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Abstract 

The aim of this thesis was to synthesise and characterise the DNA binding of novel 

structures based on a supramolecular cylinder. These structures are designed to retain the 

three way junction binding properties of the parent cylinder, while making modifications 

which have the potential to change DNA binding properties such as binding capacity, 

selectivity and control. 

The first chapter provides an introduction to non-canonical DNA structures and 

the ligands which have been developed to bind them. In chapter 2, the synthesis of new 

supramolecular cylinders, a trinuclear helicate and an asymmetric helicate, is 

investigated. A method for post assembly modification of a cylinder analogue is 

developed in chapter 3, which is then used to synthesise the first rotaxane from a 

supramolecular helicate via a capping mechanism. These structures are analysed by mass 

spectrometry and NMR. Finally, the DNA binding of a cylinder analogue and the rotaxane 

is investigated using UV Visible spectroscopy, circular dichroism and linear dichroism in 

chapter 4. 
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List of Abbreviations 

(prep/RP)HPLC (Preparatory/Reverse Phase) High Pressure Liquid Chromatography 

3H(Sn) Three Way Junction (with n unpaired bases at the junction) 

3WJ  Three Way Junction 

4WJ Four Way Junction 

5'-UTR Untranslated Region, at the 5' end of a DNA strand. 

A Adenine, DNA base 

AFM Atomic Force Microscopy 

C Cytosine, DNA base 

CBn Cucubit[n]uril 

CD Circular Dichroism 

COSY Correlated Spectroscopy 

ctDNA Calf Thymus DNA 

DCM Dichloromethane 

DIPEA N,N-Diisopropylethylamine, Hunig's base 

DMF Dimethyl Formamide 

DMS Dimethyl Suphide 



DMSO Dimethyl Sulphoxide 

DNA Deoxyribonucleuic Acid, preceeded by alternative letters to indicate a 

specific structure (commonly A, B or Z). Can also be preceeded by ss 

(single stranded) or ds (double stranded). 

DOSY Diffusion Ordered Spectroscopy 

ES Electrospray Ionisation 

G Guanine, DNA base 

GQ G-Quadruplex 

HMBC Heteronuclear Multiple Bond Correlation 

HSQC Heteronuclear single quantum coherence 

i-motif Intercalated motif 

ICD Induced Circular Dichroism 

ILD Induced Linear Dichroism 

LCMS Liquid Chromotography Mass Spectrometry 

LDr Reduced LD Signal 

mCPBA meta-Chloroperoxybenzoic Acid 

MEC Molar Extinction Coefficient 

MLCT Metal Ligand Charge Transfer 



N (Within a base sequence) refers to an unspecified base. 

NMR Nuclear Magnetic Resonance 

NOESY Nuclear Overhauser Effect Spectroscopy 

RNA Ribonucleic Acid, preceeded by a letter to indicate a specfic structure 

and function (commonly m, messenger, or t, transfer). 

ROESY Rotating Overhauser Effect Spectroscopy 

SWNTs Single Walled Carbon Nanotubes 

T Thymine, DNA base 

TMPyPx Tetra-(N-methyl-x-pyridyl)porphine, where x=2 or 4 

TOF MS EI Time of Flight Mass Spectrometry Electron Ionisation 

UV Vis Ultra-Violet Visible 

VdW Van der Waals 

 

  



 

Ligands 

 
L Parent Ligand (C25H20N4) 

Lasym Asymmetric Ligand (C22H118N6) 

Lhalf Half Ligand (C18H16N4) 

Lim2 2-Imidazole Ligand (C21H18N6) 

Lim4 4-Imidazole Ligand (C21H18N6) 

Lmod Modified (Alkylated) Ligand (C32H28N8) 

Ltri Trinuclear Ligand (C42H36N6) 
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Chapter 1:  

BINDING NON-CANONICAL STRUCTURES OF DNA 
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1.1.Introduction 

Double helical B-DNA is the prominent form of deoxyribonucleic acid (DNA) in 

our cells and so is by far the most thoroughly studied. It is important to remember that 

DNA is a dynamic molecule with a plethora of possible structures, some of which have 

been well characterised while others we are still debating the existence of in vivo. 

Sequences with the ability to form non-canonical structures of DNA have been found 

throughout the human genome1,2 and are often found at specific functional sites such as 

telomeres3,4 and gene promotor regions5,6, suggesting a possible regulatory role in cells. 

By developing novel DNA-binding molecules that target specific structures of DNA, we 

may be able to manipulate the regulation and expression of DNA without having to 

enforce sequence specificity. 

This review aims to survey examples of these non-canonical structures and some 

of the molecules that have been developed to bind to them. 

 

1.2.Helical DNA 

Structure of B-DNA 

DNA is known for its double stranded, helical structure (see Figure 2b). The 

backbones are formed from deoxyribose sugars linked by phosphodiester groups and run 

antiparallel to generate the right handed helix7,8. Bound to the deoxyribose moieties are 

nitrogen bases which lie perpendicular to the helical axis and hydrogen bond to the bases 

of the adjacent backbone to hold the chains together. The four possible nitrogen bases 

(adenine, A, cytosine, C, guanine, G, and thymine, T) are split into two groups. Larger 

purine bases (A, G) have two aromatic rings while the smaller pyrimidine bases (C and 
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T) have only one aromatic ring. In their keto tautomeric form each base has a specific 

pattern of hydrogen acceptors and donors which is complimentary to one other base (A 

to T, C to G). Consequently, Watson-Crick base pairing always binds a purine to a 

pyrimidine base so the duplex is maintained at a relatively constant width, with minor 

changes dependent on the exact base sequence. The base pairs hold the backbones at an 

angle forming a wide major groove and a narrow minor groove9. 

Watson-Crick binding is not the only possible hydrogen bonding between bases, 

although it is the most common in DNA. Hoogsteen base pairing (see Figure 1) uses a 

different side of the bases to the Watson Crick edge, allowing bonds to be formed between 

two bases which are not necessarily purine and pyrimidine10. While this base pairing is 

not used in B-DNA, it is extremely relevant in non-canonical structures, as will be 

discussed later. 

 

Figure 1: Watson-Crick base pairing (top) and Hoogsteen base pairing (bottom). GC+ Hoogsteen base pairing 

requires a protonated cytosine. R is a deoxyribose sugar of the DNA backbone. 
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Other Helical DNA Structures 

Alternative helical structures are less common in the nucleus. A-DNA is another 

right handed double helix with a smaller pitch than B-DNA and 11 base pairs per helical 

turn (compared to 10 base pairs in B-DNA). To preserve the Van der Waals separation in 

the more condensed A-DNA, the bases are tilted by 20o 9. Unlike B-DNA, where all the 

bases lie on the helical axis, the bases are displaced towards the minor groove which 

creates a 3 Å central cavity, decreases the depth of the minor groove, and increases the 

depth of the major groove (see Figure 2a). A-DNA is formed by ribonucleic acids (RNA) 

and by DNA at low humidity11. 

Z-DNA is a left-handed helix and so differs dramatically from A-DNA and B-

DNA9. The backbone forms a characteristic zigzag as alternating sugar moieties have a 

C2’ and C3’ endo pucker while the glycosidic bonds take a syn or anti conformation. The 

minor groove is deep enough to contain the helical axis, forcing the major groove to take 

a convex shape which exposes the bases to the environment. Z-DNA has an extended 

helical pitch compared to B-DNA with 12 base pairs per helical turn (see Figure 2c) and 

is stabilised by high salt conditions. 

 

Figure 2: Different helical conformations of DNA; a) A-DNA with small helical rise and central hydrophobic cavity 

(PDB: 2dcg)12, b) B-DNA with base pairs sitting on the helical axis (PDB: 1bna)13, and c) Z-DNA showing the zigzag 

of the backbone and longer helical axis (PDB: 142d)14. Inspired by figure in Reference 15.15 
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Binding to DNA 

There are three main constituents of DNA which can be targeted by binding 

molecules: the major and minor grooves (groove binding), the backbone (backbone 

binding) and the bases (intercalation and covalent modification). Any combination of 

these modes of binding can be used by a single molecule16,17. 

The major groove shows significant structural variation. The width and charge 

distribution in the groove are dependent on the local base sequence which allows ligands 

capable of hydrogen bonding to distinguish between specific binding sites. Proteins may 

contain alpha-helical units that are too large to bind in the minor groove but fit snugly 

into the major groove17. For minor groove binding, proteins normally use a smaller beta-

sheet structure which can fit into the deeper groove. Van der Waals (VdW) and 

electrostatic forces are utilised in binding due to the decreased variation in charge 

distribution, however sequence specific minor groove binders which use hydrogen 

bonding have been discovered18. 

Backbone binding is often used in conjunction with other binding mechanisms. 

Cationic residues cause electrostatic attraction and hydrogen bonds to form with the 

phosphodiester bond of the backbone. Backbone tracking, where a molecule relies 

primarily on backbone binding, has been observed in a synthetic inorganic complex19,20. 

Opening up the hydrophobic gap between two neighbouring base pairs allows 

intercalation of a planar molecule with an extended aromatic surface17,21. The aromatic 

rings of the base pairs can then π-stack onto the aromatic ligand much like they would 

onto an adjacent base pair. Distortion of the base pairs next to the intercalating molecule 

leads to slight unwinding of the double helix and is a possible cause of the neighbour 
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exclusion principle9. A similar type of binding occurs when a ligand with a wider aromatic 

surface inserts at a mismatch site. This prevents unwinding of the duplex but causes 

greater overall distortion as the two mismatched bases are ejected from the helix and the 

binding molecule takes their place22. Generally organic ligands do not show sequence 

specificity, however metal complexes allow co-ordination of further ligands capable of 

groove or backbone binding. Unsaturated metal complexes are also capable of directly 

co-ordinating to electron donor atoms in the bases, which is the binding mode of cis-

platin20,23. 

 

1.3.G-Quadruplexes 

Structure 

G-quadruplexes (GQs) are stacked structures found in G-rich sections of DNA. 

Sets of four G bases held together by Hoogsteen bonds form tetrads in which the bases 

are related by a four-fold symmetry axis (see Figure 3a)2,9. These tetrads are π-stacked 

forming the GQ structure 4,9 which has a partially negatively charged channel running 

down the centre, lined by the O-6 of the G carbonyls.9 The exact configuration of the GQ 

is dependent on the base sequence of the G motif, number of strands involved (mono-, di- 

or tetramolecular) and the orientation of the DNA backbone (parallel, antiparallel, 

hybrid)2,4,24. 
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Figure 3: The structure of a G-quadruplex. a) the G bases form a tetrad via Hoogsteen base pairing which then stack 

to form the quadruplex, and b) some examples of the different possible topologies of a G-Quadruplex. Inspired by 

image from from Reference 2.2 

GQs can also be stabilised by a number of internal factors, such as loop length 

and number of G-tracts, or external factors, such as monovalent ions (Na+, K+), which 

electrostatically bind the negatively charged cavity2,24,25, as well as GQ binders4. 

Sequences capable of forming GQs are summarised by the consensus sequence (G3+N1-

7G3+N1-7G3+N1-7G3+), which describes four G tracts each containing at least 3 guanine 

bases to form the tetrads. The sequence is used to screen for GQ forming sequences (or 

G motifs) in the human genome, and over 300,000 have been found.2,4 These sequences 

tend to cluster in functional areas such as promotor regions6, intron/exon boarders, at 

regions coding for 5’-UTRs, and most commonly at telomeres2,4. Considering these 

sequences are conserved in human populations4, it is likely that they play a functional 

role in the human genome. 

One of the best studied G motifs is the human telomere repeat sequence 

(TTAGGG). The telomere region is of interest as many tumours have shown increased 

telomerase activity which is a cause of cancer cell immortality. Telomerase activity can 

be inhibited by stabilising the GQ2,26–29. 

Another well studied G-motif is within the MYC promotor2,6 which is often used 

as a model to investigate the role of GQs in promotor regions. In addition, the MYC 
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protein is a broad transcriptional activator upregulated in many cancer cell lines. 

Formation of GQs by negative supercoiling in the promotor region of the MYC gene can 

reduce proliferation and MYC expression6. 

 

G-Quadruplex Binding Ligands 

There are three main modes of binding to G-quadruplexes: intercalation, where 

planar aromatic molecules stack between the tetrads of the G-quadruplex; outer binding, 

where the ligand is able to bind to the grooves or loops of the G-quadruplex; and end-

stacking, in which a planar aromatic molecule π-stacks onto a terminal tetrad of the G-

quadruplex. The latter is the only mode that cannot be used as a method of binding to 

duplex DNA, and therefore provides selectivity in binding29. 

 

1.3.2.1.Porphyrins 

Porphyrins are macrocyclic ligands which rely heavily on π-stacking interactions 

to bind to GQs, as demonstrated by TMPyP4 (tetra-(N-methyl-4-pyridyl)porphine)28. The 

extended planar aromatic face of the TMPyP4 molecule (see Figure 4a) is able to π-stack 

onto the terminal tetrad of the GQ where the aromatic faces of the G bases are exposed. 

Additional hydrophobic interactions between the aromatic surfaces and electrostatic 

interactions between the methylpyridinium of TMPyP4 and backbones of the DNA help 

stabilise the G-quadruplex. 
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Figure 4: The structure of TMPyP4 (a), TMPyP2 (b) and the metal co-ordinated TMPyP4 complexes (c). 

By investigating analogues of TMPyP4, including TMPyP2, it has been shown 

that stacking interactions are vital for successful GQ binding, and that up to two of the 

cationic methylpyridinium units can be substituted by pyridine rings containing hydrogen 

bonding groups, such as alcohol or nitro groups, for increased binding ability27. The 

importance of π-stacking is demonstrated by TMPyP2, a TMPyP4 isomer, in which the N-

methyl groups are in the ortho rather than the para position of the meso pyridine ring (see 

Figure 4b). Changing the position of the methyl groups to ortho causes the pyridine rings 

to twist out of the planar arrangement which sterically blocks the aromatic surface of the 

porphyrin, preventing π-stacking24,27. These methylpyridinium moieties must be in the 

meso position to lie in the GQ groove while the cationic groups are aligned with the DNA 

backbone. Moving these groups causes steric clash of the ligand with the backbone so 

hinders binding27. Unfortunately TMPyP4 shows little selectivity for GQs and can bind 

to multiple secondary structures of DNA30. 

Metalloporphyrins bind to G-quadruplexes provided that the geometry of the 

metal ion does not sterically block π-stacking of the porphyrin onto the terminal tetrad of 

the G-quadruplex structure. Square pyramidal ZnTMPyP4 and square planar CuTMPyP2 
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are both capable of binding to GQs with ZnTMPyP4 showing better stabilisation than 

CuTMPyP4
24,27. While CuTMPyP4 can intercalate, potentially destabilising the GQ, 

ZnTMPyP4 has an axial ligand which prevents intercalation and could explain its greater 

stabilising ability24,27,29. 

In cells, TMPyP4 and its complexes with zinc and copper have been used to 

stabilise GQ structures in the telomeres causing a reduction of telomerase activity. This 

has worked most successfully for ZnTMPyP4
26–28. 

 

1.3.2.2.Pyridostatin 

Pyridostatin is a well-established GQ binder with good selectivity for GQ 

structures over duplex DNA31. The large electron dense aromatic surface π-stacks onto a 

terminal tetrad, while hydrogen bonding groups able to bind to the DNA backbone or 

bases in GQ loops are connected by flexible linkers. The aromatic surface is held in a 

planar conformation by hydrogen bonding to a water molecule (see Figure 5). Treating 

cells with pyridostatin causes an increase in the population of cells in the G2-phase due 

to growth arrest32. At low concentration pyridostatin is able to bind to GQ forming sites 

throughout the genome such as the SRC proto-oncogene promotor where it represses 

transcription.  At higher concentrations, pyridostatin also binds to telomeres and 

destabilises the shelterin complex which protects the telomeres from digestion31. 
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Figure 5: Structure of pyridostatin. The key binding features of the molecule have been highlighted. A water molecule 

is co-ordinated showing the locked planar structure. Inspired by figure in Reference 33.33 

Pyridostatin analogues with varying side chain lengths and functionalities have 

been tested for GQ binding ability33. None of these analogues bind to duplex DNA, 

demonstrating the incredible selectivity of the bis(quino-linyl)pyridine-2,6-

dicarboxamide template, however their binding to GQs was varied. Amine, halogen and 

sugar side chains were able to stabilise the G-quadruplex structure through electrostatic 

interactions and potential hydrogen bonding. Substitutions such as fluorobenzyloxyl and 

triazole groups without flexible linking chains were less able to stabilise the GQ due to 

steric clash (see Figure 6). The side arm chains therefore significantly contribute to the 

binding of pyridostatin and demonstrate that π-stacking alone does not stabilise the GQ 

structure. 
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Figure 6: Pyridostatin analogues which show reduced binding to GQs despite the inclusion of electron withdrawing 

heteroatoms. This could be caused by steric clash with the G-quadruplex structure preventing tight binding. 

The selective binding of pyridostatin to G-quadruplexes over duplex DNA has 

been exploited by the Balasubramanian group by the attachment of different functional 

groups such as fluorescent labels34 and biotin32 (see Figure 7). These have been used to 

demonstrate the binding of pyridostatin to GQ forming sequences in cells. 

 

Figure 7: Examples of functionalising the pyridostatin scaffold: a) Biotin used to pull G-motifs from genomic DNA, 

and b) fluorescently labelling so pyridostatin can be tracked in cells. 
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Pyridostatin derivatives selectively bind GQ structures, but do not distinguish 

between different GQs. Specific binding to telomeric GQs has been achieved by 

covalently binding pyridostatin to pyrrole-imidazole polyamide chains, which are known 

for their sequence selective minor groove binding to dsDNA (see Figure 8)18,35–37. The 

polyamide chains have been designed to target the TTAGGG repeat sequences flanking 

the telomeric GQs, causing the pyridostatin derivative to favour telomeric GQ binding 

over other GQ structures flanked by alternative sequences elsewhere in the genome. The 

binding strength was also found to be increased when compared to the individual DNA 

ligands, pyridostatin and the polyamide chain37. 

 

Figure 8: The polyamide-pyridostatin structure, and it's binding to telomeric DNA37. 

Recently, the selective binding and stabilising of GQs by pyridostatin has been 

utilised to map the GQ structures in the genomes of 12 different species, ranging from 

bacteria to humans38. 

 

1.3.2.3.Metal-Salphen Complexes 

A variety of metal-salphen complexes have been shown to stabilise GQ 

structures39. The salphen ligand has three aromatic rings which are spaced to allow π-

stacking on to three guanine bases of a G tetrad (see Figure 9b). Piperidine functionalised 

side chains are protonated at physiological pH so increase both the water solubility and 
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the binding affinity due to electrostatic attraction between the positively charged groups 

and the loops, grooves and backbone of the GQ DNA40. Co-ordination to a square planar 

metal ion such as Ni(II)39–41 or Cu(II)39,41 forces the salphen ligand to take the required 

planar structure while the complex cation is held over the channel where the partially 

negatively charged carbonyls meet. The favourable electrostatic interactions increases the 

stabilising effect of the ligand binding. These complexes show excellent binding and 

selectivity for GQ DNA, with a preference for parallel structures over antiparallel. 

