehyde and a primary amine resulting 

in the loss of a water molecule and formation of an imine bond. 

 

 

The imine is dynamic in nature and exists in equilibrium with the starting aldehyde and amine. 

It is possible to influence the position of this equilibrium to favour the imine, for example by 

introduction of suitable metal ions into the system to template the formation of metal-organic 

complexes. This strategy was demonstrated in 1964 by D. H. Busch,28 and was elaborated on in 1969 

by L. F. Lindoy, where the reaction between an amine and a dialdehyde gave the anticipated diimino 

ligand 2 (scheme 2) as the minor product, and undesired molecule 1 (scheme 2) as the major species. 

Upon introduction of nickel(II) ions into the system, interconversion of 1 into 2 occurred, and the 

nickel(II) was bound through molecule 2’s tetradentate binding motif, resulting in formation of the 

desired product, nickel(II) complex 3 (scheme 2).29  
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Scheme 2. Condensation of 2-aminoethanethiol and a dialdehyde, forming major product:  

bis-thiozolidine 1, and minor product 2. Addition of nickel(II) templates the schiff-base 2, resulting in 

the formation of the tetracoordinated complex 3 solely. 

 

 

The metal template effect is key for the stabilisation of the imino-ligand, but the reverse has 

also been demonstrated in aqueous solution. In 2014, an example of mutual stabilisation was reported 

within a copper(I) system (scheme 3) where, in the absence of a metal, a mixture of the aldehyde and 

amine precursors were shown to exist in equilibrium, with the imine ligand 4 being disfavoured  

(scheme 3).30 The combination of Cu(II) and metallic Cu(0) in an aqueous solution resulted in 

comproportionation and the formation of Cu(I) salt in small amounts. When combined, the system 

showed a preference for both minor species, Cu(I) and ligand 4, resulting in the formation of Cu(I) 

complex 5 solely (scheme 3). 

 

Scheme 3. Condensation of 2-aminoethanesulfonate and 2-formylpyridine, forming small amounts of 

the higher energy imine species 4. Addition of a copper mixture prompts comproportionation and the 

resulting copper(I) species templates the formation of 5. 
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7.3.2. Triamine Molecules 

In self-assembly reactions, imine condensation is often achieved using aldehydes and monoamines, 

where the aldehyde:amine ratio is 1:1. Imine condensation has also been accomplished using triamine 

molecules (figure 5) where, in combination with pyridyl-aldehyde molecules, trispyridylimine binding 

sites ideal for octahedral coordination environments are formed.31–34 Three commonly employed 

triamines include tris(2-aminoethyl)amine (TREN), tris(3-aminopropyl)amine (TRPN) and 1,1,1-

tris(aminomethyl)ethane (TAME), all of which have been used in subcomponent self-assembly 

reactions to form three-dimensional architectures.31,32,35 

  

 

Figure 5. Triamines TREN, TRPN and TAME and their corresponding chemical structures. 

 

Much of the research conducted into self-assembly with triamines utilises TREN,34,36–38 and 

numerous examples of TREN-based functional complexes have been reported.38–41 Tetrahedral 

architectures are one of the most reported three-dimensional architectures in supramolecular chemistry 

and in 2015 TREN was used in combination with zinc(II) and a perylene bisimide ligand for the 

formation of a fluorescent tetrahedral construct capable of encapsulating large aromatic guests.34 

Another TREN-based tetrahedral cage was reported to encapsulate a tetrameric mixed phosphate cluster 

within its internal cavity, with stabilisation of the host-guest complex achieved through hydrogen 

bonding.36 More recently the formation of larger constructs which incorporate TREN, such as bimetallic 

cubic and trigonal bipyramidal architectures, have been reported with palladium(II) and iron(II) ions.31 
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7.4. Polynuclear Architectures 

Three-dimensional container molecules are highly sought after due to their unique sizes, shapes and 

chemical properties.42,43 Container molecules possess well-defined void space and often have a different 

internal environment compared with the surrounding bulk solvent. This feature gives many 

architectures the ability to encapsulate smaller guest molecules, forming host-guest complexes that are 

often stabilised by non-covalent interactions. The unique capabilities of this class of compound have 

been utilised for the stabilisation of reactive guests,6,44,45 photoreactions46–48 and catalysis.12,13,49 As the 

supramolecular field continues to develop, the search for more intricate complexes with different cage 

geometries has become more appealing. 

 

7.4.1. Helical Complexes 

Metal-organic helicates do not have a fixed formula, but can be described as metal containing helices,50 

and are often double51 or triple-stranded52, although examples of single stranded helicates do exist 

(figure 6).53 Careful design has allowed increasingly complex helical structures to be formed through 

subcomponent self-assembly,44,45 but their restricted void space limits their potential applications in 

host-guest chemistry. Helicates have, however, shown promise in bioinorganic settings, where they 

have been shown to induce the formation of DNA junctions56 and act as cytolytic peptide mimics.57 

 

Figure 6. Single-crystal X-ray structures of ruthenium(II) single-stranded helicate 6, copper(II) double-

stranded helicate 7 and iron(II) triple-stranded helicate 8. 
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Complex 6 is an unsymmetrical single stranded diruthenium(II) helicate that was shown to be 

electrochemically active.53 One ruthenium centre is bound in an N6 environment, whilst the other is 

bound to five nitrogen atoms and one chloride anion. Dinuclear double stranded helicate 7 is a copper(II) 

based helical structure that binds each copper in a [CuO2N2] arrangement.58 Due to the flat nature of the 

structure it was determined that the helicate was incapable of guest binding. Helicate 8 is a triple 

stranded dinuclear iron(II) complex formed by three flexible ligands, and has shown promise in 

biomolecular DNA recognition.59 

 

7.4.2. Tetrahedral Complexes 

Due to their inherently charged nature, the formation of either helical or tetrahedral metal-organic 

constructs within a subcomponent system is often influenced by the potential templation of ions.60 

Metal-organic tetrahedra formed with neutral ligands are often inherently cationic due to the positive 

metal ions, making encapsulation of anionic guests highly favourable. These type of cages have been 

shown to encapsulate counterions already present in the system from the metal salt,61 or anions that 

have been added into the system externally.62,63 Negatively charged tetrahedra formed from metal salts 

and negatively charged ligands are also capable of encapsulating guest molecules and have been shown 

to bind externally added cationic species such as diazonium ions64 and alkyl ammonium ions.65,66  

The dynamic nature of self-assembled structures also allows for interconversion between 

different architectures in solution, and ion templation and encapsulation can act as a driving force for 

these types of transformations. This concept was initially reported by Raymond and co-workers who 

reported the interconversion between a [Ti2L3]4- helical structure 9 and a [Ti4L6]8- tetrahedron 10 

through inclusion of an alkylammonium cation which was subsequently bound within the tetrahedral 

cavity (figure 7).67 The reaction was successful when both [TiO(acac)2] and [Ga(acac)2] were used as 

the metal salts, and in both cases the tetrahedral structure was entropically unfavourable when Me4N+ 

was not present in solution. 
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Figure 7. Self-assembly of a [Ti2L3]4- helicate from an anthracene-based ligand and titanium salt, and 

subsequent conversion of the helicate to a [Ti4L6]8- tetrahedron upon introduction and encapsulation of 

a Me4N+ cation. 

 

Structural interconversion between self-assembled complexes based on ion-templation has also 

been reported between anion triple helicates and tetrahedra which contain no metal ions,68 tetrahedra 

and larger constructs such as square-prisms,69 and between octa- and dodeca-metallic six stranded 

helicates.70 
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Cationic tetrahedra formed from metal salts and bidentate ligands containing nitrogen-donor 

groups have been extensively explored by supramolecular chemists. Tetrahedron 11 (figure 8) was self-

assembled from an aminobenzyl urea based ligand and nickel(II) sulfate, where the SO4
2- anion 

templated the formation of a [Ni4L6]8+ tetrahedron and was bound within the central cavity of the 

construct.71 The host-guest complex was stabilised by hydrogen bonds formed between the oxygens of 

the sulfate anion and the N-H urea protons in the ligand. Similarly, tetrahedron 12 was formed through 

self-assembly of cobalt(II) tetrafluroborate and a napthyl containing pyrazolyl-pyridine ligand to form 

a [Co4L6]8+ tetrahedron with a BF4
- anion bound in the internal void space.72 The host-guest complex 

was also stabilised by hydrogen bonding, forming favourable interactions between the fluorides of BF4
- 

and the methylene protons of the ligands. 

 

Figure 8. Single-crystal X-ray structures of [Ni4L6]8+ tetrahedron 11 which encapsulates a sulfate anion, 

and [Co4L6]8+ tetrahedron 12 which contains a tetrafluoroborate anion within its central cavity. 