 

Figure 9: The structures of the investigated salphen complexes: a) the Ni(II) salen complex, b) the salphen ligand 

which can be co-ordinated to Cu(II), Ni(II), VO(IV) or Zn(II), and c) the phenyl-bipyridine ligand complexes with 

Ni(II) or VO(IV). Note the increasing number of aromatic rings in each ligand. 

Similar complexes have been tested using metal centres with square pyramidal 

geometries, such as Zn (II) or VO (IV). These complexes show reduced affinity for duplex 

DNA when compared to the square planar complexes as they were unable to intercalate, 

but also showed a reduced affinity for the GQ suggesting that π-stacking requires both 

faces of the complex to be accessible. This may explain the weaker binding of Cu(II) 

compared to Ni(II) complexes, despite aromatic surface of the Ni(II) complex not being 

completely planar, as Cu(II) is able to co-ordinate a water molecule in the axial position 

which obstructs one face of the complex41. 
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Extending or reducing the aromatic surface of the complexes has been 

investigated using salen41 or bipyridine39 ligands respectively. The salen ligand, with its 

reduced number of aromatic rings, shows weaker binding to the GQs, whereas the 

bipyridine ligands show stronger binding due to the extra aromatic ring available for π-

stacking. 

 

1.4.I-Motifs 

Structure 

Intercalating motifs, or i-motifs, were first discovered by Gehring, Leroy and 

Gueron in 19933. They require C-rich sequences where a tract of protonated cytosines 

form hydrogen bonds to a second tract of unprotonated cytosines (see Figure 10) giving 

a parallel duplex structure. Two such duplexes are held antiparallel to one another by their 

intercalated base pairs (see Figure 11), the exact conformation of which can be classed as 

R, S or T1. Similar to GQs, stability of the i-motif is dependent on the number of base 

pairs as well as the length and sequence of the single stranded loops found at either end.42 

These loops allow i-motifs to be roughly grouped into two classes; class I has shorter 

loops while class II has longer loops1. 

 

Figure 10: A CC+ base pair. The extra proton is highlighted in red. R represents a sugar moiety of the DNA 

backbone. 
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Figure 11: A possible i-motif conformation indicating the intercalating base pairs. Inspired by figure in Reference 1.1 

The four grooves of an i-motif show a much larger difference in width compared 

to the two grooves of B-DNA, with two wide major grooves and two very narrow minor 

grooves. The crystal structure of a simple d(C4) i-motif (see Figure 12) illustrates the flat, 

ribbon like structure with two sets of two backbones in close enough proximity to be 

stabilised by Van der Waals contacts. Unlike other secondary structures of DNA, π-

stacking interactions do not play a large role in stabilising the i-motif as the rings of the 

bases do not significantly overlap. Only the N4 and O2 atoms of the bases overlap and 

are held in close proximity which may allow the electron clouds to interact and 

compensate for the loss of π-stacking43.  

 

Figure 12: d(C4) i-motif viewed from the side (a) and down the central axis (b), made of two parallel duplexes (red 

and yellow, green and blue) in an antiparallel configuration. The narrow grooves and close proximity of the 

backbones of the two duplexes can be seen (PDB: 190D, as in Reference 43).43 
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Other factors, such as epigenetic modifications, molecular crowding, cationic 

conditions and negative supercoiling, have also been shown to stabilise i-motifs1,42. 

Sequences capable of forming i-motifs have been found throughout the genome with 

particularly high abundance in functional regions such as the telomeres, centromere and 

oncogene promotors1, including the c-MYC promotor and the BCL-2 promotor42. The 

requirement for a protonated cytosine to form the CC+ base pairs has lead to speculation 

over whether the i-motif is able to form at physiological pH. Recently, Zeraati et. al. have 

presented evidence of i-motif formation in vivo using an i-motif specific antibody42. They 

conclude the formation of i-motifs are cell cycle dependent, with i-motif structures being 

most predominant in the G1 phase when significant transcription and growth occurs. 

 

I-Motif Binding Ligands 

1.4.2.1.Cyclic Tetraoxazole Compounds 

Masoud et. al.44 have identified large cyclic hexa and hepta oxazoles as G-

terminal quartet binders, however the smaller tetraoxazole is a similar size to a CC+ base 

pair which lead to the investigation of L2H2-4OTD (see Figure 13a) and its i-motif 

binding potential44. The cyclic structure and primary amines of the side chains of L2H2-

4OTD were proven critical for binding as both analogues lin-L2H2-4OTD and L2A2-

4OTD were unable to bind to the i-motif (see Figure 13b-c). NMR and CD studies using 

increasing sequence to ligand ratio suggest two binding sites for the ligand, both of which 

cause distortions in neighbouring base pairs44.  
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Figure 13: Structure of  L2H2-4OTD (a), the acetylated side chain  analogue L2A2-4OTD (b), and the linear 

analogue lin-L2H2-4OTD(c). 

 

1.4.2.2.Acridone Derivatives 

Derivatives of 2-methylacridin-9(10H)-one have been synthesised and tested for 

i-motif binding and stabilising ability5. Product B19 (see Figure 14) shows high 

selectivity for i-motifs without binding to GQs or duplex DNA. When tested on the c-

myc promotor, known to contain an i-motif forming sequence1,5, increasing the dosage of 

the ligand caused a reduction in both the abundance of c-MYC mRNA and the expression 

of c-MYC protein. This suggests that stabilising the i-motif in the c-myc promotor region 

could inhibit transcription and expression of the the c-myc gene. 

 

Figure 14: Structure of B19. 
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1.4.2.3.PBP1 

The para (PBP1) and meta (PBP2) isomers of a peptidomimetic ligand are able to 

selectively bind to i-motifs and GQs respectively (see Figure 15)45. 

 

Figure 15: The structural isomers PBP1 and PBP2. The coloured rings show the meta and para conformations. 

The C- and G-rich sequences BCL-2 and c-MYC (both oncogene promotor 

regions) and h-TELO (from the telomeric region) were chosen to test the ability of PBP1 

and PBP2 to stabilise two different secondary DNA structures, i-motif and GQ. PBP1 

showed greater stabilisation of all of these i-motif forming sequences compared to their 

complimentary G-motifs, with a particularly high ability to stabilise the BCL-2-C 

sequence (ΔTm = 29oC). PBP1 showed greater affinity and binding strength for the i-motif 

forming sequences than the GQ compliments which was demonstrated by a thiazole 

orange displacement assay and fluorescence binding titrations. Again, PBP1 showed 

particularly high affinity for BCL-2 (DC50 = 0.9 µM, Kd = 0.3 µM). The meta isomer, 

PBP2, showed similar results for stabilising GQ sequences. The BCL-2 expression in 

cancerous cells treated with PBP1 lead to the upregulation of BCL-2 expression, while 

the same cell line treated with PBP2 showed the downregulation of BCL-2 expression. 

This could be due to the stabilisation of the i-motif or GQ in the promotor region of BCL-

2 upon addition of PBP1 and PBP2 respectively, implying a regulatory role for the non-

canonical secondary structures45. 
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1.4.2.4.SWNTs 

Nanoscience has also been employed to find possible ligands for the i-motif 

structure. There is evidence to suggest that carboxyl-modified single-walled carbon 

nanotubes (SWNTs) are able to bind and stabilise i-motif structures46.  CD studies show 

no significant disruption to the DNA structure upon SWNT binding, ruling out minor 

groove binding due to the large size of the SWNTs. Thus it is hypothesised that the 

SWNTs bind the 5’ end of the major groove of the i-motif in agreement with the 2-Ap 

fluorescence quenching assay. 

Stabilisation by the nanotubes could be due to a number of factors. The carboxyl 

(COO-) modifications allow electrostatic interactions between the SWNTs and the 

CC+ base pairs, and replacement of the carboxyl group by a cationic amino group causes 

destabilisation of the i-motif. Increased stacking of the TTA loop bases upon SWNT 

binding could also increase the stability of the structure, as could VdW interactions with 

the DNA backbone46. 

 

1.5.Junctions 

Structure of three way and four way junctions 

DNA can form junctions from which multiple arms of duplex or single stranded 

DNA can branch off. The Holliday junction, or four way junction (4WJ), is formed when 

two double helices are held together by exchanging DNA strands. 4WJs are intermediates 

during key cellular processes, such as DNA repair and recombination, and take one of 

two forms. The double helical arms can be extended in a perpendicular arrangement with 

all the bases at the junction facing in one direction. The sides are assigned the major and 
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minor groove, and give a pyramidal structure. The second form of a 4WJ is the X-

structure, where the arms are helix-helix stacked. The angle between the stacked branches 

is roughly 60o but can vary. The structure adopted by each 4WJ is dependent on the base 

sequence but also the electrostatic repulsion of the backbones (favouring the open form) 

and the stabilising base pair stacking interactions (favouring the X form). Base pair 

stacking alone does not compensate for the destabilising backbone repulsion so the open 

form dominates unless divalent metal cations are present which alleviate the electrostatic 

repulsion and allow the X-structure to form47,48. 

A three way junction (3WJ) has three arms extending from a central branch point. 

The exact conformation of the junction is dependent on multiple factors including the 

local sequence of the DNA and the ionic environment47,49. The main energetic 

contributions to the structure are steric contributions and electrostatic interactions49,50. 

A perfect 3WJ, or 3H structure51, occurs when all the bases at the junction point 

are Watson-Crick base paired. This is referred to as an open or Y shaped structure, as all 

the arms are approximately equally spread (see Figure 16)50,52. The restricted 

conformation creates a hydrophobic cavity in the centre of the junction leaving one side 

of the bases exposed to the environment52. The junction is not planar as each helical arm 

possesses a major and minor groove which combine to form one concave and one convex 

major groove50,53. 

 

Figure 16: Structure of three way junctions with and without bulges. Inspired by figure from Reference 49.49 
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3WJs can incorporate between two and five unpaired bases which are capable of 

stabilising the junction54. These are classified as 3HSn where n is the number of unpaired 

bases in the bulged structure51. The steric constraint that prevents folding of 3H junctions 

is lifted by increasing the number of unpaired bases at the bulge50. In the presence of 

metal cations, a folded structure can form where two arms which do not contain bulges 

align so they are parallel to one another and show helix-helix stacking49. The third arm is 

suspected to be bent away from the unpaired bases at a reduced angle50. Stable junctions 

form when there are 2 or 3 unpaired bases on one,49,54 while structures with only one 

unpaired base are less stable (see Figure 16)55. 

 

Three Way Junction Binding Ligands 

1.5.2.1.Cylinders 

The Hannon group have been investigating the properties of cylinders, a type of 

supramolecular helicate so called for their cylindrical shape. When first designed, the 

parent cylinder, a dinuclear, three ligand helicate, was unlike any other supramolecular 

helicates as it is relatively simple to synthesise and uses commercially available starting 

materials (an aldehyde and an amine) to produce the imine metal co-ordinating groups56. 

Whereas other helicates had flexible linking regions, the diphenyl spacers in the parent 

cylinder face-edge π-stack in two sets of three aromatic rings, holding the ligand in a rigid 

conformation with restricted flexibility from the central methyl group (see Figure 17)56–

58. The rigid design of the ligand inhibits the co-ordination of the two imine groups to the 

same metal centre, aiding the synthesis of the helicate, while conjugation of the imine 

bonds with the terminal pyridine rings helps to prevent hydrolysis of the bonds56. The 
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chiral structure of the helicate gives two possible enantiomers of the cylinder, the left 

handed “M” enantiomer, or the right handed “P” enantiomer59.  

 

Figure 17: Molecular structure (a)  and ball and stick model of the parent cylinder down the molecular azis (b) and 

parallel to the axis (c). (PDB: 3i1d, as seen in Reference 60).60  

Complexing of the ligand has been tested with many transition metals cations 

including Fe2+ 20,56,59,61–63, Ru2+ 20,58,64, Ni2+ 56, Cu+ 56 and Ag+ 56. These metals have varied 

characteristics suitable for different purposes58. The well-studied iron cylinder has a deep 

purple colour corresponding to a metal ligand charge transfer (MLTC) band lying  within 

the visible region allowing its binding to be monitored spectroscopically53,62. Meanwhile 

the ruthenium cylinder can cleave DNA by photoactivation58. 

The parent cylinder measures 1 nm in diameter by 2 nm in length20 so is too large 

for the minor groove of B-DNA (5.7 Å wide, 7.5 Å deep)9 , however the size is 

comparable to that of an alpha helix unit (1-2 nm in length)65 used to bind to the major 

groove of DNA58. The electrostatic interactions between cationic cylinder and negatively 

charged backbone, as well as the size of the cylinder allows binding to the major groove 
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of DNA, causing intrastrand coiling59,61. Coiling appears to be co-operative, with atomic 

force microscopy (AFM) imaging showing some bent DNA strands while others are 

completely coiled.61 This has been compared to the coiling of DNA found in the nucleus 

of cells, mediated by histones58,59,66. The M enantiomer causes a greater degree of coiling 

than the P enantiomer which could be due to the helical turn of the cylinder and the DNA 

being in phase59. 

Interest in the supramolecular parent cylinder however is not in its binding to 

duplex DNA, but its ability to bind non-canonical structures of DNA and particularly 

3WJs. The size and shape of the cylinder allows it to sit in the cavity of a Y-shaped 3WJ 

without distortions to either the cylinder or the DNA (see Figure 18)53,58. Aside from the 

electrostatic interactions between the cylinder and DNA, as seen in the major groove 

binding, the central cavity of the 3WJ creates a hydrophobic environment that can bind 

the aromatic core of the cylinder. The two central phenyl rings of each helicate ligand are 

able to face-face π-stack on to the aromatic rings of the exposed bases on one strand of 

the 3WJ. The pyridine rings on the end of the cylinder stick out into the convex minor 

groove of the junction orientated so that they fit between the backbones of the minor 

groove of each double helical arm. This is not possible on the concave major groove side 

of the 3WJ as the pyridine rings are facing away from the groove. The pyridine ring 

binding is similar to intercalation, however cylinders do not cause the same disruption to 

the base pairs58. The M enantiomer of the cylinder a more stabilising effect on the 3WJ, 

again because of the reverse helical twist in the P enantiomer63. 
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Figure 18: The parent cylinder sits in the three way junction viewed down (a) and parallel (b) to the molecular axis 

(PDB: 2ET0, as seen in References 53 and 58). 53,58 

The exact size and shape of the cylinder has proven critical to its DNA binding. 

Alterations of the parent cylinder structure, such as the addition of two CF3 groups to the 

central methyl group or phenyl groups to the imine carbon, have shown a decreased 

stabilising ability for a 3WJ63. Ketimine groups between the pyridine and spacer unit to 

elongate the cylinder cause a decreased coiling effect on the cylinder66. 

Studies into the cytotoxicity, genotoxicity and mutagenicity of the iron cylinder 

suggest that the helicate has a cytotoxicity similar to carboplatin but shows no evidence 

of direct genotoxicity or mutagenicity62. The cytotoxicity of a double stranded form of 

the ruthenium cylinder has also been tested64. The unsaturated cylinder was designed to 

allow coordination to DNA in a similar way to cisplatin, and so has two chloride ion 

leaving groups which can be arranged cis/cis, cis/trans or most commonly, trans/trans. 

The trans/trans isomer that has the highest cytotoxicity against HBL100 and T47D cell 

lines, greater than the iron cylinder and cisplatin. 

1.5.2.2.Triazacyclononane Ligands 

An important feature of the supramolecular cylinder is its three fold symmetry, 

which allows the π-stacking onto the bases of the 3WJ. This principle was used by Vuong 
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et. al. to produce ligands based on a 1,4,7-triazacyclononane (TACN) framework; TACN-

quinoline (TACN-Q), TACN-acridine (TACN-A), and TACN-naphthalene (TACN-N) 

(see Figure 19). TACN-Q shows the greatest similarity to the parent cylinder as, unlike 

TACN-A and TACN-N, it is able to bind a cation (Li+) using the lone pairs on the nitrogen 

atoms of the side arms. The ligand is able to take a helical conformation with face-edge 

π-stacking between the aromatic rings of the quinoline groups and an overall diameter 

similar to that of the cavity in a 3WJ (10 Å). This allows TACN-Q to bind to 3WJs with 

reasonable affinity and very high selectivity30. 

 

Figure 19: The structures of: a) TACN-Q co-ordinated to a Li+ cation, b) TACN-A which cannot co-ordinate to an 

ion due to the position of the nitrogen atoms, and c) TACN-N which has no nitrogen atoms for co-ordination. 

Cationic azacryptands (see Figure 20) have also been shown to bind to the central 

cavity of the 3WJ. The aromatic arms are not restricted by metal complexing so are able 

to position themselves for optimal π-stacking onto the aromatic rings of the bases. Of the 

investigated ligands, 2,7-TrisNP and 3, 3’-TrisBP showed the highest affinity for 3WJs 

and 3, 3’-TrisBP gave the greatest selectivity67. 
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Figure 20: Monchaud's azacryptands, where modifications to 2,7-TrisA have been highlighted (red). Their size is 

similar to the parent cylinder allowing them to sit in the three way junction. Inspired by Reference 67.67 

 

1.5.2.3.Calix[3]carbazole Ligands 

Another ligand which utilises the three fold symmetry of the 3WJ is the 

calix[3]cabazole ligand (see Figure 21)68. The calix[3]carbazole was shown to stabilise 

the 3WJ by denaturing and polyacrylamide gel electrophoresis experiments, and a 1:1 

binding ratio was suggested by titrations monitored using ultra-violet visible spectroscopy 

(UV Vis). Interaction between the aromatic rings of the calix[3]carbazole and the bases 

is evidenced by the appearance of an induced circular dichroism (ICD) band in the 

circular dichroism (CD) spectrum, indicating the preferential absorbance of a specific 

direction of circularly polarised light (left or right) due to the binding of an achiral ligand 

within a chiral environment. Meanwhile, the peak at 280 nm is largely unaffected by the 

increasing DNA to ligand ratio, suggesting that the helical structure is unaffected by the 

binding mode. 3WJ binding is therefore likely for such a large DNA ligand, as it allows 

access to the bases in the junction without disturbing the helical structure of the DNA. 



28 

 

 

Figure 21: The structure of the  calix[3]carbazole ligand68. 

Calix[3]carbazoles are the first example of a fluorescent ligand selective for 3WJ 

binding so has potential for application as a 3WJ probe. Electrostatic interactions between 

the negatively charged backbone of DNA and the cationic ammonium moieties of the 

ligand quench the ligand fluorescence. This means that the ligand is only able to fluoresce 

in the presence of DNA when bound in the hydrophobic environment of the 3WJ68. 

 

1.6.Conclusion 

Our knowledge of non-canonical structures of DNA and their binding ligands is 

extremely varied depending on the structure we consider. G-quadruplexes have been well 

characterised and their existence and function in vivo widely accepted. Multiple ligands 

with clear binding modes are available, and research into ligands which bind only certain 

conformations of G-quadruplexes has now begun. Conversely, while the different 

conformations of i-motifs have been characterised, evidence of their existence and 
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possible functions in vivo is still under debate. Highly selective ligands able to stabilise 

the intercalated structure are rare and the binding modes are unclear. 

The biological relevance of the Y-shaped junctions during transcription and 

replication makes them very interesting non-canonical DNA structure compared to i-

motifs and G-quadruplexes. Though there is a lack of molecules which specifically bind 

to DNA, their binding modes have been well defined, making the design of new binding 

ligands a realistic goal. 
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Chapter 2:  

SYNTHESIS OF NOVEL CYLINDERS 
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2.1.Introduction 

 As discussed in Chapter 1, supramolecular helicates consist of one or more ligand 

molecules wrapped around a helical axis which is defined by two or more metal cations69. 

These complexes can be catagorised based on the number of coordinated ligands (i.e. 

single-stranded, double-stranded, triple-stranded), and are often further subdivided 

dependent on the number of cation centres (dinuclear, trinuclear)70. 

 To synthesise any supramolecular structure, the components must be carefully 

designed to encode the intrinsic information required for each building block to be 

recognised and self assembled71. The formation of bonds between the component parts 

must also be reversible as the different molecules must organise themselves to find the 

thermodynamic minimum. Metal complexes are the ideal candidate for the study of 

supramolecular systems as, unlike covalent bonding, coordinate bond formation is 

reversible and still strong enough to form stable structures. In addition, the encoding of 

molecular information into the ligand and the choice of metal centre allow supramolecular 

structures to be designed with relative ease. 

 Transition metals (particularly the first row transition metals, titanium to copper) 

have many interesting physical and chemical properties which can be exploited by 

chemists, such as their formation of highly coloured complexes and multiple available 

oxidation states72. These properties arise from their partially filled d-orbital electron 

configurations. Upon ligand binding, the d-orbitals of the metal centre lose their 

degeneracy and the new splitting is dependent on the geometry of the ligand binding. 

Metal ions favour certain binding geometries, as their electrons can be arranged to give 

the overall lowest energy. This is the crystal field theory. 
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Figure 22: A diagram to show the crystal field splitting of the valence orbitals in different geometries. 

 The splitting between the non-degenerate d-orbitals is referred to as the crystal 

field splitting energy, Δ (see Figure 22). For most transition metal ions, the octahedral (6-

coordinate) or the tetrahedral (4-coordinate) geometry is favoured with the exception of 

some d8 metals, which prefer the square planar geometry. The preferred geometry of a 

metal ion is a clear example of the intrinsic information encoded by the metal ion, for 

example iron(II) complexes tend to favour the octahedral conformation. 

  A further consideration is the choice of ligand. Generally, the design of a ligand 

can be considered in two parts: the selection of the coordination sites and the choice of 

spacer unit.  

As discussed earlier,the binding groups must be chosen so that they will form 

strong but reversible bonds. Typically, a bidentate or tri-dentate group is chosen as their 

binding is strengthened by the chelate effect. The number of binding groups per ligand 

must also be considered as this can alter the nuclearity of the helical product. Finally, the 

binding groups do not have to be identical, which can lead to the production of 

asymmetric ligands, with the possibility of heterometallic helicate formation (see Figure 

23) or strand orientation control (either head-head-tail, HHT, or head-head-head, HHH)73. 
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Figure 23: An example of a heterobimetallic helicate73. 

 The role of the spacer may be less obvious, however it is no less important. The 

spacer, which refers to the section of the ligand molecule between the binding groups, 

must be flexible enough that the ligand can twist to form the double helix69,74. At the same 

time, the spacer region must be rigid enough to prevent the ligand from folding and 

binding to the same metal centre with multiple binding groups. 

Depending on the way the ligands wrap round the helical axis (or rather the 

stereochemistry at each metal centre) a helicate can be defined as either an M enantiomer, 

with left handed twist, or a P enantiomer, with right handed twist. Here it should be 

mentioned that there are also a type of structure called a mesocate, where the 

stereochemistry at each metal centre is opposite (for a dinuclear system) meaning that the 

ligands do not technically wrap around the helical axis70. This will not be discussed 

further here. 

 By careful choice of metal centre and ligand it is possible to predict the form of 

the supramolecular structure produced. Selecting an octahedral metal centre and a ligand 

with two bidentate binding groups and an appropriate spacer, would be expected to 

generate a triple stranded helicate, whereas by selecting a tetrahedral metal centre or 

switching from bidentate to tridentate binding sites, you would expect a double stranded 

helicate. 
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 It should be noted that the choice of counterion can also be important for the 

formation of a supramolecular architecture. Hasenknopf et al. were the first to report a 

circular helicate, in which each octahedral iron(II) centre was co-ordinated to a bipyridine 

binding group of three separate ligands. By using different counterions (chloride of 

sulphate), the number of metal centres involved in the circular helicate could be controlled 

(either 5 or 6). The circular helicates were able to form around the anion in solution, 

meaning that the cavity of the helicate had to be widened for the sulphate anion due to its 

larger size, and resulted in the hexanuclear circular helicate instead of the pentanuclear 

helicate. In addition, alterations to the ligand spacer group found that by increasing the 

length and flexibility of the spacer group, a tetranuclear circular helicate could also be 

formed75. 

2.2.Aims 

Much of the work in the Hannon group has been focussed on the design and synthesis 

of novel supramolecular helicates which are often analogues of the parent cylinder (see 

Figure 24)76–79. This chapter will focus on the synthesis of new supramolecular helicates 

that have been designed to include certain features of interest. 

 

Figure 24: Structure of the parent iron cylinder. 

So far, many of the cylinders investigated by the Hannon group have been 

dinuclear helicates with one central, aromatic methylenedianiline group which facilitates 

recognition of three way junctions. The synthesis of a trinuclear helicate based on the 
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parent cylinder is investigated in this chapter, with two spacer units which have the 

potential to bind two distinct three way junctions to one cylinder. 

 There are also few examples of cylinder analogues that are asymmetrical79 which 

is due to the symmetry of the 4,4’-methylenedianiline precursor which is difficult to react 

only on one side. The synthesis of asymmetric helicates consisting of two different metal 

binding sites is attempted and reported. 

 To achieve either of these aims, the half ligand was synthesised following the 

work of previous Hannon Group members Laura Childs80, Jennifer White81 and Susana 

Vitorino82. The purification of the half ligand is also considered in some detail. 

 

2.3.The Half Ligand (Lhalf) 

Introduction 

 Although very similar to the parent ligand, the half ligand has an azo bond instead 

of an imine bond between the pyridine and central phenyl groups. The azo bond is non-

polar so it is less likely to be degraded by hydrolysis which is an issue with imine based 

ligands. The imine nitrogen of the parent ligand is involved in coordination to the metal 

ions, so changing the imine bond to an azo bond also alters the metal binding site of the 

half ligand. 

Most importantly the half ligand still has one amine group available for imine bond 

formation. This combined with the increased bond strength, resilience again hydrolysis 

and slight change in binding site make the half ligand a useful precursor for the production 

of novel ligands. 
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Synthesis 

The half ligand has been synthesised before by previous group members with 

varying degrees of success80–82.                                                                                                                                                                                                                                            

 

Scheme 1: Synthesis of the half ligand. 

 In order to synthesise the half ligand, 2-aminopyridine is reacted with dimethyl 

sulphide (DMS) in dichloromethane (DCM) to produce S,S-dimethyl-N-(2-

pyridyl)sulphilimine. The sulphilimine is then oxidised to 2-nitrosopyridine by meta-

chloroperoxybenzoic acid (mCPBA). Finally, the 4,4’-methylenedianiline spacer is added 

to the 2-nitrosopyridine with a small amount of glacial acetic acid to produce the half 

ligand (see Scheme 1). 

 The S,S-dimethyl-(N-pyridyl)sulphilimine is produced in relatively high yield 

(77%), however some of the starting material (2-aminopyridine) peaks are clearly visible 

in the NMR spectra with an integration for each proton roughly a quarter of the integration 

of the product integration. 

The synthesis of the 2-nitropyridine is a much lower yielding reaction (34%), 

especially after recrystallization from hot ethanol (19%), which is an important 
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purification step to prevent any unwanted impurities being carried into the final stage of 

the synthesis, such as 2-aminopyridine which will readily react with the 

methylenedianiline to produce the unwanted parent ligand. The reduction of impurities is 

clearly visible when comparing between the baseline of the crude and recrystallized 

product NMR (see Figure 25). 

The 1H NMR also reveals that two species with very similar coupling are present. 

The peaks have been assigned to each species dependent on their integrations. Due to the 

similar coupling patterns it has been suggested that the two sets of peaks are caused by 

two tautomeric isomers of 2-nitrosopyridine80. 

 

Figure 25: NMR (400 MHz, chloroform-d) of 2-nitrosopyridine product without recrystallising (blue spectra) and 

after recrystallising (red spectra). Insets (at the top of top of the spectra) are to demonstrate how impurities in the 

baseline are significantly reduced. The two tautomeric species are assigned (a) and (b) and are distinguished by their 

integrations.  

 The final stage of the synthesis requires a 1:4 ratio of 2-nitrosopyridine to 4,4’-

methylenedianiline which is double the stoichiometric ratio of 1:2 nitrosopyridine to 

methylenedianiline. Excess 4,4’-methylenedianiline is necessary to minimise the amount 

of full ligand produced by the reaction but also means that there is a large amount of the 
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starting material in the product. Both methylenedianiline and the half ligand are primary 

amines which, despite their difference in size, makes them very difficult to separate. The 

amine groups would hydrogen bond to the alcohol groups in the stationary phase of a 

silica column, preventing the products from passing through the column.  

 A separation was therefore attempted using a reverse phase column. In the C18 

silica used for a reverse phase column, the alcohol groups are replaced with long alkyl 

chains, 18 carbons in length. This lowers the affinity for the primary amines and allowing 

them to be eluted with a 3:1 water to acetonitrile solution. Unfortunately, this method 

gave varying degrees of success and never managed to completely remove the 4,4’-

methylenedianiline due to a considerable amount of streaking causing the spacer and half 

ligand bands to overlap in the column. 

 Alternative solvent systems such as dichloromethane and 3:1 water to methanol 

were also attempted to see if the separation could be improved however it seemed that 

acetonitrile still gave the best separation. Decreasing the amount of sample being 

separated increased the purity of the final product, but the mass of product yielded is often 

very low. For this reason, the half ligand could be isolated by preparative reverse phase 

high pressure liquid chromatography (prep-RP HPLC). The UV visible spectrum at 265 

nm wavelength was used to identify the products as they were eluted from the column 

(see Figure 26). The second, third and fourth peaks were analysed by mass spectrometry, 

allowing each to be identified as 4,4’methylenedianiline, the half ligand and the full azo 

ligand respectively (see Figure 27). 
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Figure 26: Absorbance of light at 265 nm wavelength as products are eluted from reverse phase column. RP HPLC 

was completed by Callum Campbell. 

 

Figure 27: Mass spectra (both TOF MS ES+) of the half ligand (a) and the azo ligand (b) separated by prep-RP 

HPLC. 

 As a manual reverse phase column is a very slow method of purification with a 

low product yield per column, a different method was attempted. The crude product was 

boiled in water while acetonitrile was added until the half ligand had dissolved and then 
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the solution was chilled to precipitate. This gave a cleaner 1H NMR spectrum without 

methylenedianiline present, however there still appeared to be a second species present 

as small peaks with regular integration values were observed in the baseline (see Figure 

28 and Figure 29). 
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Figure 28: 1H NMR of the half ligand as a crude product (purple – 300 MHz), after boiling in acetonitrile (blue – 

300 MHz), after a manual reverse phase column (green – 400 MHz) and when isolated by prep-HPLC (maroon – 300 

MHz). Samples were dissolved in d3-acetonitrile unless stated otherwise. 
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Figure 29: 1H NMR between 6.3 and 8.8 ppm of the half ligand as a crude product (purple – 300 MHz), after boiling 

in acetonitrile (blue – 300 MHz), after a manual reverse phase column (green – 400 MHz) and when isolated by 

prep-HPLC (maroon – 300 MHz). Samples were dissolved in d3-acetonitrile unless stated otherwise. 
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 From this data it is clear that, despite the low yield of product, HPLC is the best 

method for the isolation of the half ligand. The boiling method may also be useful to get 

remove a majority of the half ligand before using a column to increase the yield. 

 

2.4.Trinuclear Complex Synthesis 

 To synthesise a ligand with two three way junction binding sites, a suitable linker 

had to be chosen. 2,3-Butanedione was selected as it is a small, rigid molecule with two 

aldehyde sites available for imine formation, separated by a single C-C bond. This 

separation is significant as the imine nitrogens in the linker would be separated by three 

conjugated bonds which is very similar to the imine-pyridine binding sites at the end of 

the ligand (Figure 30). This synthesis has been attempted by Laura Childs80 without 

success. 

 

Figure 30: The key motifs in the design of the trinuclear ligand. The half ligand is highlighted in red whilst the 2,3-

butanedione linker is highlighted in blue. Note that the metal binding nitrogens are all seperated by a similar 

distance. 

The synthesis of the trinuclear ligand was attempted via two routes: a two-step 

synthesis in which the ligand was produced first and then complexed to the metal, and a 
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one-pot synthesis, in which the metal is used to aid the synthesis of the ligand by 

templating. 

 

Scheme 2: Synthesis of the trinuclear ligand. 

 In an initial attempt to synthesise the ligand, the half ligand and 2,3-butanedione 

were dissolved in ethanol and stirred for two days (see Scheme 2). An NMR of the brown 

oil product suggested that the half ligand was left mostly unreacted and many peaks 

appeared between 2.2-2.4 ppm and 1.2-1.8 ppm. 

An excess of 2,3-butanedione was added, a longer time was given for the reaction 

to occur, and later the solvent was switched to dry dichloromethane with the use of 

molecular sieves in order to push the reaction to completion. Under these conditions, the 

product NMR (see Figure 31) appeared to show the appearance of new phenyl peaks with 

a similar integration to the unreacted half ligand peaks. The pyridine peaks have double 

the expected integration value, making the integrations very similar to the phenyl peaks, 

and the coupling patterns are much less well defined with extra peaks appearing. This 

could indicate some of the trinuclear ligand is formed as the pyridine peaks would not be 

expected to shift compared to the half ligand, while the phenyl peaks would be the most 
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affected. The multiple peaks below 4 ppm prevent the methyl peaks being identified, 

which would give strong evidence of trinuclear ligand formation. 

 

Figure 31: 1H NMR (300 MHz, d3-acetonitrile) of the half ligand (Lhalf) and the asymmetric ligand product when 

reacted in dry solvent using molecular sieves (Lasym). 

 As the mass spectra also showed that the half ligand was present, it was concluded 

that a one-pot templating method should be attempted. Templating is the use of a 

molecule, ion or counterion to direct the synthesis of a certain product. This method is 

often used in supramolecular chemistry to aid the synthesis of complex and knotted 

molecules which would not otherwise organise themselves in the desired orientation or 

placement75,83. Iron (II) chloride tetrahydrate was added to supply a metal ion template 

for the synthesis of the full trinuclear ligand. 

 Although there was clearly still half ligand present, there was a clear peak in the 

mass spectrum at m/z = 627 suggests the presence of the full ligand. None of the ligand 

was found complexed to the metal ion either in a fully or partially formed helicate. 
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The same reaction was attempted with tetrakis(acetonitrile) copper(I) 

tetrafluoroborate as copper(I) prefers tetrahedral geometry and the formation of a two-

stranded helicate may be simpler than the formation of the triple stranded equivalent, 

however no further evidence was gathered for the formation of the ligand or the helicate 

as the low yield prevented a thorough analysis of the product. 

 Interestingly, the templating method did not show the multiple downfield NMR 

peaks seen in the ligand synthesis reaction. This could be due to the formation of 

polymeric species of different lengths caused by the reaction between excess 4,4’-

methylenedianiline still present in the half ligand sample and 2,3-butanedione. Both the 

spacer unit and the butanedione have alkyl groups which could correspond to the signals 

observed at the low shifts (see Scheme 3). 

 

Scheme 3: The reaction between 4,4'-methylenedianiline and 2,3-butanedione to form polymers of various lengths 

which could cause multiple peaks in the downfield region of the NMR spectrum. 

  In conclusion, the synthesis of the trinuclear ligand was achieved by a templating 

method using iron(II) chloride tetrahydrate, however the isolation of the ligand and the 

conditions for complexing require optimisation. 

 

2.5.Asymmetric Ligand Synthesis 

 Another approach to producing novel ligands is to synthesise an asymmetric 

ligand from the half ligand and a suitable aldehyde. Imidazolecarboxaldehyde was chosen 
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as imidazoles had been worked with previously within the Hannon group and have been 

shown to support cylinder formation84,85. Imidazoles are heteroatomic, aromatic rings 

with a nitrogen atom which is able to act as an electron donor and therefore coordinate to 

a transition metal centre. Unlike pyridine rings, imidazoles also possess a second nitrogen 

atom which is available for hydrogen bonding and can react as a Lewis base. This will be 

discussed further in the next chapter. 

 An initial reaction was attempted by dissolving the half ligand and 2-imidazole 

caboxaldehyde in methanol in a 1:1 ratio. Acetic acid was added and the solution stirred 

at 70oC before a dark brown solid was isolated. 

 

 

Figure 32: The 1H NMR (300HMz) spectra of the initial product (top – pink) and the half ligand starting material 

(bottom – blue). Both samples were dissolved in d-chloroform. Peaks appear in the product spectra only are circled. 
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 An initial comparison between the NMR of the dark brown product and the half 

ligand spectrum (see Figure 32) suggested that the reaction had not occurred as most of 

the peaks in the product were an exact match to the peaks in the half ligand spectrum. 

After closer inspection, a few novel peaks could be seen in the product spectrum, 

suggesting a small amount of product may be present but is being largely hidden by the 

excess of half ligand present in the sample. 

 As a consequence of this, the reaction was repeated using dry methanol and heated 

overnight under reflux in an attempt to push the reaction to completion. Filtering the 

solution and removing the solvent gave a green powder and an orange powder, which was 

suspected to be the half ligand. The powders were heated overnight under reflux again in 

dry dichloromethane to make sure all of the half ligand had reacted. When the solvent 

was removed, only a green powder remained giving a 47.6% yield. 

 The mass spectrum of the green powder product revealed a small peak at m/z = 

289, suggesting the presence of the half ligand, however the remaining larger peaks (m/z 

= 367, 389, 733, 755, 1010) all correspond to fully reacted ligand species. 