 

 Binding neutral guest molecules within the internal cavities of three-dimensional tetrahedra has 

also been investigated.6,73,74 Solvophobic effects often dictate the binding of neutral guests, for example 

iron(II) tetrahedra have been shown to bind a range of neutral organic molecules in water, whilst only 

a subset of these guests were encapsulated when the solvent was acetonitrile.75 Similarly, a bimetallic 

porphyrin-edged tetrahedron was shown to bind up to three C60 molecules in nitromethane, whilst in 

acetonitrile the construct transformed into a cone-like shaped complex and could only encapsulate one 

C60 molecule.76 
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7.4.3. Cubic Structures 

As self-assembled architectures begin to increase in size, their potential applications involving guest 

encapsulation also broaden. Cubic architectures often possess increased internal void space compared 

with smaller tetrahedra and helicates, and recently functional cubic architectures have been subject of 

investigation. Homometallic cubic architectures with the formula [M8L12]16+ have been reported with a 

variety of symmetric ligands and first-row transition metals (figure 9, 13),77–80 and have been shown to 

bind anions78 and ferrocene77 within the internal cavity.    

Cubic cages containing more than one type of metal ion have also been reported, for example 

an [Fe8Pd6L24T8]28+ heterobimetallic cube was synthesized in 2018 by Lützen and co-workers, where 

the iron(II) ions were bound at the vertices, and the palladium(II) centres were on each face of the 

construct.31 Other examples of bimetallic cubes exist where one metal is bound in a symmetric 

porphyrin moiety on the face of the cube, and a second metal is bound at the vertices of the structure 

(figure 9, 14).31,81–83 In 2011, the bimetallic cubic architecture 14 incorporating iron(II) and nickel(II), 

was reported to bind multiple equivalents of coronene, as well as fullerenes C60 and C70 within its  

1340 Å3 cavity. The encapsulation of polypeptides and drug molecules has also been demonstrated by 

a large bimetallic cubic cage containing iron(II) and zinc(II).82 This cage was highly flexible, with a 

volume estimated between 3000-10,000 Å3, and was able to protect the peptide guest molecules from 

enzymatic degradation by trypsin.  

 

Figure 9. Single-crystal X-ray structures of cubic construct 13 formed with iron(II) and a naphthalene-

based ligand, and bimetallic nickel(II) and iron(II) cube 14, with a large internal cavity capable of 

fullerene encapsulation.  
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7.4.4. Trigonal Bipyramidal Complexes 

Trigonal bipyramidal constructs like those reported in Chapters two and three, have been reported less 

frequently than tetrahedral and cubic architectures. These cages have previously been described with 

the general formula [M2L3], where two tritopic ligands self-assemble with metal ions to form a three-

dimensional supramolecular system.84,85 Although such systems have been shown to encapsulate C60
86 

and to act as photophysically active complexes,87 the rigidity of tritopic ligands limits the flexibility of 

the cages and thus restricts potential host-guest applications. Increasing the flexibility of trigonal 

bipyramidal cages can be achieved through introduction of three additional metal centres in the 

equatorial positions of the construct (figure 10). Bimetallic cages have been constructed using a variety 

of metals in the axial and equatorial positions of the trigonal bipyramid (figure 10), highlighting the 

versatility and hence the flexibility of this class of compound.88 The inclusion of more than one type of 

metal centre also allows the functionality of each ion to be incorporated simultaneously into the same 

structure, as well as the possibility for interactions between the metal centres themselves which may 

have relevance in the field of molecular magnetism.26 

 

Figure 10. General structure of an [(M1)2(M2)3L6] trigonal bipyramidal structure where M1 (aqua): axial 

metal centres and M2 (pink): equatorial metal centres. 
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Increasing the length of the organic ligand allows larger trigonal bipyramidal architectures with 

increased void space to be formed (figure 11). Complex 15 incorporates six equivalents of a 1-(4-

pyridyl)butane-1,3-dione ligand bound to two aluminium(III) ions in the axial positions and three cis-

protected palladium(II) ions in the equatorial positions.88 Similarly, construct 16 also incorporates three 

equatorial cis-protected palladium(II) ions, as well as two axial iron(II) ions and six equivalents of  

[3,4'-bipyridine]-6-carbaldehyde in combination with TREN.31 Although both constructs are bimetallic 

[M5L6] trigonal bipyramids, their metal-metal distances vary significantly. The distance between the 

two axial aluminium(III) centres of 15 was 11.11 Å, whilst the distance between the two axial iron(II) 

centres of 16 was considerably longer at 14.34 Å. Likewise, the average Pd-Pd distance in 15 was  

11.86 Å, which was 0.27 Å shorter than the average Pd-Pd distances of 16 at 12.13 Å. Compound 16 

possessed a larger internal cavity compared with 15 due to the increased length of the organic ligand 

used, highlighting the flexibility of this collection of complexes. 

 

Figure 11. Single-crystal X-ray structures of bimetallic Pd(II)/Al(III) trigonal bipyramid 15 and 

bimetallic Pd(II)/Fe(II) trigonal bipyramid. 
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Although traditional design of self-assembled container molecules has focussed on the use of 

symmetric ligands, trigonal bipyramidal complexes often employ unsymmetrical ligands in order to 

accommodate the different binding preferences of the axial and equatorial metal ions within the 

structure. Homometallic trigonal bipyramidal architectures have also been reported, where an 

unsymmetrical ligand was able to bind iron(II) octahedrally in both the axial and equatorial positions 

of the structure in trisbidentate and bistetradentate binding sites respectively (figure 12).89 This complex 

was characterised by mass spectrometry and 1H NMR spectroscopy, and DFT calculations estimated 

the construct had a cavity size of 415 Å3. 

 

Figure 12. Formation of a homometallic [Fe5L6]10+ trigonal bipyramidal cage from an unsymmetrical 

ligand and iron(II) sulfate. 
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Functional homometallic trigonal bipyramidal constructs capable of carbon dioxide fixation 

and sulfate sequestration have also been reported (figure 13).90 An extended naphthalene-based 

dialdehyde ligand underwent subcomponent self-assembly in the presence of p-anisidine and 

cadmium(II) triflate to form [Cd5L6]10+ trigonal bipyramid 17 with two OTf- anions bound in the pockets 

of the architecture. One OTf- anion was bound to the three equatorial cadmium atoms, and a CO3
2- anion 

was also found to bind three-coordinate to the equatorial cadmium centres. Under a nitrogen 

atmosphere, the carbonate anion was not found within the structure, highlighting the cages ability to fix 

carbon dioxide from the air as carbonate within the construct. 

 

Figure 13. Single-crystal X-ray structures of [Cd5L6]10+ trigonal bipyramid 17 containing two triflate 

anions and one carbonate anion within the structures internal space, and [Zn5L6]10+ trigonal bipyramid 

18 which contains two encapsulated tetrafluoroborate anions and a sulfate anion within its cavity. 

 

Under the same conditions zinc(II) tetrafluoroborate formed a [Zn5L6]10+ trigonal bipyramid 

with two BF4
- anions bound in the pockets of the structure, as well as a central BF4

- anion that bridged 

the three equatorial zinc(II) ions with three of the fluoride atoms. When sulfur dioxide was added to a 

solution of the zinc subcomponent mixture, trigonal bipyramidal complex 18 formed. The cage was 

characterised by X-ray crystallography, which highlighted the inclusion of an SO4
2- anion between the 

equatorial zinc(II) centres.90 
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7.4.5. Larger Complexes 

Supramolecular chemists strive to design and synthesize larger, more complex self-assembled 

architectures with increased functionality. Nature accomplishes self-assembly effortlessly91,92 on a scale 

almost unimaginable by supramolecular chemists, and so research into systems which self-assemble 

from high numbers of components is highly attractive. The Fujita group have worked on the formation 

of large multicomponent systems for the past decade, using symmetric ligands and palladium(II) to 

form a family of large, spherical architectures with void space in excess of 100,000 Å3 (figure 14). In 

2010, the large [Pd24L48]48+ rhombicuboctahedron 19 was reported by the group,93 and just two years 

later they reported the first example of a synthetic cage capable of encapsulating a protein. The self-

assembled [Pd12L24]24+ supramolecular cage encapsulated the protein ubiquitin within its central cavity 

when tethered to one of the subcomponents.7 Since then, the group have synthesized larger structures 

including a [Pd30L60]60+ icosidodecahedra 20, and the largest synthetic supramolecular cage to date the 

[Pd48L96]96+ polyhedron 21.15 

 

Figure 14. Single-crystal X-ray structures of the [Pd24L48]48+ rhombicuboctahedron 19, [Pd30L60]60+ 

icosidodecahedra 20, and [Pd48L96]96+ polyhedron 21. 