 The 1H NMR and 13C NMR were then collected in chloroform. 
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Figure 33: 1H NMR (400 MHz) of the asymmetric ligand in d3-chloroform. 

 The 1H NMR suggests that the asymmetric ligand is the main product of the 

reaction (see Figure 33). There are clearly some impurities, such as excess half ligand as 

observed in the mass spectrum or methylenedianiline which was probably introduced 

with the half ligand. The integrations of these impurity peaks is much lower (less than 

20%) than the product species. The imidazole protons were not visible in the spectrum, 

however the integration of H5 (3H) suggests that two more protons are hidden beneath 

the H5 and HPhb signals. The imidazole protons (H4’ and H5’) have shifts between 7.15 

and 7.35 ppm in the 2-imidazole ligand (Lim2, see Figure 35) so it is very likely that the 

imidazole protons are underneath other signals within a similar region. 

 A correlated spectroscopy (COSY) NMR was also attempted to see if any further 

signals could be observed to indicate the presence of the imidazole protons. 

Unfortunately, the strong coupling between the phenyl and pyridine protons in this region 

and the presence of strongly coupled impurities meant that no further peaks could be 

assigned. The COSY spectrum did agree with the assignments of the proton NMR, and 
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the intensity of the coupling of CH2 to the neighbouring phenyl protons helped 

differentiate the phenyl peaks. 

  

 

Figure 34: 13C NMR (400 MHz) of the product in d-chloroform. 

 The 13C NMR was also recorded to see if the imidazole carbons could be 

identified. All the peaks which have a large enough integration have been assigned (see 

Figure 34). Excluding the methylene carbon, all the peaks appear within the 110-210 ppm 

range as is expected for sp2 hybridised carbons. There are three sets of two peaks which 

have been assigned to protons that are expected to be in a similar environment (C22 and 

C23, C10  and C16, and C11 and C15). The imidazole carbons were identified as one of these 

sets as they have half the integration value of the other peaks. A few very small peaks can 

be seen in the spectrum and are likely to correspond to the quaternary carbons (H2, H9, 

H12, H14, H17 and H20) but can not be assigned as the signal is too weak. Although a 

heteronuclear single quantum coherence (HSQC) and a heteronuclear multiple bond 

correlation (HMBC) were taken, the signal is too weak in both to provide further evidence 

for these assignments. 



51 

 

 

Figure 35: 1H NMR (400 MHz) of the full 2-imidazole ligand (Lim2) in d6-dimethyl sulphoxide (top, blue), the half 

ligand (Lhalf) in d-chloroform (middle, green) and the asymmetric ligand (Laysm) in d-chloroform (bottom, red). Note 

that the assignment of Lim2 is different here to later chapters in order to simplify the comparison. 
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 From the 1H NMR, it is clear to see that the starting materials are no longer the 

predominant species in solution (see Figure 35). While the pyridine and phenyl peaks 

have a similar splitting pattern to the peaks of the half ligand, each peak is slightly 

deshielded in the asymmetric ligand compared to the half ligand. The phenyl protons 

closest to the imidazole group in the asymmetric ligand are particularly shifted upfield 

and are much closer to where the phenyl peaks are expected in the imidazole ligand. 

 

Attempted Asymmetric Copper Complex Synthesis 

 Once the asymmetric ligand had been synthesised, an attempt to complex the 

ligand was made. Copper(I) was chosen for this as it is expected to form double stranded 

di-nuclear helicates, rather than the triple stranded helicates formed previously. 

 In order to achieve this, the asymmetric ligand and tetrakis(acetonitrile) copper(I) 

tetrafluoroborate were dissolved in dry methanol and heated under reflux for 2 hours 30 

minutes. The solution was cooled at room temperature before being chilled for an hour at 

4oC. A dark, black powder was collected by vacuum filtration. 

 The product was insoluble in most common solvents including methanol, 

acetonitrile and chloroform. When dissolved in DMSO a slight green colour was 

observed, however DMSO is known to complex metals and it is likely that the green 

colour observed was from the ligand once released from the copper ion. When an NMR 

was attempted, no signal was observed. 

 The mass spectrum for this compound shows one predominant peak at m/z = 890 

with a 2+ charge (see Figure 36). The mass and isotope profile for this peak appears to 

match a complex with chemical formula Cu5C88H68N24
2+ (see Figure 37). 
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Figure 36: Mass spectrum (TOF MS ES+) of copper asymmetric copper complex synthesis. 

 

Figure 37: Calculated mass spectrum profile of Cu5C88H67N24
2+. Created usimg enviPat Web 2.4 isotope pattern 

calculator, Reference 86.86 

Instead of forming a double stranded helicate, the formula suggests that four 

asymmetric ligands have arranged themselves the head of one ligand and the tail of 

another binding one of four Cu(I) centres, using the nitrogen binding domains which 
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were expected to form the helicate. The remaining nitrogen moieties of the imidazole 

rings are deprotonated and bind the final metal ion, Cu(II) (see Figure 38).  

 

Figure 38: Showing the possible structure of the suspected Cu5L4 complex. 

 

2.6.Conclusions and Further Work 

The half ligand was synthesised and isolated with a high purity, however isolation by 

a column is time consuming and limits the amount of crude product which can be 

processed at once. Future work should be directed at improving the purification process, 

potentially using a faster purification method to remove a significant amount of the half 

ligand before isolation by column, as this could increase the yield from the column. It is 

important that the half ligand is pure before use as the methylenedianiline impurity has 

the same reactivity as the half ligand and is therefore able to interrupt any attempted 

reactions. 

The trinuclear ligand showed signs of formation although this reaction could not be 

pushed to completion meaning a lot of the half ligand was still visible in the product. A 

potential cause of this is the presence of methylenedianiline in the half ligand sample 

which formed polymeric species with the 2,3-butanedione. If the purity of the half ligand 
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could be increased further, synthesis of the trinuclear ligand should be attempted again in 

dry solvent, with molecular sieves, excess butanedione and under an inert atmosphere. 

This may be sufficient to push the reaction to completion. 

After increasing the reaction time and using dichloromethane as the solvent, the 

asymmetric ligand was synthesised. In future, this ligand should be purified before 

attempting to complex to a metal, and complexing to different metals should be 

investigated. If possible, a crystal structure of the copper complex should be obtained in 

order to indicate the structure of the expected five copper ion complex observed by mass 

spectrometry. 
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Chapter 3:  

POST ASSEMBLY MODIFICATION AND 

ROTAXANATION OF A SUPRAMOLECULAR 

HELICATE 
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3.1.Introduction 

 Within the Hannon Group a range of analogues of the parent supramolecular 

cylinder have been synthesised and characterised, each with their own unique properties 

and purposes. The DNA binding of these cylinders has been investigated and used in 

order to bind more complex nucleic acid architectures, such as the ruthenium parent 

cylinder binding a DNA tetrahedron87. In this chapter, the synthesis of a higher order 

supramolecular structure, a rotaxane, is achieved using an analogue of the parent cylinder 

and a cucurbit[10]uril. 

This introduction includes a brief summary of the cucurbituril family with a focus 

on the less well studied cucurbit[10]uril. Rotaxane synthesis using cucurbiturils is also 

discussed in more depth to add context. 

 

Cucurbiturils 

 Cucurbiturils are a family of macrocycles with the general formula [C6H6O2N4]n 

(n = 5, 6, 7, 8, 10, 13, 14, or 15) (see Figure 39)88–93. Cucurbit[6]uril (CB6) was the first 

of this family to be identified as the product of the reaction between glycoluril and 

formaldehyde, and the host-guest properties of these macrocyclic structures became their 

main point of interest90. 
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 Figure 39: General structure of a cucurbituril macrocycle unit (right) and the 3D structure of the cucurbituril family 

(left). 

A cucurbituril cavity contains no functional groups and has a very low 

polarizability creating an ideal environment for non-covalent binding of hydrophobic 

molecules. Insertion of guest ligands also releases water molecules trapped inside the 

cavity which provides both an enthalpic and entropic driving force for the hydrophobic 

binding94,95. 

 Two portals positioned either side of the central cavity provide an entry and exit 

point for guest species. The portals are lined by electron dense ketone groups that provide 

an additional opportunity for both hydrogen bonding and ion-dipole interactions with 

cationic species94,95.  

 Because of their unique structure, cucurbiturils are able to bind selectively 

depending on the size and shape of a potential guest molecule. A guest molecule may be 

too large to enter the cavity of the rigid cucubituril, or may be too small for favourable 

binding interactions. Studies by Mock and Shih also demonstrated that the distance 

between two ammonium ions linked by a hydrophobic alkyl chain can also affect whether 

binding occurs, as the cations must be held at a distance where binding to both portals is 

possible96,97. 
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CB10 

Cucurbit[10]uril (CB10) was not discovered until 2002 by Day et. al. who 

characterised CB10 as part of a new supramolecular structure termed a gyroscane98. This 

structure consisted of a cucurbit[5]uril (CB5) ring in the cavity of a CB10 ring with an 

angle of 64o between the axes of the two molecules. In 2005, Liu et. al. were able to 

isolate CB10 by exchanging the CB5 guest molecule for an alternative organic molecule 

(see Figure 40(1)) which could be removed from the CB10 cavity by heating in acetic 

anhydride and washing99. A number of potential guest molecules were later screened to 

increase the efficiency of CB10 isolation. This was achieved by using a guest molecule 

(Figure 40(2)) which bound CB10 and formed a water insoluble precipitate that was then 

collected and washed to remove the guest molecule100. 

 

 

Figure 40: The dimensions of CB10 and CB5 (values taken from references93,94) and two guest molecules able to 

displace CB5 from CB1099,100. 

 CB10 has the largest cavity of the cucurbituril family, approximately 870 Å3. This 

increases the flexibility of the macrocycle when compared to other cucurbiturils enabling 

CB10 to encapsulate much larger guest molecules. As well as CB5, other macrocycles 

and other structures have been shown to fit inside the cavity of CB10101. 
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Cucurbituril based rotaxanes 

The binding and applications of CB6 and CB7 in particular have been extensively 

investigated. The cucurbiturils have been used to form a variety of supramolecular 

architectures,  including molecular switches, grids and rotaxanes, and even 

nanostructures102. The internal cavity of the cucurbiturils have also been used in reaction 

catalysis91,92,103. 

The structure of interest for this study is the rotaxane, a supramolecular structure of 

at least two components that are physically but not chemically bound. The first of these 

components is an axle, which is a long, thin molecule with two bulky moieties at either 

end to give an overall dumbbell-like appearance. The second component, a macrocycle, 

surrounds the mid-section of the axis but can not fit over the bulky sections at either end 

so the macrocycle is mechanically trapped in place. These two types of component are 

often found in a 1:1 ratio (one ring around one axle) however there is no requirement for 

this, and examples can be found of rotaxanes with multiple rings104. 

In many cases the rotaxanes produced are specially designed in order to act as a 

molecular switch, a structure which can convert between two different configurations in 

response to a change in the environment. The two modes of non-covalent binding offered 

by cucurbiturils, hydrophobic and ion-dipole, are desirable for these systems as different 

binding modes can be activated or more favourable in certain conditions. 
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Figure 41: The main synthetic routes of rotaxane formation: 1) capping, 2) clipping, and 3) slippage. The general 

structure of a rotaxane is shown as the product. 

There are three main synthetic routes for rotaxane formation (see Figure 41 and Figure 

42)105. 

In the first approach, the long slim section of the axle can be passed through the centre 

of the macrocycle and the bulky groups are then attached to prevent the macrocycle 

falling off. This is referred to as the capping mechanism. 

An example of this uses alkylammonium chains that are known for binding in 

cucurbiturils as the alkyl chain is able to bind the hydrophobic cavity while the 

ammonium cations can interact with the polar portal regions. By attaching such a chain 

to pyridine rings, pseudo-rotaxanes able to bind to ruthenium complexes have been 

achieved. As the metal complex is too large and highly charged to pass through the central 

hydrophobic cavity of the cucurbituril, the complexes act as stoppers and if they are 

attached to each end of the alkylammonium chain it can form a rotaxane. Given that some 

ruthenium complexes have been investigated as alternatives to platinum drugs, and the 

increased water solubility of cucurbiturils along with the protection they provide from the 

cellular environment could mean that such rotaxanes might find application in the 

pharmaceutical field106.  
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In the second synthetic approach, if the axle molecule has already been synthesised 

with the bulky end groups, a rotaxane can be made by forming the ring structure around 

the centre of the axle. Cucurbiturils are usually isolated as a pre-formed macrocycle and 

then used so clipping is not often used. Wittenberg et. al. were the first to form a clipped 

rotaxane using a CB10 analogue (bis-nor-seco-cucurbituril) which is similar to CB10 but 

without two bridging methylene groups. This increases the flexibility of the macrocycle 

allowing a slight inward fold at the two missing bridge points. Using two alkylammonium 

chains with terminal t-butyl groups, a pseudorotaxane was formed with one guest 

molecule in each half of the macrocycle. The two halves of the macrocycle could then be 

closed around the guests molecules using 2-imidazolidone and formaldehyde. This forms 

two smaller linked cavities, each binding a guest molecule, which is too small for the t-

butyl groups to slip through107. 

The final synthetic pathway, slipping, is used when both the macrocycle and the axle 

structures are already formed. By heating the two components together, the activation 

energy required to slip the macrocycle over the bulky group may be overcome, however 

when cooled to room temperature, the macrocycle no longer has the energy to slip off the 

axle, trapping it in the rotaxane formation. 

Rotaxane synthesis by slippage was achieved by Yu et. al. using CB10. A central 

4,4’-bipyridine unit was used to bind the hydrophobic cavity while the pyridinium cations 

were positioned at a distance which allowed both to engage in ion-dipole interactions with 

the portals. Either side of the central unit are two tetraphenylethylene stoppers which were 

identified as just small enough to allow the slippage mechanism to occur with only the 

largest cucurbituril, CB10. A methylated analogue was also synthesised but did not form 

the rotaxane species even after heating. Despite the guest molecule not showing any prior 
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fluorescent properties in DMSO, once encapsulated as the rotaxane a clear emission peak 

was observed at 558 nm108. 

 

Figure 42: An example of each method of rotaxane synthesis using cucurbiturils. Images are inspired by figures from 

references 106, 107 and 108. 106–108 
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Finally, it is important to note that the ability of cucurbiturils to act as an alkyne-azide 

click chemistry catalyst has been utilised to form rotaxanes by an additional synthetic 

route. In some cases, the click reaction is used to add additional bulky groups to the end 

of the axle in a very similar manner to the capping mechanism seen previously104, 

however in some cases the triazole ring is formed in the centre of the new axle molecule 

and the cucurbituril molecule traps itself between two bulky groups (see Figure 43)109. 

The formation of the axle from two “half-dumbbell” components seems significantly 

different for click reactions to be considered an alternative fourth route of rotaxane 

formation. (See reference110 for rotaxane formation by copper catalysed click reaction). 

 

Figure 43: Using a CB6 catalysed click reaction to form a rotaxane. The t-butyl groups are bulky and lock the 

macrocycle into position109. 

There are a wide variety of applications for cucurbituril rotaxanes and so despite 

CB10 based structures being investigated significantly less than other cucurbituril 

constructions, current publications range from using CB10 as a drug delivery system to 

the potential of CB10 for molecular machinery111. 
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Previous Work 

 The imidazole cylinder is an analogue of the parent cylinder where the terminal 

pyridine rings are replaced with a 2- or 4-imidazole rings (see Figure 44). This simple 

modification introduces an extra nitrogen atom into the terminal aromatic rings which is 

not involved in metal binding and is therefore free to bind or react. Tuna et. al. began 

investigating the spin crossover potential of the 4-imidazole iron, nickel, cobalt and 

manganese cylinders as the ability to hydrogen bond via the new nitrogen atom of the 

imidazole allowed the triple helicates to form sheet-like arrays. Dependent on the anion 

used, cooperativity between the cylinders in these arrays allowed a fast transition between 

the spin states85. 

Later the 2-imidazole iron cylinders were also studied, again with a focus on their 

spin-crossover behaviours. Using the 2-imidazole cylinder allowed the effect of the NH 

position on packing, and therefore helicate cooperativity, to be investigated. The DNA 

binding of the 4-imidazole cylinder was also investigated84,112. 

 

Figure 44: The structure of the parent and imidazole ligands. 
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3.2.Aims 

The aim of this chapter is to synthesise a supramolecular rotaxane from the 

macrocyclic CB10 and an imidazole cylinder. 

Following the work of Mirela Pascu84, as well as Tuna et al.85, 2- and 4-imidazole 

ligands are synthesised and complexed to iron(II) and nickel(II), creating a series of di-

nuclear triple helicates. These helicates are then tested and selected for two key 

properties: the ability to thread through the CB10 ring, and whether the cylinder can be 

modified after assembly. A cylinder is then selected in order to attempt the formation of 

a rotaxane by a capping mechanism. 

The imidazole cylinders retain the important structural factors of the parent cylinder, 

the binding of two metal ion centres and the core motif for DNA recognition, while 

introducing another nitrogen atom into the terminal aromatic rings which is available for 

reaction. This nitrogen has been used to attach three pyridine rings on to each end of the 

cylinder which are able to act as stoppers and prevent macrocyclic CB10 from 

dissociating from the cylinder. 

 

3.3.Imidazole Cylinders 

 Both the 2- and 4-imidazole ligands were synthesised following the procedure 

previously described by F. Tuna et al.85 and M. Pascu84. The synthesis is simple and uses 

commercially available starting materials. The spacer (4,4’-methylenedianiline) and the 

appropriate imidazolecarboxaldehyde are heated under reflux together in methanol with 

a small amount of glacial acetic acid. After two hours, an off white precipitate is collected 

in high yield (87%). 
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Figure 45: 1H NMR (300 MHz) of the imidazole ligands in d6-DMSO. Inset: The phenyl and imidazole peaks of Lim2 

between 7.16 and 7.34 ppm. 

 The chemical shifts of the ligand protons in DMSO closely match the expected 

shifts for 1H NMR (see Figure 45)84. A COSY spectrum was also taken for both ligands 

which identified the phenyl protons based on their interaction with the CH2 protons. As 

COSY measures through-bond coupling intensity, HPhb showed a much stronger signal 

than HPha which are an extra bond (5 compared to 4) away from the CH2 protons (see 

Figure 46). 
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Figure 46: 1H COSY NMR (400 MHz, DMSO) of (a) Lim2 and (b) Lim4 showing the stronger coupling of HCH2 to HPhb 

than HPha. 

 The iron(II) cylinder was synthesised as both a tetrafluoroborate and a chloride 

salt for each ligand, producing 4 iron cylinders in total. To produce the tetrafluoroborate 

salt, each ligand was stirred in acetonitrile with iron(II) tetrafluoroborate hexahydrate. 

The chloride salt was synthesised by the same method using iron(II) chloride hexahydrate 

in methanol. The solvents were chosen to increase the solubility of the respective iron 

salts. Unlike the published procedure85, the cylinder had to be precipitated in diethyl ether 

in both cases as no crystals appeared to form. 

The same process was repeated with nickel(II) chloride hexahydrate in methanol 

to yield the nickel cylinder.  The cylinder was precipitated by addition of methanoic 

ammonium hexafluorophosphate and was converted back to a chloride by stirring with 

Dowex (chloride form) beads in methanol until the cylinder was fully dissolved. 

 

Paramagnetic NMR 

 For octahedral complexes, iron(II), in its high spin state, and nickel(II) both 

possess unpaired electrons (Figure 47). Iron(II) is in a high spin state when bound to both 

Lim2 and Lim4 meaning all the imidazole cylinders studied are paramagnetic, which 

significantly affects the 1H NMR of these compounds. 
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Figure 47: The electronic configurations of Fe(II) and Ni(II) in their octahedral coordination. 

 Electrons have an associated magnetic field hundreds of times stronger than the 

magnetic field of a nucleus113. While the variety of proton shifts in a molecule is usually 

due to shielding by local electron density, proximity to the unpaired electron has a much 

greater effect. The peaks in this case are now spread between -6.9 and 229.0 ppm, 

compared to 3.9 and 13.0 ppm observed for the ligand. This is called a paramagnetically 

shifted NMR spectrum. The spectra have been broadened as the presence of the unpaired 

electron decreases the relaxation time, which in turn prevents any coupling to be observed 

in the spectra. Assignment of the spectra is therefore very difficult, but an attempt has 

been made by comparison to the assignments by Floriana Tuna et al.85 (see Table 1). 

 In some cases where a high shift was expected, particularly H2 and NH protons 

for Lim4, the peaks were not observed. This can be rationalised by the close proximity to 

the unpaired electron, which not only causes the increased shift but is likely to have a 

stronger broadening effect.   
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 [Fe2(Lim4)3] [Ni2(Lim2)3] 

(ppm) Literature - 

(BF4)4 

(BF4)4 (Cl)4 Literature – 

(PF6)4 

(PF6)4 (Cl)4 

HPha/b -5.6 -5.7 -5.7 -6.7 -6.7 -6.9 

HPha/b 14.7 14.7 14.7 15.4 15.5 15.6 

CH2 24.8 24.9 25.4 27.5 27.7 28.4 

H4 38.1 38.2 37.2 40.9 41.3 41.1 

Him 42.9 43.0 41.9 58.7 59.7 60.0 

NH 92.7 92.9 * 93.1 94.1 * 

H2 159.2 159.5 157.5 229.0 * * 

Table 1: A table to compare the 1H NMR (300 MHz) values from the paramagnetic spectra of the Lim4 cylinders. 

*Values were too weak and broad to be seen in the spectrum. Tetrafluoroborate and hexafluorophosphate salts were 

dissolved in d3-actotnitrile while chloride salts were dissolved in d4-methanol. All values in red were taken from the 

literature for comparison, see Reference 85.85 

 There are no previously published NMR spectra for the 2-imidazole cylinders so 

assignments were made by comparison to the respective 4-imidazole equivalents and 

proximity to the metal ion centre (the unpaired electron). The integration values were 

particularly useful when identifying the phenyl peaks which had integrations which were 

double the value of the other proton peaks. 

 [Fe2(Lim2)3] [Ni2(Lim2)3] 

(ppm) (BF4)4 (Cl)4 (PF6)4 (Cl)4 

HPha/b 0.6 0.6 -5.4 -5.3 

HPha/b 17.8 17.4 15.2 15.6 

CH2 22.1 22.0 25.2 28.4 

Him 56.4 61.6 66.2 41.1 

H5 65.3 67.8 74.8 60.0 

NH 71.2 * * * 

H4 124.2 118.7 * * 

Table 2: A table to compare the 1H NMR (300 MHz) values from the paramagnetic spectra of the Lim2 cylinders. 

*Values were too weak and broad to be seen in the spectrum. Tetrafluoroborate and hexafluorophosphate salts were 

dissolved in d3-actotnitrile while chloride salts were dissolved in d4-methanol. 

 

Interactions with CB10 

 Previously L. Cardo114 was able to show that the parent iron and ruthenium 

cylinders were able to thread through and bind the macrocyclic CB10. NMR and mass 
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spectroscopy were used to investigate whether the same threading interaction would 

occur using the imidazole cylinders. 

 [Fe2(Lim4)3]Cl4 is the most water soluble out of the imidazole cylinders so was 

used for the initial threading tests. The cylinder was dissolved in D2O (1 mM) and 0.9 

equivalents of CB10 were added so all the CB10 could be non-covalently bound. The 

solution was stirred until the white CB10 powder was completely dissolved. 
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Figure 48: Comparing the chemical shifts of [Fe2(Lim4)3]Cl4 in D2O both with and without CB10. The stacked 

spectra show (a) the paramagnetic shifts and (b) the diamagnetic shifts with the CB10 protons.The structures and 

labelling of the ligand (top left) and CB10 (top right) are included for clarity. (1H NMR, 300 MHz) 
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In the 1H NMR there are three clear, broadened peaks to indicate the presence of 

CB10 near the paramagnetic centres. The largest changes in the chemical shift of the 

cylinder protons upon addition of CB10 appear in the paramagnetic region of the 1H NMR 

spectra (see Figure 48(a)). Protons H2, Him and HCH2 all show a large shift (>2 ppm). Both 

H2 and Him are shifted downfield so are deshielded. This could show that the protons are 

within the portal of CB10 which is surrounded by polar ketone groups and able to 

withdraw electron density from the already deshielded protons. The HCH2 protons are 

shielded by CB10 binding, shown by the downfield shift, as the hydrophobic aromatic 

core of the cylinder is now shielded by the CB10 macrocycle. 

Despite being in the centre of the macrocyle cavity, the phenyl protons (HPha/b) do 

not show the same shielding as the HCH2
 protons and appear to be slightly deshielded. As 

it is at the end of the cylinder and has very little contact with the CB10 ring, H4 shows the 

smallest change in shift (0.31 ppm). 

When the parent cylinder is thread through CB10, similar protons are shifted114. 

The CH2 protons are also shielded, causing an upfield shift, and Him is shifted downfield. 

For the parent cylinder, H3 is also shifted downfield as it is pointing back into the 

macrocycle portal. This is not observed for H4, possibly because the imidazole ring alters 

the angle at which H4 is pointed directed. The protons of both the parent and imidazole 

cylinders are not split into different environments, as peak splitting  is not observed in the 

NMR spectra, which can only be fulfilled if the CB10 is bound by threading. 

The iron cylinder can also exist in a low spin diamagnetic state which is in 

equilibrium with the high spin paramagnetic state. Conversion between these two states 

is slow, especially when compared to an NMR timescale, so the diamagnetic species gives 
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a separate set of lower intensity peaks between 3.5 and 10 ppm in deuterated water (see 

Figure 48(b)). These peaks do not show the same change in chemical shift which could 

imply that the macrocycle binds the paramagnetic species preferentially. To study this 

further, a titration could be completed with increasing amounts of CB10 and the 

intensities of the paramagnetic peaks should be compared to the diamagnetic peaks. An 

increase in the ratio of the intensity of bound paramagnetic species to diamagnetic peaks 

would suggest preferential binding. 

Threading of [Ni2(Lim2)3]Cl4 through CB10 was also tested. The nickel cylinder is 

not soluble at high enough concentrations in water alone for an NMR to be taken, so 20% 

deuterated methanol solution was used. The cylinder was dissolved in solution and 0.9 

equivalents of CB10 were added. Unlike the iron cylinder, not all of the CB10 dissolved 

after stirring so any excess was removed by filtration. 

 

Figure 49: Comparison of the 1H NMR paramagnetic spectra of [Ni2(Lim2)3]Cl4 with (bottom) and without (top) 

CB10. The insert gives a more detailed view of the spectra between 2.5-6.5 ppm to show the CB10 proton peaks. The 

structures of Lim2 (top) and CB10 (left) are shown with labelled protons. (1H NMR, 300 MHz, Gaussian function 

(1GB) applied to both spectra to reduce background noise). 
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 Unlike the iron cylinder the nickel cylinder is a d8 transition metal and does not 

have a diamagnetic state so only the paramagnetic region is shown (see Figure 49). The 

broader signals (H5, HPha/b) appear unchanged by the addition of CB10 however the 

sharper signals (circled in Figure 49) show that the CH2 and phenyl proton shifts have 

been split into two peaks. Comparison to the spectra before addition of CB10 suggests 

that this is because only half of the nickel cylinder has been bound by the CB10. This is 

confirmed by the equal integrations of the two CH2 peaks (0.46 for both) and the CB10 

proton integrations (3.32 and 1.58) being very close to the expected value for half of the 

cylinder bound (3.06 and 1.53 respectively). It is likely that the other peaks do not show 

this splitting as they are too broad. Again, the CH2 protons seem to be most affected by 

the non-covalent macrocycle binding. 

The mass spectrum (see Figure 50) also shows the presence of the unbound 

cylinder (m/z = 410 [Ni2(Lim2)3Cl3+ + H2O]) and the CB10 threaded cylinder (m/z = 710 

[Ni2(Lim2)3Cl4+ + CB10]). 
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Figure 50: Mass spectrum (SCAN ES+) of the 2-imidazole cylinder and CB10 in solution. 

The data suggests that the imidazole cylinders are able to bind to CB10. It is likely 

that these cylinders thread through the CB10 much like the parent cylinder, however the 

data presented here is not enough to show that the cylinder is within the central cavity of 

the CB10 ring. 

 

3.4.Post Assembly Modification 

Alkylation of an imidazole carboxaldehyde 

 Viktoriia Sadovnikova followed a published method115 to alkylate an 

imidazolecarboxaldehyde which could then be used to synthesise a modified imidazole 

ligand via imine formation. To alkylate the imidazolecarboxaldehyde, 2-
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(bromomethyl)pyridine hydrobromide is dissolved in DMF and added to the aldehyde 

before the addition of  Hunig’s base (N,N-diisopropylethylamine). The reaction is 

quenched with aqueous sodium hydrogen carbonate before being extracted with 

dichloromethane116. 

 

Scheme 4: Alkylation of an imidazole carboxaldehyde, originally using the 2-imidazole carboxaldehyde116 (top) and 

repeated with the 4-imidazole carboxaldehyde (bottom). 

Originally the 2-imidazolecarboxaldehyde was used116, so the reaction was repeated 

with the 4-imidazolecarboxaldehyde to see if the alkylation would occur preferentially at 

one nitrogen site over the other (see Scheme 4). The product was analysed by liquid 

chromatography – mass spectrometry (LCMS), where the sample is passed through a 

reverse phase C18 column to separate the products which are then immediately analysed 

by mass spectrometry. This process is monitored by UV-Vis spectroscopy which is used 

to detect products as they are eluted by measuring the light intensity at a wavelength that 

the product is expected to absorb. Pyridine has a strong absorbance at 254 nm117 so this 

wavelength was selected to monitor the separation. The mass spectra corresponding to 

two large absorption peaks both showed evidence of the protonated product at m/z = 188. 

The mass spectrum corresponding to the smaller absorption peak did not have a peak at 
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m/z = 188 suggesting that the imidazolecarboxaldehyde is not present and explaining the 

weaker absorbance. 

A separation was then attempted by preparatory high pressure liquid chromatography 

(prep-HPLC). Of the four peaks that were eluted, peaks three and four were shown to 

contain the product peaks by mass spectrometry. The two products were thought to be the 

two isomers produced by alkylation of the different nitrogen atoms and NMR spectra of 

the two separated products were taken to elucidate which product was which isomer. 

 

Figure 51: Highlighting the key difference between the two possible alkylation products. The proximity of the 

aldehyde proton to the carbons allows the isomers to be distinguished by COSY-NMR and NOESY-NMR. 

The key difference between the two isomers is the proximity of the aldehyde proton 

versus the imidazole proton to the methylene linker between the imidazole and pyridine 

rings (see Figure 51). An attempt to distinguish the two isomers was done by COSY-

NMR, which investigated the through bond coupling of protons. In both cases, the two 

imidazole proton peaks (H9 and H12) overlap, meaning that coupling to the CH2 protons 

is expected regardless of the position of the second imidazole proton. Fortunately, the 

aldehyde proton is easily distinguished with the highest chemical shift. The coupling to 

the CH2 proton in the spectra for the product of peak 3 is much more intense than the 

small signal observed in the COSY spectra for the product of peak 4, which could indicate 

that the product of peak 3 is isomer A while the product of peak 4 is isomer B (see Figure 

52). 
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Figure 52: The 1H NMR and COSY NMR (400 MHz, chloroform-d) of fraction 3 (left) and fraction 4 (right) isolated 

by prep-HPLC with their suggested asssignments. Circled in blue is the COSY signal between CH2 and Hald which is 

not observed for the second isomer. 
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 HSQC was also attempted, however the signal from the carbon NMR was too 

weak to show significant coupling between the carbon atoms and their protons.  

 To confirm this assignment, further studies such as nuclear overhauser effect 

spectroscopy (NOESY) and HMBC should be done. HMBC may be able to show 

coupling of the imidazole carbons, which should not overlap, and the methylene protons. 

A more significant result may come from NOESY as it shows through space rather than 

through bond coupling. This means that the imidazole or the aldehyde proton would have 

a stronger correlation to the methylene protons which could quite easily distinguish the 

two isomers. The aim of this experiment was both to show that the procedure worked and 

that it could be repeated with the 4-imidazole as well as the 2-imidazole, so no further 

studies were completed at this point. 

 

Post assembly modification of an imidazole cylinder 

After successfully modifying the 4-imidazole carboxaldehyde, post assembly 

modification of the 2-imidazole nickel cylinder, [Ni2(Lim2)3]PF6, was attempted. A 2-

imidazole cylinder was chosen as the 4-imidazolecarboaxaldehyde reaction demonstrated 

that alkylation can occur at either nitrogen position on the imidazole ring. When 

coordinated to a metal centre in a supramolecular cylinder, one of the nitrogen atoms of 

the ligand imidazole ring should be unavailable for alkylation, however it is also possible 

that the ligand temporarily dissociates from the metal ion, allowing either nitrogen to 

react. If the nitrogen atom in the 1 position of the 4-imidazole were to react, the imidazole 

would no longer be able to coordinate to the metal ion causing the breakdown of the 

cylinder.  For this reason, the 2-imidazole ligand was chosen to attempt post assembly 
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modification as there is only one possible alkylation product, and the ligand will be able 

to bind the metal centre after the reaction has occured. 

The nickel cylinder was chosen as generally nickel analogues are more stable than 

iron cylinders. UV studies of [Fe2(Lim2)3]Cl4 and [Ni2(Lim2)3]Cl4 in methanol (see sections 

4.3.3 and 4.3.4) support this as the signal for [Fe2(Lim2)3]Cl4 decreases at a faster rate than 

the signal [Ni2(Lim2)3]Cl4 at their respective  λmax (0.16% per minute at 328 nm and 0.03% 

per minute at 319 nm). 

Dimethylformamide is able to co-ordinate to metal centres so the solvent was changed 

to acetonitrile for the cylinder alkylation to allow the cylinder to be isolated after the 

reaction had occurred.  

 

Scheme 5: Post assembly modification of the nickel 2-imidazole cylinder in acetonitrile. 

The nickel cylinder and 2-(bromomethyl)pyridine hydrobromide were dissolved in 

acetonitrile before Hunig’s base was added and the solution was stirred at 80oC overnight. 

The cloudy yellow solution initially became pink on addition of the base, which then 

turned to a cloudy orange after stirring. A small sample of this solution was allowed to 

settle, showing that the cloudy orange colour came from a yellow precipitate in a pink 

solution. The orange solution was filtered to remove a pale brown powder before the 

solvent was removed from the filtrate. The resulting sticky orange solid was washed with 

chloroform to remove any excess organic reagent or by-product which yielded a pale 

orange powder product (see Scheme 5). 
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Figure 53: Illustrating that the fully alkylated product must go through six separate alkylation reactions. 

The cylinder must undergo six alkylation reactions in order to form the fully alkylated 

product (see Figure 53). This means that the side products of this reaction include any 

partially reacted cylinder species which are referred to by their number of alkylations or 

modifications. By pushing this reaction to completion both the yield and purity of the 

product benefit, as it would be difficult to separate the fully reacted product from a 

partially reacted side product. 

Mass spectrometry was primarily used to identify the product as a clear peaks at m/z 

= 432 ([Ni2(Lim2)3]
4+), 624 ([Ni2(Lim2)3](PF6)

3+), and 1009 ([Ni2(Lim2)3](PF6)
2+) were 

easily assigned and all of the identifiable peaks corresponded to either completely 

modified cylinders or cylinders with 5 alkylations (see Figure 54). 
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Figure 54:Mass spectrum (TOF MS ES+) of orange powder product containing the fully alkylated cylinder. 

The pale brown precipitate appeared to contain many partly modified (and some fully 

modified) cylinder species but was not soluble in acetonitrile (see Figure 55). 

 

Figure 55: Mass spectrum (TOF MS ES+) of the brown precipitate containing many partially reacted species. Some 

of the larger peaks have been assigned by the number of alkylations before the fully alkylated species. 
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The NMR of the product (see Figure 56) showed similar peaks in the paramagnetic 

region to the nickel 2-imidazole cylinder.  Between 0-10 ppm new peaks appear which 

are not observed in the spectrum prior to alkylation (see Figure 56 inset). Four peaks 

between 7-9 ppm each with an integration value of 1 can be attributed to the pyridine 

protons on the alkylated cylinder (H3-H6). Two further peaks can be found at 1.64 ppm 

and 4.20 ppm. Both peaks are broad and have an integration value 1. These peaks could 

be due to the CH2 groups between the imidazole and pyridine rings although it is unclear 

why these protons do not have the same shift. 

 

Figure 56: 1H NMR (300 MHz) of [Ni2(Lmod)3](PF6)4 in deuterated acetonitrile. Insert shows magnified view of 

spectrum between 0-15 ppm (bottom) with the spectrum for the cylinder prior to alkylation, [Ni2(Lim2)3](PF6)4,  

stacked (top) for comparison. 
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 As the alkylation had been successful in acetonitrile, the reaction was repeated in 

the presence of CB10 in an attempt to form the rotaxane. An orange, flakey precipitate 

(28.2 mg, 25% yield) was isolated however it was clear from the 1H NMR and mass 

spectrum that there was very little if any cylinder threaded through the macrocycle (see 

Figure 57 and Figure 58). The polarity of acetonitrile may not be high enough to drive 

the cylinder through the CB10 ring resulting in favourable hydrophobic interactions. 