 

Complexes with void volumes large enough to enclose biological molecules such as proteins 

could offer chemists an insight into the mechanisms utilised by biological systems. The magnitude of 

void space within such structures creates possibilities for a category of biological molecule 

encapsulation that has not been yet been possible to explore. 
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7.4.6. Increasing Complexity 

Traditional design of self-assembled container molecules has relied heavily on the use of symmetric 

multitopic organic ligands in combination with metals to form products with high-symmetry22 that can 

be readily characterised spectroscopically.18 More recently, supramolecular architectures containing 

more than one type of ligand have been investigated due to their unique and increased complexity.94–98 

The functionality associated with each ligand incorporated is integrated within the final structure, with 

many intricate examples being reported. It can however be difficult to control the sorting within these 

heteroleptic systems and it’s often found that multiple structures exist in equilibrium with each other,99–

101 making the formation of a singular discrete architecture objectively difficult. 

One way to mitigate the issues associated with unfavourable system-sorting is the formation of 

low symmetry heterotopic ligands.89,102–104 Interestingly, systems containing heterotopic ligands have 

been shown to favour a single defined species even when a pool of potential isomeric structures are 

theoretically able to form.102,104  

 

7.5. Ligand Design 

The following sections discuss different types of ligands used in self-assembly reactions for the 

formation of discrete three-dimensional architectures. We focus herein on how ligand design facilitates 

site-specific binding and the formation of increasingly complex structures, as well as stabilisation of 

metal ions in different oxidation and spin states. 

 

7.5.1. Homotopic Ligands 

The generation of bisbidentate ligands incorporating well-documented monobidentate binding 

motifs105–107 has facilitated the formation of larger, three-dimensional structures. The Nitschke group 

have extensively reported the use of bisbidentate ligand: 3,3’-bipyridine-6,6’-dicarboxaldehyde (figure 

15, L′) in subcomponent self-assembly reactions.22,33,63,108 Depending on the amine and metal salt 

involved in the self-assembly reaction, as well as any additional templating anions introduced into the 

system, a variety of multinuclear complexes have been observed and characterised (figure 15). In the 

presence of aniline and iron(II) tetrafluoroborate, L′ self-assembles to form [Fe4L′6]8+ tetrahedron 22, 

which was capable of encapsulating BF4
-, OTf- and PF6

- anions within its cavity.108  
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Iron(II) tetrahedral cage 26 which contained a OTf- anion encapsulated within the cage, was 

also formed with L′ in the presence of (S)-1-phenylethylamine (SA) and iron(II) triflate (figure 15).109 

In solution, cages often exist as a racemic mixture based on the configuration (L or D) at each metal 

centre present within the structure. The introduction of chiral amine SA resulted in the formation of 

enantiopure DDDD-tetrahedron 26, where all four Fe(II) centres adopted a D configuration. X-ray 

crystallographic data of the construct highlighted the fac-arrangement at each Fe(II) centre, and p-

stacking between the ligand pyridyl rings and the phenyl rings of SA, which had been observed 

previously for mononuclear iron(II) complexes formed with SA.110  

 

Figure 15. Self-assembly of homoditopic ligand L′ with a range of anilines and transition metal ions 

resulting in the formation of multimetallic structures. Tetrahedra 22 and 26 were formed from L′ in the 

presence of iron(II) and either aniline or (S)-1-phenylethylamine (SA), respectively (* denotes chiral 

centre). Small helicate 23 formed with L′, benzylamine and cadmium(II), whilst cadmium(II) formed 

hexagonal prism 24 in the presence of L′ and p-anisidine. Ligand L′ formed pentagonal prism 25 in the 

presence of p-toluidine and cobalt(II) that was able to encapsulate small anionic guests. 
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Subtle differences in the subcomponent mixture, for example differing the amine molecule 

slightly,111 can have a drastic influence on the resulting self-assembled product. Smaller helical 

assemblies like 23 can be formed with L′ when the metal salt is cadmium(II) triflate and the amine is 

benzylamine,32 however, when the amine employed was instead p-anisidine, a large [Cd12L18]24+ 

hexagonal prism 24 was formed, which contained six peripheral pockets with an average volume of  

141 Å3.32 Analysis of the single-crystal X-ray structure of 23 revealed favourable p-p stacking 

interactions between the phenyl rings of benzylamine and the pyridylimine rings of the ligand, 

stabilising the resulting helical structure.    

When the amine used was p-toluidine, cobalt(II) perchlorate self-assembled with L′ to form 

[Co10L′15]20+ pentagonal prism 25, capable of binding halide anions, as well as N3
-, OCN- and SCN-, 

within its central cavity.112 The formation of [M10L′15]20+ pentagonal prisms has also been observed 

with nickel(II), zinc(II) and cadmium(II) salts in the presence of p-toluidine.22,63 

 

7.5.2. Heterotopic Ligands 

Utilising bisbidentate homotopic ligands in self-assembly is well documented and has become highly 

attractive due to the predictability of the resulting architectures formed. Symmetrical starting materials 

often allow for greater control over a system than lower symmetry elements, allowing products to be 

more readily anticipated and characterised. In contrast, the use of heterotopic ligands in self-assembly 

reactions remains relatively sparse, despite the potential for the supramolecules generated to display 

applications yet to be observed for this class of compound.113 The more synthetically challenging 

procedures involved in the generation of heterotopic ligands, as well as the complexity arising from 

characterisation of lower symmetry species is often presumed to lead to difficulties in both predicting 

and interpreting the outcome of self-assembly reactions that use heterotopic ligands.113 

 Examples of three-dimensional architectures formed with heterotopic ligands have been 

reported but so far remain limited. In 2013, cobalt(II) pentanuclear trigonal bipyramidal cage 27 was 

formed from an heterotopic pyridine-pyrazole based ligand (figure 16).114 This cage was calculated to 

have an internal volume of 15,028 Å3, making it highly attractive for potential host-guest applications. 

The same ligand was also shown to form a mononuclear one-dimensional helical polymer species with 

manganese(II), and a magnetically active tetranuclear grid with copper(II).114 
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 Subcomponent systems containing heterotopic ligands have also been shown to form cubic 

constructs in the presence of nickel(II).115 A methoxy pyridyl ligand underwent imine condensation 

with an imidazole based aldehyde in the presence of nickel bromide, forming [Ni8L12Br4] cubic cage 28 

with a volume of 227 Å3. The addition of methylamine into a THF solution of 28 resulted in 

displacement of the methyoxy pyridyl ligand and formation of rhombic dodecahedral cage 29 which 

contained fourteen nickel(II) ions and an internal volume of around 1000 Å3. 

 

Figure 16. Single-crystal X-ray structures of cobalt(II) trigonal bipyramidal cage 27, nickel(II) cubic 

cage 28 and nickel(II) rhombic dodecahedral cage 29, all formed using heterotopic ligands. 

 

As well as the potential to form highly complex architectures, heterotopic ligands can also 

contain different types of binding sites to complex metals with different coordination geometries and 

spin states.  

 

7.5.3. Spin-State Stabilisation of Iron(II) 

The field strength of ligands employed in subcomponent self-assembly reactions can affect the spin-

configuration of the metals they bind. For octahedral coordination centres, nitrogen atoms in 

unsubstituted pyridyl rings often split the t2g and eg energy levels significantly enough for DE > spin-

pairing energy. For iron(II), this means the pyridyl imine binding site often binds iron in its low-spin 

configuration.116 Benzimidazole25,26 and imidazole-imine24 groups exhibit weaker field strengths than 

that of pyridyl-imines and often Doct < spin-pairing energy, allowing iron(II) to be stabilised in its high-

spin state.116 
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Functional self-assembled low-spin iron(II) architectures built with pyridylimine ligands have 

been investigated extensively by the Nitschke group.74,77,81,117–119 Cubic construct 30 was assembled 

from a dialdehyde-based ligand, p-toluidine and iron(II) triflimide and was shown to encapsulate a 

ferrocene complex within its >1000 Å3 cavity.77 The binding of larger ferrocenyl complexes such as 

methylferrocene and acetylferrocene was also investigated but the compounds did not interact with cage 

30, highlighting the significance steric bulk has on potential encapsulation attempts. 

 In the presence of 2-formylpyridine and iron(II) sulfate, a bipyridine-based ligand containing 

two hydroxyl groups was shown to bind iron(II), forming [Fe10L15]20+ prism 31 in a 90:10 MeOH:H2O 

solution. This interesting construct remained intact for >2 months in solution at room temperature, but 

dissolution of the complex in H2O at 50oC resulted in the interconversion into an [Fe4L6]8+ 

tetrahedron.118 

 

Figure 17. Single-crystal X-ray structures of iron(II) cubic architecture 30 and iron(II) prism 31. 

 

Both 30 and 31 are examples of self-assembled cages containing dialdehyde-based ligands that 

bind and stabilise iron(II) in the low-spin state, and examples of self-assembled structures containing 

HS Fe(II) are less common. 