 

Figure 57: Mass spectrum (SCAN ES+) of the orange powder product from the alkylation reaction in the presence of 

CB10. 
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Figure 58: 1H NMR (300 MHz) of the orange powder precipitate product of the alkylation in the presence of CB10 

(maroon) overlaid with the alkylation product of the post assembly modification. The inset image is a more detailed 

view of the spectrum between 0-20 ppm as outlined in the spectrum. 

The nickel 2-imidazole cylinder has been shown to non-covalently bind CB10 in 

a 20% methanol solution by 1H NMR and mass spectrometry (see Section 3.3.2). Two 

higher polarity solvents, ethanol and water, were tested to see if the alkylation reaction 

could still occur. In both cases, [Ni2(Lim2)3]Cl4 and 2-(bromomethyl)pyridine 

hydrobromide were dissolved in the solvent and Hunig’s base was added. 

 After cooling to room temperature, the reaction in ethanol was filtered and the 

ethanol removed from the filtrate under vacuo. The solid product was then suspended in 

chloroform to remove any organic products and the resulting precipitate was isolated by 

filtration. The mass spectrum of the precipitate showed that a mixture of modified 

cylinder species were present, with the 4 times alkylated cylinder giving the greatest peak 

intensity (see Figure 59(a)). 



87 

 

 The alkylation reaction in water was also filtered after cooling to remove a dark 

brown precipitate. As chloroform and water are immiscible, filtrate could then be washed 

with chloroform without having to remove the solvent and the aqueous phase was 

collected. The cylinder was precipitated from the aqueous solution as a 

hexafluorophosphate salt. The mass spectrum showed that the 6 times (fully) alkylated 

cylinder species had the greatest intensity, demonstrating that the cylinder could be 

completely alkylated in water (see Figure 59(b)). 
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Figure 59: Mass spectrum (Scan ES+) of the product of the alkylation reaction in (a) ethanol and (b) water. 
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3.5.Rotaxanes 

Synthesis of a rotaxane 

The alkylation of the nickel 2-imidazole cylinder had already been attempted in the 

presence of the CB10 but failed to produce the desired rotaxanated species. For this 

reason, the alkylation of the cylinder in alternative, higher polarity solvents was tested. 

The reaction in water showed positive results with the fully modified cylinder being the 

main species detected by mass spectrometry. For this reason, water was chosen as the 

solvent for further attempts at rotaxane formation (see Scheme 6). 

 Initially the nickel cylinder, [Ni2(Lim2)3]Cl4, and macrocycle, CB10, were 

suspended in deionised water in stoichiometric amounts and heated slowly to 40oC while 

stirring to help the threading process. Once the solution had become clear, the alkylation 

reagents, 2-(bromomethyl)pyridine hydrobromide and Hunig’s base, were added and the 

solution stirred overnight at 80oC. Like the alkylation without CB10, the reaction was 

cooled to room temperature, filtered to remove a cream precipitate, and the filtrate washed 

with chloroform. The product was precipitated from the aqueous phase as a 

hexafluorophosphate salt overnight at 4oC before the fine powder was isolated by 

filtration using a 0.45 μm nylon membrane. While the mass spectrum suggested a small 

amount of the rotaxanated species was present, the number of modifications was varied 

(see Figure 60a). 

 

Scheme 6: Formation of a pseudorotaxane followed by alkylation of the cylinder in water. 
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 To investigate whether the reaction required a greater amount of time to fully 

alkylate, the fine cream powder product was redissolved in water and the alkylation 

reagents were added again. The solution was stirred at 80oC overnight before a small 

sample was taken for analysis. 

 The new mass spectrum (see Figure 60b) showed that only the species with four 

or more modifications were present, with some peaks (m/z = 805 and 828) suggesting that 

a more modified cylinder had fragmented at the methylene group, which most likely 

occured while recording the mass spectrum. Unfortunately, the low mass of the pyridine 

ring fragment was not recorded as this was outside of the spectrum limits (m/z = 100-

1200). 

 

 

Figure 60: The mass spectrum (SCAN ES+) of the product of (a) the first overnight stir in water and (b) the second 

overnight stir in water. 
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 The 1H NMR spectrum of both products was also recorded (see Figure 61). A 

different solvent was used to take each spectrum as the first product was precipitated as 

a hexafluorophosphate salt and the second product was isolated as a chloride. Acetonitrile 

and deuterium oxide were used respectively to dissolve the products for NMR. Although 

this prevents comparison of the exact shifts of the NMR peaks, the CB10 proton peaks 

can be identified in each spectrum. The definition of the pyridine peaks also seems to 

improve in the spectrum of the second product, which agrees with the conclusion that 

after the second stir, more of the fully alkylated product and fewer partially alkylated side 

products are present. 

 

Figure 61: 1H NMR spectra of the product of the first overnight stir dissolved in d3-aceonitrile (maroon)) and (b) the 

second overnight stir dissolved in deuterium oxide (green). The CB10 peaks are labelled and the pyridine peaks of 

the alkylated cylinder are circled in each spectrum. A Gaussian (1GB) and exponential (0.3Hz)  function has been 

applied to both spectra. 
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The rest of the reaction mixture was allowed to stir at 80oC for a further two days 

to see if all the cylinder would be completely alkylated with only the 6 modified species 

left. Although the mass spectrum does appear to only show a peak for the 6 modified 

species, the peak is small and much larger peaks are observed for the unmodified ligand 

bound to different ions. Stirring for long periods at high temperature is therefore likely to 

cause the cylinder to breakdown. 

 In every product presented so far, peaks in the NMR (1.35 ppm) and mass spectra 

(m/z = 130) indicate that the base is still present. The original reaction suggested by 

Viktoriia Sadovnikova included a quenching step with sodium hydrogen carbonate, 

which converted any unreacted base into a salt. To isolate the cylinder without excess 

base being present, an attempt to quench the reaction with sodium hydrogen carbonate 

was made. 

 The alkylation reaction in water was repeated and after a 24 hour stir, a saturated 

solution of sodium hydrogen carbonate was added to quench the reaction. The solution 

allowed to settle before being filtered under vacuum to remove a brown precipitate and a 

bright yellow filtrate was collected. The solvent was removed under vacuo and the 

resulting salts suspended in excess methanol as the rotaxane should be weakly soluble in 

methanol but the salts should not be. The salts were removed by filtration and the solvent 

was removed from the filtrate to yield a pale beige powder solid. 

 The product was shown to be soluble in water, but not at the concentration 

required for a clear 1H NMR, especially as the unpaired nickel electrons cause severe 

broadening of the paramagnetic peaks. The NMR shown are for demonstration only. 
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Figure 62: 1H NMR between 0-10 ppm of (top-blue) the nickel cylinder after alkylation, (middle-green) the nickel 

cylinder thread through CB10 and (bottom-red) the rotaxane. A Gaussian function (1GB) and exponential (0.3 Hz) 

has been applied to the final spectrum ([Ni2(Lmod)3][CB10](Cl)4 in D2O) so the peaks can be seen clearly. 

 The NMR of the rotaxane (bottom spectrum, Figure 62) has two main features 

which have been seen before in previous spectra. 

The spectrum of the modified cylinder (top spectrum, Figure 62, also seen in the 

inset image, Figure 56), [Ni2(Lmod)3](PF6)4, contains four peaks for each of the pyridine 

protons attached during the alkylation reaction. Three of these peaks are circled in yellow 

(H3, H4 and H5), and the fourth peak (H6) is seen next to them at a slightly higher shift.  

The same pattern of circled peaks is repeated in the rotaxane spectrum although they are 

broadened and shifted downfield. This deshielding is due to the change in solvent, from 

acetonitrile to water, which allows the pyridine nitrogen to hydrogen bond to the solvent. 

The fourth peak is the proton of the carbon neighbouring the pyridine nitrogen (H6) which 

would be most affected by this hydrogen bonding. This peak was already much broader 
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than the other pyridine protons (Figure 62, blue - top) so is probably too broad to be 

observed in the rotaxane spectrum. 

 The spectrum of the 2-imidazole cylinder (middle spectrum, Figure 62, also seen 

in the inset image, Figure 49) clearly shows three peaks surrounding the water solvent 

peak which are assigned to the protons of CB10. These peaks are also observed in almost 

exactly the same position in the rotaxane spectra (shown by the orange arrows). These 

peaks have very similar shifts in both spectra, suggesting that the macrocyclic proton 

environments are not affected by the alkylation of the cylinder.  

 

Figure 63: Mass spectrum (SCAN ES+) of the rotaxane product after quenching with NaHCO3 
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 The mass spectrum suggests that mostly the six times alkylated cylinder bound to 

CB10 is found in the product (m/z = 847.23). Again, some of the product appears to have 

been fragmented whilst recording the mass spectrum (see Figure 63). 

 

3.6.Conclusions and Further Work 

 This chapter describes the successful synthesis of a rotaxane from a cylinder 

analogue and cucurbit[10]uril. This is the first time a supramolecular helicate has been 

rotaxanated. 

Firstly, a post assembly modification strategy has been developed, building on 

previous work with the imidazole cylinders84,85 and a parent cylinder analogue116. Here it 

has been demonstrated that while the imidazole ligand is  coordinated in a helicate, the 

extra nitrogen of the imidazole ring is able to act as a Lewis base in an alkylation reaction 

with 2-(bromomethyl)pyridine hydrobromide. The alkylated product has been 

characterised by mass spectrometry and paramagnetically shifted 1H NMR spectroscopy. 

This is the first example of post assembly modification using this cylinder system and, 

once optimised, could offer a quick synthetic pathway to novel cylinders as an alternative 

to long organic ligand synthesis. 

A previous binding study found that the parent cylinder was a good shape and size 

to thread through the cavity of a CB10 macrocycle. As imidazole cylinders have similar 

dimensions, their binding to CB10 was also investigated by 1H NMR and mass 

spectrometry. On addition of CB10 to and NMR sample, the obvious shifting of certain 

peaks in the NMR spectra indicated a change in the cylinder environment caused by 

binding. The lack of peak splitting suggested that every proton in each individual 
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environment was shifted by the same amount, retaining their equal chemical shift. The 

lack of peak splitting therefore suggests that the cylinder is in a symmetrical environment, 

and therefore must be threaded through the centre of the macrocyclic ring. 

Cylinder threading followed by post assembly modification was utilised to form 

the first rotaxanated supramolecular helicate. After some optimisation, the mass spectrum 

indicated the minimum number of pyridine moieties covalently attached by alkylation 

onto each cylinder was four, which should be enough to prevent the CB10 ring 

dissociating. The low water solubility of the supramolecular structure and the broadening 

caused by the paramagnetic metal centres meant that a clear paramagnetically shifted 1H 

NMR could not be recorded, however attempts at lower concentration lead to the 

identification of the CB10 and pyridine protons together, which gives further evidence 

for the formation of the rotaxane. 

In future, the post assembly modification reaction should be attempted with the 

nickel 4-imidazole cylinder. As shown by the alkylation of 4-imdiazole carboxaldehyde, 

the 4-imidazoles form two different products depending on which nitrogen site is 

alkylated. When bound to a metal ion, one of these sites (N1, nearest the imine bond) 

should be unavailable for reaction. Investigating which sites are alkylated during post 

assembly modification of the 4-imidazole cylinder would indicate whether the ligand 

remains bound to the cylinder, in which case only one alkylation site should be found, or 

whether the ligand is alkylated in an unbound state, allowing both nitrogen atoms of the 

imidazole to be alkylated. A simple way to check for multiple products would be to 

dissolve the modified cylinder in DMSO which is a coordinating solvent and should be 

able to remove the metal ions from the cylinder whilst also dissolving the ligand. The 
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solution could then be separated by HPLC, similar to the isolation of the modified 

carboxaldehyde, and the reaction products investigated by NMR. 

Post assembly modification using a variety of different alkylating agents should also be 

attempted to see if certain moieties or characteristics are favoured. It may also be possible 

to form a wide range of cylinder analogues this way. 

As with the parent cylinder114, further NMR studies may be able to provide further 

evidence that the imidazole cylinder is thread through the CB10 cavity. In particular, 

through space NMR techniques such as NOESY and rotating overhauser effect 

spectroscopy (ROESY)118 could be used to see which cylinder protons show strong 

interactions with CB10. Alternatively, diffusion ordered spectroscopy (DOSY)119 may be 

used. 

Finally, future studies should test whether the CB10 ring is able to dissociate from 

the cylinder after alkylation. Higher temperature or competitive binders, such as CB5111, 

should be applied to the rotaxanated species in solution to see if the macrocycle can be 

released.  It would also be interesting to investigate whether the CB10 ring is able to 

stabilise the cylinder against degradation over long periods of time or under high 

temperature conditions where it is likely that the imine bond will be hydrolysed. 
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Chapter 4:  

DNA BINDING STUDIES 
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4.1.Previous Work and Current Aims 

Although the interest in the 4-imidazole cylinders was originally their spin cross-

over behaviours, their ability to bind to DNA was still tested84,85,112. [Fe2(Lim4)3]Cl4 was 

shown to bind to DNA at a more perpendicular angle, causing stiffening. 

Similarly, the DNA binding of [Fe2(Lmod)3]Cl4  and [Ni2(Lmod)3]Cl4, which have the 

same structure as the alkylated cylinder, to DNA has been investigated116. The iron 

cylinder appears to be too unstable in solution to bind the DNA. Only minor changes to 

the DNA absorbance spectra (UV-Vis, CD, LD) are seen and it is suggested that these are 

due to the leftover ligand interfering with the DNA after the cylinder degrades. The nickel 

cylinder acts very differently in solution and the binding to DNA is confirmed by the 

appearance of an ICD band and MLCT band in the CD spectrum. In addition, the LD 

spectrum shows that the absorbance of polarised light by DNA is reduced as the base pair 

to [Ni2(Lmod)3]Cl4 ratio increases. This suggests that the modified nickel cylinder is able 

to bind and stiffen the DNA similar to [Fe2(Lim4)3]Cl4. 

Unlike the 4-imdiazole cylinders and the alkylated cylinder, the DNA binding ability 

of the 2-imidazole cylinders has not been investigated. The aims of this chapter are to 

show that the 2-imidazole cylinder is able to bind DNA, and that this binding can be 

prevented by the CB10 macrocycle of the rotaxane. DNA binding of the 2-imidazole 

cylinder is investigated followed by the rotaxane binding. By comparison of the 2-

imidazole binding, the rotaxane binding and previous binding studies84,112,116, it should be 

possible to show whether threading the cylinder through a CB10 ring effects the DNA 

binding mode or efficiency.  
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The binding of DNA is investigated by UV-Vis spectroscopy, CD and LD. A brief 

introduction is provided for each method to give context to the results and discussion. 

 

4.2.DNA Binding Studies: Solvent Systems 

In order to study DNA binding, a complex must be soluble in a stock solution which 

has a higher concentration, 0.5-1 mM, than in the sample being measured, 2-50 μM. This 

is so that only small amounts of the stock solution are required to raise the concentration 

of the measured sample to the desired level. In some cases the complex being investigated 

has a low water solubility, for example [Ni2(Lim2)3]Cl4, which requires an alternative 

solvent system to be used, here a 20% methanol solution. 

Although the volume of additional solvent is kept to a minimum, it is necessary to 

make sure any alternative solvent system does not have an effect on the DNA when added 

to the measured sample. Each [Ni2(Lim2)3]Cl4 titration has therefore been repeated with a 

20% methanol stock solution as a control titration to investigate any effect that the 

presence of methanol may have. The volume of 20% methanol solution used for each 

addition exactly matches the volume of cylinder stock solution that would have been used 

in the original titration. The concentration and percentage volume of methanol has been 

measured for each sample (see Table 3). 
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UV Vis and CD  LD 

bp : 

cyl 

20% 

MeOH / μL 

MeOH 

conc. / mM 

MeOH / 

% volume 

 bp : 

cyl 

20% MeOH 

/ μL 

MeOH 

conc. / mM 

MeOH / 

% volume 

60:1 2 8.2 <0.1  60:1 1.3 63 0.1 

40:1 3 12.3 <0.1  40:1 2 95 0.2 

20:1 6 24.5 0.1  20:1 4.1 187 0.4 

10:1 12 48.5 0.2  10:1 9 337 0.8 

8:1 15 60.3 0.2  8:1 11 486 1.0 

6:1 20 79.7 0.3  6:1 15 570 1.3 

4:1 30 117.7 0.4  4:1 25 824 2.0 

Table 3: The volume of 20% methanol solution added for each measurement of the control titration. The base pair to 

cylinder ratio each addition corresponds to is provided. 

 

4.3.UV-Vis Spectroscopy: 

Introduction to UV-Vis 

 UV-Vis spectroscopy measures the absorption of different wavelengths of light 

by a chromophore within the ultraviolet (UV, around 200-400 nm) and visible light 

regions (around 400-800 nm) of the electromagnetic spectrum120. All wavelengths of 

light, λ, have an associated energy, E, which can be calculated using Equation (1)121. 

When light is absorbed, the associated energy is able to promote an electron from a low 

lying, filled molecular orbital (the ground state) into a higher energy, empty molecular 

orbital (the excited state). As the energy difference between two molecular orbitals is 

discrete, only the specific wavelengths of light with these energies are absorbed. 

(1) 𝐸 =  
ℎ𝑐

𝜆
 

 The absorption of each wavelength of light is measured by a spectrophotometer, 

in which a beam of each wavelength of light is passed through the sample in a cuvette, 

and any light which is not absorbed is measured by a detector. The absorption of light by 

a choromophore can be directly related to its concentration by the Beer-Lambert Law 

(2)121: 
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(2) 𝐴 =  𝑙𝑜𝑔
𝐼0

𝐼
 =  𝜀 𝑐 𝑙 

 

The intensity of the incident light, 𝐼0, is the intensity of the specified wavelength of 

light emitted by the lamp, which depends on the instrument used. To measure the 

absorbance, A, the incident light intensity is compared to the intensity of the transmitted 

light, 𝐼, which is the light that is not absorbed and therefore able to pass through the 

sample. The path length, 𝑙, refers to the thickness of the sample or the distance over which 

the light can be absorbed which is dependent on the cuvette used, usually 1 cm. The molar 

extinction coefficient (MEC), 𝜀, is the inherent ability of a chromophore to absorb the 

specific wavelength of light under stated conditions. The absorbance is therefore 

dependent on the concentration of a sample, the wavelength of light being measured and 

the external conditions of the experiment. 

As the absorbance is directly related to the concentration, 𝑐, the concentration of a 

sample can be calculated from the absorption spectrum if the molar extinction coefficient 

is known. This is particularly useful for measuring the concentration of a DNA sample as 

the molar extinction coefficient at 260 nm is known for ctDNA, ε260 = 6600 M-1cm-1 and 

so 13200 M-1cm-1 per base and base pair respectively122,123. 

 

Absorbance of the imidazole helicates 

The absorbance of each of the imidazole complexes was measured at room 

temperature. The helicate solutions were measured immediately after the sample was 

dissolved in order to minimise any breakdown of the cylinder that could occur in solution. 
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Figure 64: The absorbtion spectra of the 2-imidazole cylinders (left) and of the 4-imidazole cylinders (right). Iron 

cylinders are plotted in pink and nickel cylinders are plotted in green for comparison. Each inset is a more detailed 

view of the main absorbance peak for each spectrum. Chloride salts were dissolved in methanol while 

tetrafluoroborate and hexafluorophosphate salts were dissolved in acetonitrile. 

The 2-imidazole ligand absorbance appears to vary dramatically with different 

solvents, anions and complexed metal ions (see Figure 64, left). The two nickel cylinders 

have similar absorption pattern with two main peaks around 320 nm and 360 nm. The 

absorbance of these two peaks is dependent on the solvent or anion present. The iron 

cylinders show two very different absorption spectra. The tetrafluoroborate salt (dark 

pink) has two large peaks around 210 and 245 nm and a smaller, broader peak at 320 nm. 

This is in contrast with the chloride salt (light pink), which has a smaller peak at 230 nm 

and two larger peaks at 290 nm and 330 nm. The peaks at lower wavelength (200-250 

nm) and the peaks at higher wavelength (290-330 nm) could correspond to the two 

different spin states which are accessible by the iron helicate. When dissolved in 

acetonitrile, the iron cylinder forms a dark red solution, whereas when dissolved in 

methanol the iron cylinder begins to change colour to a pale yellow-orange colour. As 

this transition occurs very slowly, the spin transition may not have completely finished 

when the spectrum for the iron cylinder is recorded causing both species to be observed 

in the absorption spectrum. 

When compared to the 2-imidazole cylinders, absorbance of the 4-imidazole ligand 

appears less dependent on the solvent, anion and complexed metal ion (see Figure 64, 
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right). The absorbance peak for all cylinders has a consistent shape with two main peaks 

around 305 nm and 330 nm. The iron cylinder peaks at 268 nm, while the nickel peak 

appears to split into a peak at 265 nm and 278 nm. The absorbance for the nickel cylinders 

is also slightly lower than for the iron cylinders. 

   

Stability and MEC of [Fe2(Lim2)3]Cl4 

Before completing DNA binding studies, the stability and MEC of the cylinders 

were investigated to find out how the cylinders behave in solution over time. 

[Fe2(Lim2)3]Cl4 is insoluble in water and a 4:1 water to methanol solution so the 

stability was measured in methanol. The absorbance spectra (see Figure 65, left) shows 

that the signal from the cylinder appears to decrease over time. The percentage decrease 

in signal at 293 nm and 328 nm is 4% and 8% respectively and appears to be linear with 

increasing time (Figure 65, right). This could be caused by degradation of the cylinder 

when dissolved in methanol. It is also possible that the cylinder is slowly changing spin 

states, however this seems less likely, as another peak for the alternative spin state would 

be expected to increase if this were the case. 

 

Figure 65:The absorption of a 0.99 mM sample of [Fe2(Lim2)3]Cl4 in methanol taken at  various time points after 

stock cylinder solution was made (left) and the change in absorbance as a function of time at 293 and 328 nm. 
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 The molar extinction coefficient was calculated at 293 nm and 328 nm, ε293 and 

ε328. Small volumes of methanolic [Fe2(Lim2)3]Cl4 stock solution (1.04 mM) were diluted 

in methanol, the concentration calculated and the absorbance recorded. Plotting the 

absorbance against the concentrations gives the molar extinction coefficient as the 

gradient which, at 293 nm and 328 nm, is 48500 M-1cm-1 and 50700 M-1cm-1 respectively 

(Figure 66). This experiment did not take into account the possible breaking down of the 

cylinder over time. In a repeat experiment, the time between making the stock solution 

and recording the spectrum of each diluted sample should be recorded so that the error in 

each measurement could be predicted, based on the stability test of the cylinder in 

methanol (Figure 65). As all measurements were taken within an hour of making the stock 

solution in this reaction, the percentage breakdown after an hour (3.8% and 8.8% for 293 

nm and 328 nm respectively) has been used to estimate the error at each point. 

 

Figure 66: A plot of the absorbance of different concentrations of [Fe2(Lim2)3]Cl4 in methanol at 293 nm and 328 nm 

to calculate the molar extinction coefficient, which is equal to the gradient. 
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Owing to the poor solubility of this iron 2-imidazole cylinder in water, no further 

studies with DNA were completed. 

 

Stability and MEC of [Ni2(Lim2)3]Cl4 

 Unlike [Fe2(Lim2)3]Cl4, the nickel analogue, [Ni2(Lim2)3]Cl4, is soluble in 20% 

methanol solution. The absorbance spectrum shows how the absorbance intensity of 

[Ni2(Lim2)3]Cl4 in solution decreases over a one hour period (see Figure 67). The 

percentage decrease in signal is only 2% at 319 nm and <1% at 353 nm which suggests 

that the nickel cylinder is more stable in 20% methanol solution than the iron cylinder in 

methanol. The slight decrease in signal appears to be regular (see Figure 68). 

Figure 67: Absorbance of the nickel imidazole cylinder diluted from 20% methanol solution over time and, inset, the 

decreasing absorbance at 319 nm. 
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Figure 68: The absorbance of the nickel 2-imidazle cylinder decreases as a function of time at 319 nm (blue, left) and 

353 nm (red, right). 

 The molecular extinction coefficient was also estimated for the nickel cylinder at 

319 nm (767 M-1cm-1) and 353 nm (377 M-1cm-1). In an attempt to reduce the effect of 

possible cylinder degradation, each nickel sample was made fresh and was used 

immediately. This method appears to introduce a greater amount of error into the results 

as the data does not appear to match the line of best fit as well as for the iron cylinder (see 

Figure 69) which was completed by a series of dilutions. This error could originate from 

the weighing of small samples or not allowing the cylinder enough time to fully dissolve 

in solution. 

 

Figure 69: The absorption of [Ni2(Lim2)3]Cl4 as a function of cylinder concentration in 20% methanol solution. 
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UV Vis with DNA 

 As the nickel cylinder was found to be soluble in water and methanol, absorbance 

of DNA in the presence of the cylinder was then tested. This was done by slowly 

increasing the concentration of the cylinder in solution while the concentration of the 

DNA remained constant (100 μM). The same experiment was also repeated with 

increasing methanol concentration see if the small amount of methanol used to dissolve 

the cylinder had any effect on the DNA (Figure 70). 

 

Figure 70: Absorbance spectrum of ctDNA (100 μM)  in increasing methanol concentration (a) and increasing base 

pair to cylinder ratio (b). 

 Increasing the concentration of methanol in the sample solution appears to cause 

a small increase in the ctDNA absorbance, 258 nm, however, there are no significant 

changes in the spectrum (see Figure 70(b)). Increasing the base pair ratio to cylinder ratio 

causes an increase in both the peak at 258 nm, where ctDNA absorbs, and a peak at 319 

nm, where the nickel 2-imidazole cylinder absorbs (see Figure 70(b)). The ctDNA peak 

also appears to shift to higher wavelengths (from 258 nm to 267 nm) as the ratio is 

increased from 60:1 to 4:1. 
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Figure 71: The UV Vis spectrum of ctDNA (100 μM) with  increasing base pair to rotaxane ratio in water. 

 The UV Vis spectrum was also recorded for the rotaxane, [Ni2(Lmod)3][CB10]Cl4, 

in water (see Figure 71). Increasing the base pair to rotaxane ratio shows a clear increase 

in the intensity of a peak at 330 nm, which is likely to be where the rotaxane absorbs. The 

ctDNA peak intensity at 258 nm increases by 12% upon increasing cylinder to base pair 

ratio to 4:1, but when compared with the 2-imidazole nickel cylinder, [Ni2(Lim2)3]Cl4, 

where the absorbance peak shifts by 10 nm and increases by 48% at 258 nm, the change 

appears much less significant. 

 



110 

 

4.4.Circular Dichroism (CD) 

Introduction to CD 

   For chiral molecules, the absorption of circularly polarised light is not only 

dependent on the wavelength and external conditions, but also the direction of rotation. 

Chiral molecules have a different molar extinction coefficient, ε, for left- and right-

handed circularly polarised light causing a difference in absorbance which can be 

measured by circular dichroism, and this information can reveal certain structural changes 

of chiral molecules121. 

 Helical molecules, including both DNA and the cylinders, can exist as one of two 

enantiomers: left handed or right handed, known as the M (Λ Λ) or P (Δ Δ) enantiomers 

for helicates58,69,124. While the cylinders synthesised by the Hannon group have to be 

separated into enantiomers59, DNA primarily exists in its right handed, B-DNA form in 

cells. The secondary structure of B-DNA has been well studied by CD and gives a 

characteristic signal which is only slightly varied between different sequences of DNA. 

Typically a negative peak around 240 nm and a positive peak around 280 nm can be 

observed for randomly sequenced DNA125. Although there is a small dependence on 

sequence, such as the decrease in the peak at 280 nm with increasing A and T 

percentage126, much larger changes in CD signal are caused by a change in the structure 

of the DNA. B-form, A-form, and Z-form DNA can be distinguished by their CD spectra 

due to their different structures. As mentioned in chapter 1, B-DNA and Z-DNA have 

opposite helicity which is shown by their CD spectra as the two signals are almost the 

mirror image of one another (Figure 72)126,127. 
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Figure 72: An example to show how the structure of DNA (here B-form and Z-form) can alter the CD spectrum to 

give a characteristic signal. Sketch of figure from Reference 127.127 

 The binding of ligands to DNA can cause structural changes, and these changes 

have been monitored extensively by circular (and linear) dichroism. In particular, the 

effect of classical DNA binding modes such as intercalation and groove binding has been 

studied. It is sometimes possible to see large alterations to the B-DNA signal upon 

addition of a DNA binding agent which suggests large changes to the secondary structure 

of the DNA such as kinking or twisting of bases due to intercalation128. 

Another key indicator that a DNA binding event has occurred is the appearance 

of an induced CD band (ICD). The chiral surroundings of the bound molecule alters the 

ability of the molecule to absorb right and left circularly polarised light. ICD bands have 

a much smaller ellipticity than the DNA signal (the peaks are not as large), but allow the 

detection of binding modes which do not significantly perturb the secondary structure of 

DNA, such as groove binding128. 
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Groove binders such as DAPI129 and berenil130 are expected to show a strong, 

positive ICD band as these molecules bind in a specific orientation in the groove of the 

DNA. Major groove binders may also show a smaller magnitude ICD signal due to the 

greater width of the major groove allowing greater variation in the orientation of the 

ligand128. In contrast, intercalators such as ethidium bromide130 are expected to show a 

negative ICD band of much smaller magnitude128.  

 The use of CD to probe DNA binding has been particularly useful in the detection 

of a change in binding mode due to both environmental conditions and base sequence. 

The CD spectra of thionine (see Figure 73), a very close relative of the DNA staining dye 

methylene blue, show that when bound to [poly(dG-dC)]2 sequences a weak bisignate 

ICD band can be observed (magnitude between -1.0 to 1.5 millidegrees) indicating 

intercalation as a possible binding mode. In contrast, the CD spectra for binding to 

poly(dA).poly(dT) shows a large positive ICD band which appears to increase with 

increasing ionic strength (comparing “low” 5 mM to “high” 200 mM phosphate buffer), 

suggesting groove binding is the mode of binding for this sequence. These two different 

binding modes could explain the ICD band observed for the [poly(dA-dT)]2-thionine 

complex, which has a weak bisignate shape at low ionic strength suggesting some 

intercalation is still occurring. As ionic strength is increased, the magnitude of the 

negative band decreases while the positive band becomes slightly broader suggesting a 

change in binding mode to groove binding131. 
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Figure 73: The structure of thionine131. 

 Phenanthridine biguanides also appear to have a sequence dependent bind mode 

as shown by Stojković et. al.132. When bound to poly(dA).poly(dT), both DNA binders 

give a strong, positive ICD signal indicating groove binding is the preferred binding 

mode, whereas binding to poly(dG).poly(dC) gives a weak, negative ICD band which 

suggests intercalation is preferred for this sequence. The binding to ctDNA is also 

reported to give a strong, positive ICD with the di-substituted derivate (see Figure 74(b)) 

suggesting it acts as a groove binder, whereas no ICD band can be seen for the singly 

substituted species (see Figure 74(a)). The suggested explanation for this is that both 

binding modes are present for the singly substituted species, and their signals effectively 

cancel one another132. 

 

 

Figure 74:The structure of 1-(6-methylphenanthridin-8yl)biguanide (a) and 1-(6-methylphananthridine-3,8-

diyl)biguanide (b).132 

 Modes of binding have characteristic ICD signals at wavelengths above the 

absorption of DNA, as well as showing changes to the expected DNA signal which can 

be used to help interpret CD data. 
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CD of [Ni2(Lim2)3]Cl4 

 The nickel imidazole cylinder was dissolved in a 20% methanol solution, as was 

used for the UV Vis studies. The cylinder stock was added to a solution of ctDNA, which 

was kept at constant concentration, to vary the ratio of base pairs to cylinder. 

 As mentioned previously, the cylinder can exist in two forms (M and P) and each 

of these enantiomers is expected to absorb circularly polarised light differently. This was 

shown in a study by Cardo et. al. in which CD was used to demonstrate that the attachment 

of L- or D- arginine enantiomers to the cylinder ligand allowed enantiospecific synthesis 

of the corresponding iron cylinder (the P or M enantiomer respectively)76. Similar 

experiments have also been completed for the parent cylinder (see Figure 75)61. The CD 

signals from each enantiomer are equal and opposite to one another meaning that for a 

racemic mixture, as used in the following experiments, the signals from the two 

enantiomers cancel and there is no net CD spectra. Any signal from the addition of 

cylinder must therefore be due to the binding of the cylinder to the DNA.  

 

Figure 75: The difference in molar extinction coefficient of the M (solid line) and P (dashed line) enantiomers of the 

parent iron cylinder. Data collected by James Craig. 
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Between 200 nm and 300 nm the CD signal indicates that a B-DNA structure of 

the ctDNA is retained throughout the titration (see Figure 76). Unlike the UV Vis spectra, 

the peaks at around 245 nm and 275 nm decrease in magnitude with increasing cylinder 

ratio. A similar decrease has been seen with the parent cylinder59 and its analogues133. 

An induced CD signal (ICD) can also be observed between 300 and 400 nm. A 

positive peak around 320 nm and the negative peak at 360 nm both increase in magnitude 

with increasing cylinder concentration. 

 

Figure 76: CD spectra of ctDNA (100 μM) with increasing methanol concentration (left) and with increasing ratio of 

base pairs to cylinder (right). 

 The presence of an ICD and the alteration in CD signal below 300 nm indicates 

that binding to DNA has occurred, although it is not possible to identify an exact binding 

mode from this data alone. The data suggests that binding by intercalation is unlikely as 

the ICD band is weak and bisignate. This could be due to interactions bewtween cylinders 

according to exciton coupling128 which is not usually observed for intercalators due to the 

neighbor exclusion principle125. In addition, the cylinder is not expected to intercalate as 

it has a very different structure to the extended planar aromatic structure of most classical 

intercalators. 
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Figure 77: (a) and (b) show the binding of [Fe2(Lim4)3]Cl4 to ctDNA. Taken with permission from Reference 112.112 

(c) shows the binding of [Ni2(Lmod)3]Cl4 to ctDNA. Taken with permission from Reference 116.116 

 The CD spectrum for the 2-imidazole nickel cylinder very closely resembles the 

spectra taken for the 4-imidazole iron cylinder84,112 (see Figure 77(a) and (b)), 

[Fe2(Lim4)3]Cl4, as well as the nickel alkylated cylinder116 (see Figure 77(c)), 

[Ni2(Lmod)3]Cl4. The spectrum for the alkylated cylinder in particular has an ICD band 

similar to the 2-nickel imidazole cylinder. This suggests that the imidazole and alkylated 

cylinders all have a similar binding mode, implying that the the overall size and shape of 

the helicates are more important for DNA binding than the specific structure. 
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CD of [Ni2(Lmod)3][CB10]Cl4 

The CD spectrum of the rotaxane was recorded in water (see Figure 78). Like the 

previous spectra, the DNA concentration was kept constant (100 μM) as the base pair to 

rotaxane ratio was increased from 60:1 to 4:1. 

 

 

Figure 78: CD spectrum of ctDNA (100 μM) with increasing base pair to [Ni2(Lmod)3][CB10]Cl4 ratio in buffer 

solution. 

 There is a slight decrease in the magnitude of the ctDNA peaks upon addition of 

the rotaxane, with the largest percentage decrease (excluding values below 205 nm) at 

276 nm (9%). This is similar to the percentage decrease in the ctDNA spectrum with 

methanol (5%), suggesting that the decrease is not significant. Considering there is no 

ICD band, there is very little evidence for a binding mode which is able to affect the 

helicity, or the chirality, of the DNA. This is not unexpected as CB10 is a large 

macrocycle which covers most of the helicate structure preventing the cylinder from 
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interacting with the DNA. In addition, although the parent helicate is thought to be a 

major groove binder59,61,  it is possible that the CB10 ring (20 Å wide by 9.1 Å high94) is 

too large to lie in the major groove of B-DNA (11.7 Å wide by 8.8 Å deep9). 

 

4.5.Linear Dichroism 

Introduction to LD 

 The absorption of plane polarised light is dependent on the orientation of the 

chromophore. Linear dichroism (LD) is the difference in absorption between plane 

polarised light which is parallel or perpendicular to the axis of the chromophore (3)121: 

(3) 𝐿𝐷 = 𝐴∥ −  𝐴⊥ 

 

Molecules are randomly orientated in solution so the absorbance of light is an 

average of these orientations. It is therefore necessary to orientate a sample prior to 

measuring the absorbance in order to probe the effect of orientation121. For polymeric 

samples such as DNA, flow LD is used to orientate the chromophores. The sample is 

contained between a cylindrical rotating couette cell and a stationary internal rod which 

is parallel to the external cylinder. The motion of the outer cell causes the DNA within 

the couette to stretch so that the DNA axis aligns with the direction of flow (see Figure 

79)128. 
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Figure 79: The effect of the rotating couette in flow LD. Inspired by figure from Reference 135.134 

 While it is necessary to orientate a sample in order to observe an LD signal, the 

randomly oriented molecules in solution are still able to absorb the incident light. This 

means that the intensity of the incident light on the orientated sample is effectively 

reduced, leading to a reduced LD signal (LDr). The LDr can be calculated using the 

following equation (4), where S a measure of how aligned the sample is to the flow 

direction (0 = random, 1 = parallel) and α is the angle between the flow direction and the 

polarisation of the sample134: 

(4) 𝐿𝐷𝑟 =  
𝐴∥− 𝐴⊥

𝐴
=  

3

2
𝑆(3 cos2 𝛼 − 1) 

 

The absorption of light by the nucleobases of DNA induce a π-π electronic 

transition. As the bases are perpendicular to the helical axis of DNA, the absorbance of 

perpendicularly polarised light is greater than the absorbance of light parallel to the DNA 

axis. This causes the characteristic negative absorbance band seen in the LD spectrum of 

DNA128,135. 