Several examples of three-dimensional multimetallic architectures with high-spin iron(II) 

bound in benzimidazole sites have been reported (figure 18).120 Complex 32 is a mixed 

lanthanide/transition metal complex that contains both europium(III) and iron(II) metal centres.121 

When the ligand employed contained a methyl in the ortho-position of the pyridyl ring, the iron(II) 

centre was found to be strictly high-spin. This was due to significant interstrand constraints found 

between the ligands which prevented the Fe-N bond lengths from being compressed enough to bind the 

29 
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iron(II) in a low-spin configuration. When the methyl group was in the meta-position relative to the 

nitrogen, the resulting heterometallic complex was reported to undergo thermal spin crossover.  

Similarly, due to the strained arrangements of the benzimidazole ligands, tetranuclear grid 

complex 33 binds iron(II) in the high-spin state solely.122 The tauto-conformer of this structure is a low-

spin iron(II) complex which is capable of undergoing spin crossover due to the reduced strain within 

the structure. 

 

Figure 18. Single-crystal X-ray structures of mixed europium(III)/high-spin iron(II) complex 32 and 

high-spin iron(II) tetranuclear grid 33. 

 

 Although examples of self-assembled iron(II) structures capable of undergoing thermal spin-

crossover are reported,123–126 three-dimensional constructs containing both high-spin and low-spin 

iron(II) within the same architecture at room temperature are sparse.26 The discovery of this class of 

compound and the potential applications associated remains in its infancy. 
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7.5.4. Metalloligands 

When forming complex three-dimensional architectures, a common design strategy is to carry out the 

synthesis in a stepwise manner. This allows improved control over the system and increases the 

predictability of the final structure(s). This is often achieved by using a metalloligand, a 

conformationally rigid metal complex which contains secondary binding sites capable of complexation 

with additional metal ions added to the system.127 Metalloligands are often unsymmetrical in nature to 

allow specific binding of the primary metal ion, and examples of both cubes4,31,128 and trigonal 

bipyramidal structures26,31,88 formed stepwise from metalloligands have been reported. 

 Metalloligand 34 was formed in acetonitrile from three equivalents of [3,4'-bipyridine]-6-

carbaldehyde, one equivalent of TREN and one equivalent of iron(II) tetrafluoroborate (figure 19).31 In 

a second synthetic step, 34 reacted with 1.5 equivalents of [Pd(dppp)(OTf)2] to form trigonal bipyramid 

16 (figure 11), which contains three palladium(II) centres in the equatorial plane and two low-spin 

iron(II) centres in the axial positions. 

 

Figure 19. Single-crystal X-ray structures of metalloligands 34 and 35, and their corresponding ligand 

structures in blue dashed boxes. 
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 Modification of the ligand to include an ortho substituted pyridyl ring imparted significant 

steric strain on resulting metalloligand 35, resulting in stabilisation of high-spin iron(II) within the 

complex (figure 19).129 The steric repulsion caused by the inclusion of three methyl groups resulted in 

longer iron(II)-nitrogen bonds, altering the spin-state of the iron(II) centre compared with 34. Similarly 

to 34, metalloligand 35 was capable of undergoing self-assembly with 1.5 equivalents of 

[Pd(dppp)(OTf)2] to form a trigonal bipyramidal structure with two high-spin iron(II) centres in the 

axial positions, and three palladium(II) ions in the equatorial positions. Complex 35 could also self-

assemble with 0.75 equivalents of [Pd(MeCN)4](BF4)2 in acetonitrile to form a [Fe8Pd6L24T8]28+ cube 

where, again, the iron(II) centres were bound in a high-spin configuration.  

 

7.5.5. Inorganic Bridging Ligands 

In a given system, if the organic ligands present are incapable of saturating the coordination sphere of 

a metal ion, smaller atoms or molecules such as hydroxides,130 halides131,132 or hydrides,133 can 

coordinate to the centres and fulfil the preferred coordination number. Many complexes achieve this by 

utilising bridging ligands between metal centres within the compound, and the resulting structures have 

shown promise for a number of different applications. 

 Bridging ligands have the ability to couple metal centres, allowing communication between the 

ions and often granting the complex interesting properties. Transition metal complexes containing 

bridging ligands have been used for the reduction of protons and CO2,134 electron transfer between metal 

centres,135 and for investigations into bridging-ligand-mediated metal-metal communication.136,137 

 

7.5.6. Bridged Iron(II) Complexes 

Complexes containing iron(II) centres bridged by µ2 ligands have been reported, with ferromagnetic 

coupling observed between the two cationic metals in three bimetallic complexes containing either 

bridging fluoride or chloride ligands.132 A mono(µ-F)diiron(II) complex with a linear bridging fluoride 

ligand that displays weak antiferromagnetic coupling between the iron(II) centres has previously been 

reported and characterised by 1H NMR, mass spectrometry and EPR spectroscopy.138 The system could 

not support sterically the inclusion of two bridging fluoride atoms, although this has been observed for 

other compounds. A bis(µ-F)diiron(II) complex was also reported and acted as a pre-catalyst for the 

hydrodefluorination of perfluoroolefins, and reacted with silyl compounds.131 
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7.5.7. Bridged Iron(II) / Iron(III) Complexes 

Examples of mixed-valence proteins that contain both iron(II) and iron(III) centres, such as 

hemerythrin,139 ribonucleotide reductase140 and methane monooxygenase,141 can be found throughout 

biology. The majority of natural examples contain bridging atoms that allow communication between 

metal centres, and there are now many reports of synthetic mixed-valence iron complexes where the 

metal centres are bridged by hydroxy,142–144 cyano,145 or halide132,146 atoms. As of present, there is only 

one example of a fluoride-bridged mixed iron(II)/iron(III) complex where one bridging fluoride atom 

connects the two metals (figure 20).146  

 

Figure 20. Single-crystal X-ray structures of homovalent bis(µ-F)diiron(II) complex 36. Upon the 

introduction of oxygen, the complex converts to mixed-valence mono(µ-F)iron(II)/iron(III)  

complex 37. 

 

The reaction between dinucleating ligand: 6-methylpyridine-2-carboxaldehyde, iron(II) 

tetrafluoroborate and a base resulted in the formation of homovalent bis(µ-F)diiron(II) complex 36, 

where both iron centres were characterised as iron(II) by 1H NMR, X-ray crystallography, magnetic 

measurements and Mössbauer spectroscopy.146 Upon introduction of air into the system, brown crystals 

of complex 37 were formed and analysed. Compound 37 was a mono-fluoride-bridged mixed-valence 

structure with both metal centres bound in an [N4F2] environment. As the metal oxidation number 

increases, the average metal-fluoride bond length decreases due to stronger electrostatic interactions 

between the positive metal ion and the negative fluoride ligand. This was evident from the crystal 

structure as the Fe(II)-F bond length was 2.162 Å, whist the Fe(III)-F bond length was significantly 

shorter at 1.870 Å. Each metal had an addition fluoride atom bound to their centre, as well as four 

nitrogen atoms from the ligand. 

The fluoride atoms within these complexes are thought to have been abstracted from the BF4
- 

counterions in the system and so far, the maximum number of bridging fluorides found in a mixed-

valence Fe(II)/Fe(III) complex has been one. Since this discovery, there had been no more reports for 
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compounds of this class until the trigonal bipyramidal complex discussed in Chapter two was formed.26 

The structure presents the first literature example of a fluoride-bridged mixed-valence iron complex 

with more than one bridging-fluoride atom. The central [FeIII(μ2-F)6(FeII)3]3+ star motif contains six 

fluoride atoms abstracted from BF4
- counterions which connect one central iron(III) centre to three high-

spin iron(II) ions.  

 

7.6. Aims and Objectives 

The introduction to this thesis highlighted the fundamentals of self-assembly and how the formation of 

functional polynuclear architectures can be achieved from ligands and transition metal ions, with a 

specific focus on heteroditopic ligands. The following chapters report the use of heteroditopic ligands 

to generate highly symmetrical three-dimensional architectures, the structures reported make a 

significant contribution to scarce literature in this area.  

 Chapter two discusses the formation of a homometallic trigonal bipyramidal architecture from 

a heteroditopic ligand and iron. The ligand contains a pyridyl-aldehyde unit that undergoes imine 

condensation with TREN, and a benzimidazole moiety capable of binding high-spin iron(II). The 

trigonal bipyramidal structure contains two axially bound low-spin iron(II) centres, three high-spin 

iron(II) centres bound within the equatorial plane, and a high-spin Fe(III) ion at the centre of the 

structure. The core of the structure contains an [FeIII(µ2-F)6(FeII)3]3+ star motif, where the three high-

spin iron(II) ions are bridged to the central iron(III) centre through six fluoride atoms that were 

abstracted from the BF4
- counterions. This complex was the first literature example of a fluoride-bridged 

mixed-valence iron star and is notably due to the controlled incorporation of iron in three distinct spin 

states.26 

 Chapter three reports the formation of a flexible heterometallic trigonal bipyramid from a 

heteroditopic ligand, TREN and iron(II) and silver(I) salts. The ligand contains both a pyridyl-aldehyde 

unit and a bipyridine moiety capable of binding metal ions in their low-spin state. The resulting 

construct binds two iron(II) ions in the axial positions and three silver(I) ions in the equatorial plane. A 

series of structurally related trigonal bipyramidal architectures with different anionic guests 

encapsulated within the central cavity (BF4
-, PF6

- and SbF6
-) are reported. When a chloride ion is bound 

within the central cavity of the trigonal bipyramid direct coordination of the halide anion with the 

equatorial metal centres is observed. This increases the coordination number of the silver ions from four 

to five and indicates the potential opportunities for this architecture as a supramolecular catalyst. The 

final sections of this chapter details the replacement of the equatorial silver(I) ions with copper (I) and 

characterisation of the mixed metal [Fe2Cu3L6T2]7+ trigonal bipyramidal structure. Preliminary 

investigations into the effects of anions and phosphine at the copper(I) centres are also reported.62 



 44 

 The integrative sorting of an M4L6 tetrahedral iron(II) cage is reported in Chapter four. The 

heteroleptic cage, which incorporates one unique vertex, is formed through self-assembly of the 

heteroditopic ligand described in Chapter three alongside a symmetric bisbipyridine ligand in 

combination with TREN and iron(II) ions. When iron(II) perchlorate is used as the metal salt the 

integratively sorted cage is formed exclusively. In contrast, when other iron(II) salts are used (BF4
-, 

OTf- and NTf2
-), a mixture of a homoleptic cage formed with the symmetric bisbipyridine ligand, the 

heteroleptic cage and the mononuclear species [FeL3T]2+ were found to co-exist in solution.101 

The final chapter contains a number of miscellaneous polynuclear architectures formed from 

subcomponent self-assembly reactions. All the work is unpublished and all the complexes are either 

fully or partially characterised. These fundamental results have relevance to the work described in the 

preceding chapters, and may form the basis of future work.  
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8. Chapter Two: Paper One - Self-Assembly of a Trigonal Bipyramidal 

Architecture with Stabilisation of Iron in Three Spin States 
Lauren L. K. Taylor, Iñigo J. Vitorica-Yrezabal, Ivana Borilović, Floriana Tuna, and Imogen A. Riddell, 

2021, 57, 11252–11255. 
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9. Chapter Three: Paper Two - Mixed Metal Trigonal Bipyramidal 

Metal-Organic Cages with Adaptable Metal Coordination Centres 
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10. Chapter Four: Paper Three - Integrative Self-Sorting of an [Fe4L6]8+ 

Tetrahedron Governed by Anion Templation and Chelation 
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11. Miscellaneous Complexes 

The following work was carried out by LLKT, including all syntheses and characterisation. All 

complexes are either fully or partially characterised.  

 

11.1. General Methods 

Unless stated otherwise, all chemicals were supplied from Sigma-Aldrich, Fluorochem, Fisher 

Scientific, Alfa Aesar or Scientific Laboratory Supplies Ltd and used without further purification. 

Deuterated NMR solvents were supplied from Sigma-Aldrich and NMR spectra were recorded on a 

B500 Bruker Advance II+ 500 MHz spectrometer or a B400 Bruker AVIII 400. Chemical shifts are 

reported in parts per million (ppm). Coupling constants (J) are reported in hertz (Hz). Standard 

abbreviations indicating multiplicity were used as follows: s = singlet, d = doublet, t = triplet, dd = 

doublet of doublets, td = triplet of doublets m = multiplet. 1H assignments were made using 2D NMR 

methods (COSY, NOESY). High resolution mass spectra were obtained using a Thermo Orbitrap 

Exactive Plus Extended Mass Range mass spectrometer. X-ray data were processed and reduced using 

CrysAlisPro.1 Absorption correction was performed using empirical methods (SCALE3 ABSPACK) 

based upon symmetry-equivalent reflections combined with measurements at different azimuthal 

angles. The crystal structure was solved and refined against all F2 values using the SHELX and Olex2 

suite of programmes.2–4 All atoms were refined anisotropically. Hydrogen atoms were placed in 

calculated positions and refined using idealised geometries and assigned fixed isotropic displacement 

parameters. 
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11.2. Fluoride Bridged Analogues 

Chapter two reports the formation of a mixed spin-state trigonal bipyramidal complex with ligand L1, 

TREN and iron(II) tetrafluoroborate. The following results are attempts to synthesize analogous 

fluoride-bridged structures with alternative triamine molecules. Two triamine molecules were 

investigated in place of TREN: carbon based triamine 1,1,1-tris(aminoethyl)ethane (TAME) and 

nitrogen based tris(3-aminopropyl)amine (TRPN).  

 

11.2.1. Synthesis of [Fe6F6L6(TAME)2](BF4)7 

To the best of our knowledge, the largest self-assembled complexes containing TAME are simple 

mononuclear species formed with a variety of metals.5,6 We hypothesised that the reduced size of TAME 

compared with TREN could alter the coordination angles around the iron(II) in the trispyridylimine 

binding site, causing distortion of the resulting trigonal bipyramidal structure, or even formation of an 

alternative architecture. Formation of a TAME-incorporated multimetallic trigonal bipyramidal cage 

would be the first of its kind containing the triamine, and distortion of the cage could bring the metals 

closer in space, potentially increasing the F-mediated antiferromagnetic exchange between the 

peripheral high-spin Fe(II) ions and the central Fe(III) ion. 

The route followed was analogous to that of the [Fe6F6L6(TREN)2](BF4)7 (38) synthesis 

(scheme 1), but was carried out in a 1:1 acetonitrile:methanol mixture due to the solubility of the TAME 

hydrochloride salt. The reaction was a one-pot self-assembly reaction and a dark blue solid was isolated 

in a 15% yield. No crystals suitable for X-ray diffraction were grown and the complex was characterised 

by 1H NMR and mass spectroscopy.  

The corresponding 1H NMR spectrum was paramagnetic in nature with peaks as high as 70.04 

ppm (figure 1). The paramagnetic region was similar to that of [Fe6F6L6(TREN)2](BF4)7, with three 

singlets between 23 – 71 ppm. The mass spectrum supported the formation of a singular fluoride bridged 

complex containing TAME in solution, with the +2 to +7 peaks being clearly resolved. 
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Scheme 1. Subcomponent self-assembly of L1, TAME and iron(II) tetrafluoroborate to generate fluoride 

bridged complex 38. 

 

Experimental data 

Ligand L1 (15.1 mg, 94.78 µmol, 6 equiv), Fe(BF4)2.6H2O (16.2 mg, 47.9 µmol, 6 equiv) and  

TAME (3.6 mg, 30.8 µmol, 2 equiv) were dissolved in a 1:1 acetonitrile:methanol mixture (3 mL) 

giving a blue solution. This was heated (50oC, 24 hr) and the blue solution was layered with diethyl 

ether. The resulting blue precipitate was filtered and washed with chloroform to give a dark blue 

crystalline solid (11.4 mg, 4.63 µmol, 15%). [Accurate mass, m/z]: {Fe6L16F6(TAME)2}7+ = 351.6434 

{Fe6L6F6(TAME)2(BF4)}6+ = 424.7514, {Fe6L6F6(TAME)2(BF4)2}5+ = 527.1027, 

{Fe6L6F6(TAME)2(BF4)3}4+ = 680.3794, {Fe6L6F6(TAME)2(BF4)4}3+ = 936.1734, 

{Fe6L6F6(TAME)2(BF4)5}2+ = 1447.7629. 



 183 

 

Figure 1. 1H NMR (500 MHz, 1:1 CD3CN:MeOD, 298 K) spectrum of complex 38. Insert highlights 

the region between 5 – 75 ppm. 

 

 

Figure 2. High-resolution mass spectrum for a 1:1 acetonitrile:methanol solution of 

[Fe6F6L16(TAME)2]7+. Isotopic patterns corresponding to complex 38 are represented by red lines.  
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11.2.2. Attempted Synthesis of [Fe6F6L6(TRPN)2](BF4)7 

Self-assembled systems containing bisbidentate ligands have previously been shown to form larger 

structures with TRPN compared with TREN in the presence of d10 metal ions.7 We theorised that in the 

presence of TRPN, our system could form a larger, more flexible fluoride-bridged species in the 

presence of iron(II). The route followed was analogous to that of the [Fe6F6L6(TREN)2](BF4)7 synthesis 

(scheme 3). The reaction was a one-pot self-assembly reaction carried out on an NMR scale which 

yielded a purple solution. No crystals suitable for X-ray diffraction were grown and the resulting 

complex was characterised by 1H NMR and mass spectroscopy. 