 Unlike CD, which is used to probe the secondary structure of DNA ( for example 

B-DNA, A-DNA), LD gives more information about the overall structure of the DNA 

and its orientation. DNA binding agents and their effects on DNA structure can also be 
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monitored by LD. When a species binds DNA in a specific orientation it is no longer 

randomly oriented in solution and so an LD signal will be observed. The sign and intensity 

of an induced LD (ILD) peak above 300 nm wavelength provides information about the 

DNA binding of a sample. The extended aromatic surfaces of classical intercalators binds 

between the base pairs of DNA, orientating the intercalators perpendicular to the helical 

axis of DNA. Intercalation is therefore expected to give a negative ILD peak due to their 

greater absorption of perpendicularly polarised light. In comparison, rigid groove binders 

lie along the major and minor grooves of the DNA which are at a slight angle to the helical 

axis. This allows molecules bound in either groove to absorb the light polarised parallel 

to the helical axis, resulting in a positive ILD. The ILD bands of more flexible, non-planar 

binding agents is more difficult to characterise and should be considered on an individual 

basis128,134. 

 Backbone binding and other binding modes which do not force the binding 

molecule into a specific orientation may not show an ILD, however binding may still be 

monitored by changes in the DNA LD spectrum below 300 nm wavelength. An increase 

in the intensity of the DNA signal implies an increase of DNA oriented parallel to the 

flow direction. This could show the lengthening of the DNA, possibly due to a stiffening 

effect caused by DNA binding. Alternatively, a reduction in the DNA intensity indicates 

that the amount of DNA in the pararllel orientation is decreasing and suggests that the 

DNA is bent, compacted or coiled by binding128. 
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Binding of [Ni2(Lim2)3]Cl4 to ctDNA 

As the nickel 2-imidazole showed poor solubility in water alone, the helicate was 

dissolved in a 4:1 water to methanol solution (by volume) to make a 500 μM stock 

solution. Before the cylinder binding to ctDNA could be tested, the effect of the methanol 

in solution was investigated. This was done by adding aliquots of 20% methanol solution 

(also containing 20% buffer) to a ctDNA solution at constant concentration (200 μM) in 

buffer and measuring the absorbance. 

 

Figure 80: The LD of ctDNA (200 μM) with increasing methanol percentage (by volume). 

 The negative LD signal is typical of DNA however the intensity appears to be 

generally increasing with increasing methanol percentage (see Figure 80). This could 

suggest that the presence of methanol causes the ctDNA to lengthen or stiffen. An 

alternative explanation for this is that the amount of orientated DNA increases as the 

amount of time the DNA has been spun for increases. This could be tested by recording 
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the LD spectrum of the DNA at regular time points without any addition of ligand 

molecules or solvents, and should be done in future. 

The intensity does not increase consistently with the percentage of methanol (or 

the cumulative time the DNA has been spun for). The data for 187 mM and 570 mM in 

particular appear to show less of an effect than the previous run (95 mM and 486 mM 

respectively). As expected, no absorbance was recorded above 300 nm. 

 

Figure 81: LD of ctDNA (200 μM) with increasing nickel 2-imidazole cylinder to base pair ratio from 60:1 to 4:1. 

 Unlike the addition of methanol, the magnitude of the negative DNA peak is 

significantly decreased with increasing cylinder to base pair ratio (see Figure 81). This 

suggests that the cylinder is bending or kinking the DNA, decreasing the amount of DNA 

aligned with the direction of flow and the absorbance of perpendicularly polarised light. 

Given the dramatic affect the cylinder appears to have on the ctDNA, it is possible that 

the helicate is coiling the DNA similar to the parent analogue61.  
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 A negative band also appears at 313 nm. As DNA does not absorb at this 

wavelength, this must be an ILD peak due to the arrangement of nickel cylinder in the 

sample. The intensity is very weak which could suggest very poor arrangement of the 

cylinder in solution or that the cylinder is orientated at an angle very close to 54.7o, at 

which point LD = 0 (see (4))134. 

While the methanol data shows a 33% increase (5.68x10-3 increase in absorbance 

of perpendicularly plane polarised light) in the DNA signal at 258 nm, the titration with 

the cylinder shows a 98% decrease (20.27x10-3 decrease in absorbance of perpendicularly 

plane polarised light) from DNA to the final measurement (95 mM methanol or 4:1 base 

pair to cylinder ratio). This shows that the change in absorbance is due to the addition of 

the cylinder and not due to the addition of methanol to the DNA. 

 

Figure 82: LD spectra of (a)  [Fe2(Lim4)3]Cl4 and (b) [Ni2(Lmod)3]Cl4. Figures taken with permission from References 

112, (a), and 116, (b).112116 

These results are consistant with previous DNA binding studies using 

[Fe2(Lim4)3]Cl4 which show that the iron 4-imidazole cylinder also binds to the DNA 

causing a strong bending effect (see Figure 82(a))112. Again, the results show an even 

greater similarity to the previous DNA binding studies of [Ni2(Lmod)3]Cl4 in which the 

alkylated nickel cylinder causes a significant reduction in the ctDNA peak at 258 nm as 



124 

 

well as an induction band in a similar region to its unmodified counterpart (see Figure 

82(b))116. 

 

Binding of [Ni2(Lmod)3][CB10]Cl4 to ctDNA 

The binding of the rotaxanated cylinder to ctDNA was also investigated by LD. The 

rotaxane is soluble so no background run was required for this sample. No changes were 

made to the ctDNA and buffer concentrations compared with the previous experiments. 

The amount of sample added for each run and the concentration of the sample stock 

solution was also kept the same (500 μM). 

 

Figure 83: LD of ctDNA (200 μM) with increasing ratio of base pairs to [Ni2(Lmod)3][CB10]Cl4 from 60:1 to 4:1. 

 The LD of the ctDNA (see Figure 83) with increasing amounts of 

[Ni2(Lmod)3][CB10]Cl4 is inconclusive. The ctDNA peak intensity does not appear to 
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follow a pattern with increasing rotaxane to base pair ratio. Instead the signal fluctuates 

around the DNA absorbance of -0.018 between -0.007 (20:1) and -0.021 (4:1) at 258 nm. 

 

 

Figure 84: The change in LD, or the ILD, of the ctDNA at 258 nm as the base pair to [Ni2(Lmod)3][CB10]Cl4 ratio is 

increased from 60:1 to 4:1. 

 The change in LD demonstrates the lack of pattern between the data points (see 

Figure 84). The difference in LD at 258 nm ranges from an 18% increase to a 59% 

decrease in the intensity of the ctDNA signal. 

 

4.6.Conclusions and Future Work 

UV Visible spectroscopy was used to measure the absorbance of the imidazole 

cylinders in methanol and acetonitrile. The 2-imidazole cylinders, [Fe2(Lim2)3]Cl4 and 

[Ni2(Lim2)3]Cl4, were then studied in more detail to investigate their DNA binding 
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potential. The stability and molecular extinction coefficient of both cylinders was 

measured, with the results suggesting that the nickel cylinder is more stable in solution 

than the iron cylinder. As the iron cylinder was not soluble in aqueous solution, the DNA 

binding of the helicate was not investigated. While the nickel cylinder was not soluble in 

water at the required 1 mM concentration, the complex could be dissolved in a 20% 

methanol solution which was then used for DNA binding studies by UV Vis, CD and LD. 

[Ni2(Lim2)3]Cl4 has a large effect on the DNA absorbance spectrum when increasing 

the base pair to cylinder ratio, increasing the absorbance by 48% at 258 nm and shifting 

the maximum intensity by 10 nm. CD shows that the B-DNA structure of the ctDNA is 

retained throughout the titration with the nickel cylinder, however the peaks shift to 

higher wavelengths and the magnitude of the peaks is reduced with increasing cylinder 

concentration. A bisignate ICD band appears with a positive peak at 360 nm and a 

negative peak at 320 nm which suggests that a DNA binding event is occurring. In 

addition, the LD studies show that the imidazole cylinder binds the DNA causing the 

magnitude of the LD signal of ctDNA to decrease. This suggests a binding mode which 

causes shortening, kinking or potentially coiling of the DNA. DNA binding of the nickel 

2-imidazole cylinder has been compared to binding by the iron 4-imidazole cylinder and 

the alkylated nickel cylinder, both of which have been studied84,112,116. The spectra show 

that the binding of all three cylinders to ctDNA is very similar. 

The DNA binding of the nickel rotaxane, [Ni2(Lmod)3][CB10]Cl4, was investigated to 

see whether the CB10 ring would prevent the same binding efficiency as the nickel 2-

imidazole cylinder. A clear peak at 330 nm was seen in the absorbance spectrum which 

increased in intensity as the concentration of rotaxane was increased. This peak is likely 

due to absorbance by the rotaxane. The absorbance of ctDNA at 258 nm showed very 
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little increase on increasing base pair to rotaxane ratio. The CD spectrum of the ctDNA 

also remained largely unchanged by the addition of rotaxane and an ICD band was not 

recorded as the rotaxane concentration was increased. There is no evidence to suggest 

that the rotaxane is binding to the DNA, and the data confirms that the rotaxane does not 

share a binding mode with the nickel 2-imidazole cylinder. The LD spectrum fluctuates 

dramatically with increasing base pair to rotaxane ratio. It is possible that the rotaxane 

has multiple binding modes which cause the rapid changes in the LD intensity, however 

there is no ILD band to suggest that binding is occurring. 

The data strongly suggests that the rotaxane is not binding to the ctDNA in a specific 

mode, and is unlikely to be binding at all. While increasing the concentration of the 2-

imidazole cylinder showed consistant trend during the titration experiments, the rotaxane 

appears to have no effect when studied by UV Vis or CD, and an inconsistent and varied 

effect during the LD titration. This was expected, as the addition of such a large 

macrocyclic component not only changes the size and shape of the cylinder, but also 

prevents the cylinder from interacting with the DNA in close proximity. 

The rotaxane demonstrates a new method of DNA binding control. Trapping a CB10 

macrocycle around the 2-imidazole cylinder in the form of a rotaxane prevents the DNA 

binding interaction observed for the cylinder alone. This property could be utilised by 

investigating different systems which enable the CB10 ring to be released from the 

cylinder in response to an external stimulus, allowing DNA binding ability of the cylinder 

to be switched on. 

The next stage of experiments should aim to gather more information about the 

interaction, or lack of interaction, between the rotaxane and DNA. The UV Vis spectrum 
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should be recorded and compared to the CD and LD to confirm if any form of binding is 

taking place. The LD titration should also be repeated to see if the fluctuating binding 

pattern is repeated. 

To aid the analysis of the UV Vis, CD and LD spectra, the nickel 2-imidazole 

cylinder and rotaxane should be studied by agarose gel electrophoresis with ctDNA. The 

results should give a clear indication of which complexes are able to bind to the DNA. 

As the parent cylinder has been shown to bind to DNA three way junctions53,63, the 

binding of the 2-imidazole nickel cylinder and the rotaxane to three way junctions should 

also be investigated. This study would be particularly relevant for the rotaxane, as the 

CB10 ring directly covers the aromatic core of the cylinder that usually facilitates π-

stacking onto the free bases of the three way junction. Without this recognition site, the 

rotaxane should not be able to bind the three way junction. 
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Chapter 5:  

CONCLUSIONS AND FUTURE APPLICATIONS 
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 Post assembly modification of a close parent cylinder analogue, the imidazole 

cylinder, has been achieved by alkylation. This is the first successful modification of a 

pre-formed cylinder and offers an alternative synthetic pathway for the production of 

novel cylinders. 

 The development of post assembly modification has granted access to new 

supramolecular architectures, including rotaxanes, and the first rotaxane from a 

supramolecular helicate has been synthesised. Initial DNA binding studies suggest that 

the presence of a trapped CB10 ring prevents the rotaxane from binding to ctDNA. It is 

likely that the macrocycle will also impede the cylinder binding to three way junctions, 

as the central recognition site cannot interact with the DNA. 

 An investigation into the synthesis of novel cylinders lead to the production of an 

asymmetric pyridine-imidazole ligand that offers two different binding sites for metal 

coordination. Complexes formed from this ligand require further investigation due to their 

poor solubility. The trinuclear ligand appeared to form in the presence of iron(II) chloride, 

but no evidence of the complex could be found. The half ligand has great potential for the 

synthesis of new ligands, but the purification process and yield must be improved before 

further work continues. This could be done by trying alternative purification processes, 

or the design of a new synthetic method to yield the half ligand. 

 The applications of this work are varied. The alkylation reaction of the post 

assembly modification should not require the 2-(bromomethyl)pyridine hydrobromide. 

The pyridine ring could be replaced by substituents that increase the ability of the cylinder 

to cross the cell membrane or allow specific targeting of the cylinder in cells. 
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Alternatively, suitable fluorescent or radioactive probes could be used to image the 

cylinder. 

To produce a rotaxane, the only requirement of the added moiety is that it is large 

enough to prevent the ring of choice from being removed. Alternative bulky alkylating 

agents should be investigated for their ability to achieve post assembly modification. 

Particular attention should be paid to those that possess a functional group or bond which 

can be degraded in response to the local environment or external stimuli. These functional 

groups would include an enzyme cleavable bond, such as an amide, or a photosensitive 

moiety which would facilitate the controlled removal of the bulky stopper groups of the 

rotaxane. As the data collected suggests that the CB10 ring prevents DNA binding by the 

cylinder, the controlled release of the cylinder from the centre of the macrocycle would 

enable DNA binding only in the correct environment or when triggered by a stimulus. In 

future, this method could have potential for cell and tissue targeting. 
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Chapter 6: EXPERIMENTAL 
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6.1.Standard Procedures 

All reagents and solvents were purchased from Sigma Aldrich, Fischer Scientific 

and VWR. No further purification was required. All water was deionised for use in 

synthesis (as a solvent or when using an aqueous solution) and collected from an Egla 

Option 3 purifier.  

Deuterated solvents for NMR were purchased from Sigma Aldrich and Goss 

Scientific. Bruker AVIII300 (300 MHz), Bruker AVIII400 (400 MHz) and Brüker NEO 

400 (400 MHz) NMR spectrometers were used to record all NMR spectra. Any functions 

applied to the spectra (Gaussian/exponential) have been stated, chemical shifts are 

measured in parts per million (ppm) and coupling constants are measured in Hertz (Hz). 

1H COSY, 1H-13C HSQC and 1H-13C HMBC have been used to aid assignments. 

Multiplets have been stated with each assignment: singlet (s), doublet (d), triplet (t), 

quartet (q), doublet of doublets (dd), doublet of triplets (dt), triplet of doublets (td) and 

doublet of doublet of doublets (ddd). 

Mass spectra have been recorded using a Waters GCT TOF (TOF MS EI+) 

spectrometer by staff at the University of Birmingham or a Waters SQD (SCAN ES+) 

spectrometer. 

A Shimadzu LC20 Prominence system and reverse phase column (250 nm x 4.6 

nm) was used for reverse phase high pressure liquid chromatography (RP HPLC).  Dionex 

UltiMate 3000 pump and a reverse phase column (250 nm x 21.2 nm) was used for 

preparative RP HPLC (prep-RP HPLC).  Both columns were purchased from 

Phenomenex, and solvents were purchased from Fischer Scientific. Solvents were 

degassed with helium by the staff at the University of Birmingham. RP HPLC of the half 
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ligand (see section 6.2.5) was performed by Callum Campbell, and data collection for the 

CD spectra of the parent cylinder enantiomers (see section 4.4.2) was performed by James 

Craig. 

 

6.2.Novel Cylinders 

Synthesis of the Parent Ligand, L 

Based on synthesis by Hannon et al. 56.  

 

 4,4’-Methylenedianiline (1.05 g, 5.31 mmol) was dissolved in ethanol (50 mL). 

Pyridine-2-carboxaldehyde (1.01 mL, 10.62 mmol) was added dropwise and was stirred 

for 6 hours. A white precipitate was collected by vacuum filtration and washed with 

ethanol (2 x 10 mL) before being dried in vacuo (1.85 g, 4.91 mmol, 93%). 

1H NMR: (300 MHz, Chloroform-d) δ 8.71 (H6, ddd, J = 4.9, 1.8, 1.1 Hz, 1H), 8.62 (Him, 

s, 1H), 8.20 (H3, dt, J = 7.9, 1.1 Hz, 1H), 7.81 (H4, ddd, J = 7.9, 7.5, 1.8 Hz, 1H), 7.36 

(H5, ddd, J = 7.5, 4.9, 1.1 Hz, 1H), 7.26 (HPha/b, s, 4H), 4.04 (CH2, s, 1H). 

Mass spectrum (TOF MS EI+): m/z = 337 [C25H20N4 + H]+ 
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Synthesis of the Parent Cylinder, [Fe2(L)3]Cl4 

Based on synthesis by Hannon et al.56. 

 

 The parent ligand, L (0.40 g, 1.06 mmol) was dissolved in methanol (20 mL) and 

iron(II) chloride tetrahydrate (0.14 g, 0.71 mmol) in methanol (20 mL) was added 

dropwise. The solution was heated under reflux for 2 hours before the solvent was 

removed in vacuo. The resultant purple powder product was redissolved in minimal 

methanol, saturated methanolic ammonium hexafluorophosphate (4.62 g, 28.32 mmol) 

was added dropwise and the solution was stirred for 30 minutes. The purple precipitate 

was collected by filtration and washed with water (2 x 10 mL) then diethyl ether (4 x 25 

mL). The precipitate was resuspended in methanol and stirred for 30 minutes with Dowex 

(1x8 chloride form, 200-400 mesh). The Dowex beads were then removed by vauum 

filtration and washed with methanol (2 x 10 mL) before the solvent was removed from 

the filtrate in vacuo. The filtrate was dissolved again in minimal methanol and added 

dropwise to diethyl ether (500 mL) whilst stirring. The precipitate was isolated by vacuum 

filtration and washed with ether (2 x 10 mL) before being dried in vacuo to leave a purple 

crystalline product (0.33 g, 0.24 mmol, 67% yield). 

1H NMR: (300 MHz, Methanol-d4) δ 9.19 (Him, s, 1H), 8.71 (H3, d, J = 6.7 Hz, 1H), 8.51 

(H4, ddd, J = 7.6, 6.7, 1.2 Hz, 1H), 7.88 (H5, ddd, J = 7.6, 5.6, 1.4 Hz, 1H), 7.48 (H6, d, J 

= 5.6 Hz, 1H), 7.06 (HPha/b, s, 2H), 5.63 (HPha/b, s, 2H), 4.09 (CH2, s, 1H). 
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Mass spectrum (TOF MS EI+): m/z = 310 [Fe2(C25H20N4)3]
4+, 425 

[Fe2(C25H20N4)3Cl]3+, 467 [Fe2(C25H20N4)3