The corresponding 1H NMR spectrum showed a broad set of peaks between 0.6 – 9.7 ppm and 

was indicative of a diamagnetic complex (figure 2). The system was inherently insoluble, suggesting 

the formation of a polymeric system, and began to precipitate out of solution after a period of 24 hours. 

The mass spectrum showed no evidence of complexation beyond the formation of a mononuclear 

[FeL13(TRPN)]2+ architecture.  

 

Scheme 2. Subcomponent self-assembly of L1, TRPN and iron(II) tetrafluoroborate to generate an 

intractable mixture. 

 

 

Experimental data 

Ligand L1 (2.5 mg, 7.96 µmol, 6 equiv), Fe(BF4)2.6H2O (2.8 mg, 8.29 µmol, 6 equiv) and  

TRPN (0.53 µL, 2.73 µmol, 2 equiv) were dissolved in deuterated acetonitrile (0.35 mL) and the 

resulting purple solution was added to a J-Young tube. The tube was sealed, and the solution was 

degassed by three vacuum/N2 fill cycles before being heated (50oC, 24 hr). [Accurate mass, m/z]: 

{FeL13(TRPN)}2+ = 566.2328. 
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Figure 3. 1H NMR (500 MHz, CD3CN, 298 K) spectrum of a mixture containing L1, TRPN and iron(II) 

tetrafluoroborate. 

 

11.3. Additional Complexes with Ligand 1 (L1) 

The following complexes were the result of initial reactions with L1, TREN and varying metal salts. It 

was hypothesised that L1 would be capable of forming cubic [M6L12T4]12+ complexes in the presence of 

TREN and appropriate metal ions. The formation of smaller self-assembled architectures proved to be 

more favourable in solution compared with a larger cubic structure, an outcome often seen in 

supramolecular self-assembled systems.8 

 

11.3.1. Complexation with Zinc(II) 

The attempted synthesis of a zinc(II) cubic structure resulted in the formation of a smaller [Zn4L6T2]8+ 

complex (39). This architecture was then purposefully formed by reacting four equivalents of zinc(II) 

perchlorate with six equivalents of ligand L1 and two equivalents of TREN in acetonitrile at 60oC 

(scheme 3). The 1H NMR spectrum of the yellow solution showed complete consumption of the 

aldehyde peak of the ligand (10.01 ppm) and formation of a new imine peak (8.76 ppm) indicating 

successful imine formation. The spectrum was indicative of a single symmetric species in solution and 

the mass spectrum reflected this finding. No crystals suitable for X-ray diffraction were grown for the 

complex. 
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Scheme 3. Subcomponent self-assembly of L1, TREN and zinc(II) perchlorate to generate proposed 

complex 39. 

 

Experimental data 

Ligand L1 (19.8 mg, 63.06 µmol, 6 equiv), Zn(ClO4)2.6H2O (15.7 mg, 42.16 µmol, 4 equiv) and  

TREN (3.14 µL, 21.45 µmol, 2 equiv) were dissolved in acetonitrile (0.35 mL) giving a yellow solution. 

This was heated (50oC, 24 hr) and the yellow solution was layered with diethyl ether. The resulting 

yellow precipitate was filtered and washed with chloroform to give a pale yellow solid (15.6 mg, 6.71 

µmol, 31%). 1H (500 MHz, 298 K, CD3CN): d = 8.76 (s, 1H, HC), 8.46 (d, 1H, HN, J = 8.32 Hz), 8.22 

(dd, 2H, HI, HH, J = 8.11, 2.06 Hz), 8.03 (d, 1H, HD, J = 7.85 Hz), 7.74 (d, 1H, HK, J = 8.46 Hz), 7.45 

(t, 2H, HM, J = 8.28 Hz), 7.25 (s, 1H, HG), 7.02 (t, 1H, HL, J = 7.35 Hz), 6.69 (dd, 2H, HE, HF, J = 5.08, 

1.22 Hz), 4.19 (s, 3H, HJ), 3.94 (t, 1H, HB, J = 11.60 Hz), 3.67 (dd, 1H, HB, J = 12.01, 3.35 Hz), 3.20 

(dd, 1H, HA, J = 13.60, 3.62 Hz), 2.98 (td, 1H, HA, J = 20.33, 3.72 Hz). [Accurate mass, m/z]: 

{Zn4L16T2}8+ = 291.5807, {Zn4L16T2(BF4)}7+ = 348.0623, {Zn4L16T2(BF4)2}6+ = 421.7573, 

{Zn4L16T2(BF4)3}5+ = 525.0804, {Zn4L16T2(BF4)4}4+ = 682.1102, {Zn4L16T2(BF4)5}3+ = 943.1300, 

{Zn4L16T2(BF4)6}8+ = 1464.1701. 
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Figure 4. 1H NMR (500 MHz, CD3CN, 298 K) spectrum of complex 39. 

 

 

Figure 5. High-resolution mass spectrum for an acetonitrile solution of complex 39. Isotopic patterns 

corresponding to 39 are represented by red lines.  
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11.3.2. Complexation with Cadmium(II) 

Cadmium(II) has a larger ionic radius than zinc(II)9 and it was theorised that in the presence of Cd(II) 

the formation of a cubic architecture would be more feasible due to the alleviation of any potential strain 

that could be present at the vertices of the structure. The attempted synthesis of a [Cd6L112T4]12+ cubic 

assembly resulted in the formation of a dinuclear [Cd2L13T]4+ helicate (scheme 4, 40). The increased 

ionic radius of cadmium(II) allows the L13T moiety to favourably wrap around two metal cations, 

forming an entropically favourable helical structure in solution. Single crystals of 40 were grown 

through diffusion of diethyl ether into an acetonitrile solution containing the complex.  

The 1H NMR spectrum was indicative of a single symmetric species in solution with evidence 

of imine peak formation at 8.73 ppm following complexation of cadmium(II) within the 

trispyridylimine site.  

Compared with iron(II), cadmium(II)-nitrogen bond lengths are relatively long  

(1.968 Å and 2.366 Å respectively).10,11 Mass spectral evidence for 40 demonstrated a high degree of 

fragmentation and we postulate the longer Cd-N bonds decrease the stability of the overall structure. 

 

Scheme 4. Subcomponent self-assembly of L1, TREN and cadmium(II) perchlorate to generate helicate 

40. 
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Experimental data 

Ligand L1 (5.3 mg, 16.88 µmol, 3 equiv), Cd(ClO4)2.xH2O (3.5 mg, 11.24 µmol, 2 equiv) and  

TREN (0.82 µL, 5.63 µmol, 2 equiv) were dissolved in deuterated acetonitrile (0.35 mL) and the 

resulting orange solution was added to a J-Young NMR tube. The tube was sealed, and the solution was 

degassed by three vacuum/N2 fill cycles before being heated (50oC, 24 hr). NMR assignment is based 

on the labels in scheme 3. 1H (400 MHz, 298 K, CD3CN): d = 8.94 (s, 1H, HF), 8.73 (s, 1H, HC), 8.46 

(d, 1H, HG, J = 7.08 Hz), 8.38 (d, 1H, HH, J = 7.72 Hz), 8.18 (d, 1H, HE, J = 5.40 Hz), 7.90 (d, 1H, HI, 

J = 7.24 Hz), 7.72 (broad singlet, 1H, HD), 7.62 (d, 2H, HN, HK, J = 7.28 Hz), 7.44 (t, 1H, HM, J = 7.30 

Hz), 7.39 (t, 1H, HL, J = 7.10 Hz), 4.14 (s, 3H, HJ).  

 

 

Figure 6. 1H NMR (400 MHz, CD3CN, 298 K) spectrum of complex 40. 
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Figure 7. High-resolution mass spectrum for an acetonitrile solution containing L1, TREN and 

cadmium(II) perchlorate. Isotopic patterns corresponding to complexes are represented by red lines.  

 

11.3.3. Formation of a Mixed-Ligand Tetrahedron Containing L1 

The formation of ligand L1 is achieved through a five step synthetic route which includes two Suzuki 

coupling reactions. The reaction conditions in scheme 5 facilitated an Ullmann-type cross coupling 

reaction resulting in the formation of bisbenzimidazole molecule 6,6'-bis(1-methyl-1H-

benzo[d]imidazol-2-yl)-3,3'-bipyridine (L2) in an amount too small to be quantified by NMR or mass 

spectrometry. 
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Scheme 5. Suzuki coupling reaction of 2-(dimethoxymethyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pyridine and 2-(5-bromopyridin-2-yl)-1-methyl-1H-benzo[d]imidazole, forming the 

protected version of L1 as the major product, and L2 as the minor product. 

 

Without further purification, the major product in scheme 5 was deprotected and reacted with 

TREN in the presence of Fe(BF4)2 to form the fluoride-bridged complex described in chapter two. One 

batch of crystals grown from a solution containing this reaction mixture were identified as a mixed-

ligand tetrahedron containing both L1 and the bisbenzimidazole ligand L2 (scheme 6). Similar to the 

mixed-ligand tetrahedron reported in chapter four, the structure contained four equivalents of iron(II) 

bound by three equivalents of each ligand, and incorporated one TREN molecule. Ligands similar to L2 

have previously been synthesized and used in combination with ruthenium(II) to form dinuclear 

complexes capable of catalysing the reduction of CO2.12 
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Scheme 6. Subcomponent self-assembly of L1, L2, TREN and iron(II) tetrafluoroborate to generate 

tetrahedral architecture [Fe4L13L23T2]8+ (41). 

 

The tetrahedral architecture contains three equivalents of each ligand, L1 and L2, as well as four 

Fe(II) centres at the vertices and two TREN molecules. Two of the iron centres are bound in a 

trispyridylimine binding site and two are bound by three benzimidazole motifs. The bond valence sum 

analysis carried out in chapter two (ESI) was used here to characterise all four metal centres in this 

mixed-tetrahedron as low-spin iron(II). 

 

Figure 8. The two binding sites identified in this mixed-ligand tetrahedron are A: the trispyridylimine 

binding site and B: the trisbenzimidazole binding site, both of which bind iron(II) in the low-spin state 

in this complex. Figures were obtained from the single-crystal X-ray structure where purple: low-spin 

iron(II); blue: nitrogen; grey: carbon, and the extended ligand structure was omitted for clarity. 

 

The direct formation of ligand L2 and subsequently the self-assembly of 41 could allow the 

self-sorting phenomenon described in chapter four to be explored more extensively.   
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11.4. Introductory Self-Assembly Reactions 

A number of commercial diamino ligands were investigated early in the project to determine if 

interesting or useful species could be self-assembled. Ligand L3 is a dianiline molecule containing a 

flexible ethyl spacer between two phenyl rings (scheme 7). This ligand has previously been shown to 

form metal-organic frameworks in the presence of 2-pyridine carboxaldehyde (PyA) and zinc(II) 

nitrate.13,14 The incorporation of ligands containing aliphatic linkers is rare in the formation of discrete 

architectures, as systems frequently contain highly conjugated ligands with rigidity.  

Structurally similar ligands with more rigid spacers have been shown to form discrete 

tetrahedral architectures with iron(II) tetrafluoroborate in acetonitrile,15 but these structures showed no 

evidence of anion encapsulation. Subcomponent self-assembly reactions with ligand L3, 2-pyridine 

carboxaldehyde and iron(II) tetrafluoroborate were investigated and the subsequent tetrahedron formed 

was shown to bind a hexafluoroantimonate anion in the solid state. 

 

Scheme 7. Subcomponent self-assembly of L3, 2-pyridine carboxaldehyde and iron(II) tetrafluoroborate 

to generate tetrahedral complex [Fe4L36(PyA)12]8+ (42). The addition of sodium hexafluoroantimonate  

(1 equiv) resulted in the encapsulation of an SbF6
- anion within the central cavity of the architecture.  

 

 

The 1H NMR spectrum is deceptively simple but proved unassignable due to more than one 

structure existing in solution. Mass spectral data supports the existence of a dynamic mixture of 

[Fe4L36(PyA)12]8+ tetrahedron and [Fe2L33(PyA)6]4+ helicate. 
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Experimental data 

Ligand L3 (202 mg, 0.95 mmol, 6 equiv), Fe(BF4)2.6H2O (218 mg, 0.64 mmol, 4 equiv) and  

2-pyridine carboxaldehyde (0.18 mL, 1.9 mmol, 12 equiv) were dissolved in acetonitrile (10 mL) giving 

a purple solution. This was heated (50oC, 24 hr) and the yellow solution was layered with diethyl ether. 

The resulting purple precipitate was filtered and washed with chloroform to give a purple solid (470 

mg, 0.20 mmol, 31%). SbF6
- was introduced as NaSbF6 into a solution containing tetrahedral 

architecture [Fe4L36(PyA)12]8+. [Accurate mass, m/z]: {Fe4L36(PyA)12}8+ = 320.6056, 

{Fe4L36(PyA)12(BF4)}7+ = 378.6056, {Fe4L36(PyA)12(BF4)2}6+ = 456.4761, {Fe4L36(PyA)12(BF4)3}5+ = 

565.3724, {FeL33(PyA)6}2+ = 613.2441, {Fe4L36(PyA)12(BF4)4}4+ = 728.2157, {Fe4L36(PyA)12(BF4)5}3+ 

= 999.9564, {Fe4L36(PyA)12(BF4)6}8+ = 1543.4366. 

 

Figure 9. 1H NMR (500 MHz, CD3CN, 298 K) spectrum of subcomponent self-assembly reaction 

containing of L3, 2-pyridine carboxaldehyde and iron(II) tetrafluoroborate. 
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Figure 10. High-resolution mass spectrum for an acetonitrile solution of 42. Isotopic patterns 

corresponding to complex 42 are represented by red lines. 
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11.5. X-Ray Crystallography 

The X-ray crystallography data for 40, 41 and 42 were collected by IVY either at Diamond Light Source 

or in house. All data was refined by LT. Data is not processed to publication standard.   

 

Data αCollection. X-Ray data for compounds 40 and 42 were collected at a temperature of 100 K using 

a synchrotron radiation at the single crystal X-ray diffraction beamline I19 in Diamond Light Source,16 

equipped with a Pilatus 2M detector and an Oxford Cryosystems nitrogen flow gas system. Data were 

measured using GDA suite of programs. X-Ray data for compound 41 was collected at 150(2) K using 

a Rigaku FR-X four circle diffractometer with a Hypix-6000HE HPC detector and FR-X microfocused 

rotating anode Cu Ka radiation source (l = 1.54146). 

 

Crystal Structure Determinations and Refinements. X-Ray data were processed and reduced using 

CrysAlisPro suite of programmes. Absorption correction was performed using empirical methods 

(SCALE3 ABSPACK) based upon symmetry-equivalent reflections combined with measurements at 

different azimuthal angles.17–19 The crystal structure was solved and refined against all F2 values using 

the SHELXL and Olex 2 suite of programmes.3,4 
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Table 1. Crystallographic information for 40. 

 

 

 

 

 

 

 

 

 

 

 

  

Identification code 40 

Empirical formula C63H41Cd2Cl3.7N16O12.66 

Formula weight 1580.69 

Temperature/K 293(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 15.227(3) 

b/Å 17.805(2) 

c/Å 27.372(6) 

α/° 90 

β/° 98.025(17) 

γ/° 90 

Volume/Å3 7348(2) 

Z 4 

ρcalcg/cm3 1.429 

μ/mm-1 0.723 

F(000) 3165.0 

Crystal size/mm3 0.1 × 0.1 × 0.1 

Radiation Synchrotron (λ = 0.6889) 

2Θ range for data collection/° 2.618 to 49.92 

Index ranges -16 ≤ h ≤ 16, -17 ≤ k ≤ 19, -28 ≤ l ≤ 30 

Reflections collected 28500 

Independent reflections 10707 [Rint = 0.1756, Rsigma = 0.2614] 

Data/restraints/parameters 10707/796/773 

Goodness-of-fit on F2 1.168 

Final R indexes [I>=2σ (I)] R1 = 0.2443, wR2 = 0.5471 

Final R indexes [all data] R1 = 0.3895, wR2 = 0.5877 

Largest diff. peak/hole / e Å-3 1.80/-0.83 
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Table 2. Crystallographic information for 41. 

Identification code 41 

Empirical formula C137H108B7F28Fe4N36 

Formula weight 3089.66 

Temperature/K 100.01(10) 

Crystal system triclinic 

Space group P-1 

a/Å 21.1326(7) 

b/Å 21.5618(11) 

c/Å 22.7778(10) 

α/° 91.570(4) 

β/° 106.649(3) 

γ/° 106.297(4) 

Volume/Å3 9478.4(7) 

Z 2 

ρcalcg/cm3 1.083 

μ/mm-1 3.056 

F(000) 3146.0 

Crystal size/mm3 0.1 × 0.1 × 0.1 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.078 to 90.92 

Index ranges -19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -19 ≤ l ≤ 21 

Reflections collected 58483 

Independent reflections 15546 [Rint = 0.0634, Rsigma = 0.0677] 

Data/restraints/parameters 15546/1505/1960 

Goodness-of-fit on F2 2.153 

Final R indexes [I>=2σ (I)] R1 = 0.2127, wR2 = 0.5117 

Final R indexes [all data] R1 = 0.2548, wR2 = 0.5329 

Largest diff. peak/hole / e Å-3 2.21/-0.58 
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Table 3. Crystallographic information for 42. 

Identification code 42 

Empirical formula C30H20N4ClFe4ISb0.25F0.25O0.25 

Formula weight 734.54 

Temperature/K 293(2) 

Crystal system monoclinic 

Space group Cc 

a/Å 31.0550(6) 

b/Å 21.1585(5) 

c/Å 31.6300(7) 

α/° 90 

β/° 95.176(2) 

γ/° 90 

Volume/Å3 20698.6(8) 

Z 4 

ρcalcg/cm3 0.236 

μ/mm-1 0.301 

F(000) 1464.0 

Crystal size/mm3 0.1 × 0.1 × 0.1 

Radiation Synchrotron (λ = 0.6889) 

2Θ range for data collection/° 3.288 to 72.348 

Index ranges -51 ≤ h ≤ 50, -35 ≤ k ≤ 34, -53 ≤ l ≤ 52 

Reflections collected 212853 

Independent reflections 94321 [Rint = 0.0824, Rsigma = 0.1172] 

Data/restraints/parameters 94321/2/953 

Goodness-of-fit on F2 1.884 

Final R indexes [I>=2σ (I)] R1 = 0.1956, wR2 = 0.4323 

Final R indexes [all data] R1 = 0.3148, wR2 = 0.4610 

Largest diff. peak/hole / e Å-3 5.05/-2.92 

Flack parameter 0.490(9) 
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12. Conclusion and Outlook 
The work presented in this thesis has explored the design, synthesis and characterisation of three-

dimensional architectures formed through subcomponent self-assembly reactions between 

heteroditopic ligands and transition-metal ions. This contribution is significant given the relatively scant 

literature that currently contributes to this area of self-assembly, and it opens up opportunities to develop 

metal-organic structures incorporating heteroditopic ligands and metal ions with inequivalent 

coordination environments. The results discussed have investigated complex architectures using a 

number of characterisation techniques including NMR spectroscopy, mass spectrometry, magnetic 

measurements and X-ray crystallography. 

 Chapter two discusses the formation of a mixed spin-state trigonal bipyramidal architecture 

formed through the self-assembly of a benzimidazole-based heteroditopic ligand, TREN and iron(II) 

tetrafluoroborate. From a self-assembly perspective the design of this system is interesting as it allows 

a remarkable number of fluoride ions to be abstracted from the tetrafluoroborate counterions, whilst 

simultaneously oxidising one of the iron(II) centres to iron(III). The central [FeIII(μ2-F)6(FeII)3]3+ star 

motif incorporates three high-spin iron(II) centres which are stabilised in this spin-state by the 

benzimidazole motifs present in the ligand structure, and a central high-spin iron(III) ion bound through 

the six bridging fluorides. The paramagnetic nature of high-spin iron(II) and iron(III) also make this 

compound interesting for magnetic applications. An analogous fluoride bridged structure in which the 

TREN molecules were replaced with TAME is discussed in Chapter five, highlighting how subtle 

changes in the subcomponent mixture still permits the formation of mixed-valence fluoride-bridged 

complexes. The synthesis of such compounds opens up the potential for structurally and electronically 

similar trigonal bipyramidal complexes to be synthesised for possible applications in molecular 

magnetism. This work utilised NMR spectroscopy during the characterisation process, and included a 

rare example of DOSY NMR spectroscopy of a paramagnetic complex. 

 In Chapter three, the formation of bimetallic trigonal bipyramidal architectures from a 

bipyridine-based heteroditopic ligand were reported. A series of structurally analogous complexes with 

general formula [Fe2Ag3L6T2]7+ were synthesised and crystallographically characterised, where two 

iron(II) centres were bound at the apex of the structure, and three silver(I) ions were bound in the 

equatorial plane. The X-ray crystal structures of these complexes highlighted the ability of the complex 

to encapsulate the polyatomic spherical anions BF4
-, PF6

- and SbF6
- within the architecture’s central 

cavity. The structure was able to elongate in order to facilitate the binding of a µ3-Cl ion to the three 

silver(I) centres, subsequently changing each silver(I) ions coordination number from four to five. This 

observation was characterised crystallographically and opened up the possibility for catalytically active 

metals, such as copper, to be incorporated within the structure. This idea was investigated and two 

bimetallic iron-copper architectures with formulas [Fe2Cu+
3L6T2]7+ and [Fe2Cu+

3L6T2(Cl)3]7+ were 
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synthesised. The ability for both copper(I) and copper(II) to be incorporated in the equatorial sites of 

the structure is promising for potential redox switching at each of the copper centres.  

Self-assembly of the copper(II)-containing trigonal bipyramid proceeded in the presence of 

NaCl to allow complete saturation of the copper(II) coordination sites, and mass spectral analysis 

supported the formation of an iron(II)/copper(II) trigonal bipyramid with three chloride ions 

incorporated. The position of the chloride atoms could not be determined by mass spectrometry, and 

efforts to grow single crystals of the complex are ongoing. 

Interestingly, when NaCl was introduced into a solution containing the copper(I) analogue 

[Fe2Cu+
3L6T2]7+, one chloride ion bound to one of the copper centres, oxidising it to copper(II) and 

changing the coordination number from four to five. This observation is a key feature of catalytic 

copper(I)/copper(II) complexes, and the mixed-valence structure was characterised by X-ray 

crystallography. We envisage that further investigation into catalysis at the copper sites within this 

structure could result in the formation of a new class of supramolecular catalysts. 

 Chapter four investigates the self-sorting phenomena of heteroleptic tetrahedra and reports the 

first example of an integratively self-sorted [M4L6]8+ tetrahedron. Careful selection of amine and metal 

salt counterion allowed control over a system containing two very similar ligands to be obtained, 

resulting in the exclusive formation of an iron(II) tetrahedron with one unique vertex. When the 

counterion in the system was BF4
-, OTf- or NTf2

-, a dynamic mixture of homo- and heteroleptic 

tetrahedra, as well as mononuclear [FeL3T]2+ were observed. Contrastingly, when the counterion was 

ClO4
-, the heteroleptic tetrahedron was obtained solely. Characterisation of crystallographic data for 

[FeL3T](X)2 (where X= BF4
-, OTf-, NTf2

- or ClO4
-) highlighted the unique incorporation of a central 

ClO4
- anion within the three arms of the structure. This feature was only observed for the mononuclear 

perchlorate system, highlighting preorganisation in the [FeL3T](ClO4)2 structure as a driving force for 

the exclusive formation of the heteroleptic tetrahedron from a mixture of ligands. Understanding the 

anion-induced integrative self-sorting observed within this system is crucial for further exploration of 

heteroleptic systems and their potential for applications in areas such as separation and catalysis.  

 Throughout this thesis, the self-assembly of heteroditopic ligands in combination with 

transition metal ions are investigated. The design, formation and characterisation of complex three-

dimensional architectures are reported, and both homo- and heterometallic systems are investigated. 

Chapters two and three highlight the site-specific binding of metal ions due to the incorporation of 

different binding sites within the same ligand. We have utilised X-ray crystallography to characterise 

such structures and the subsequent binding of different anions within their central cavity space. 

 Further investigations into the connectivity and coordination environments present in the 

iron(II)/copper(I/II) systems is key to determine the potential catalytic activity of the compounds. 

Additional experiments will explore the potential for the copper centres to bind phosphines and 
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additional anions, and will determine the redox potentials of the copper ions in order to determine the 

compounds capability as a transition metal catalysis. Incorporation of different metal ions into this 

structure will also be explored to determine the effect that both metal ion radii and alternation in the 

coordination sphere has on the resulting architectures.   

 The formation of a TAME-based fluoride bridged compound is discussed in Chapter five. This 

compound was analogous to the mixed spin-state complex discussed in Chapter two, but was formed in 

a 1:1 mixture of acetonitrile:methanol. Chapters three and four report the formation of architectures 

which incorporate TREN, and further studies will investigate how the substitution of TREN for TAME 

in these examples, and thus the change from acetonitrile to a 1:1 acetonitrile:methanol mixture, will 

affect the self-assembly and the subsequent structures that form. For the heteroleptic system discussed 

in Chapter four, a change in solvent could affect the parameters that govern the sorting of the system. 

 This thesis details the self-assembly of transition metal ions with two different heteroditopic 

ligands, one benzimidazole-based ligand and one bipyridine-based ligand. Modification of these to 

include additional functionality will further expand the scope of this underreported area. Addition of 

solubilising groups to heteroditopic ligands has already been explored by the group and has allowed the 

formation of water-soluble three-dimensional constructs, which opens up potential for these compounds 

to have biological applications. Increasing the length of the ligand will also be investigated in order to 

synthesize larger, more complex constructs which are expected to expand the encapsulation abilities of 

this class of compound.  

 


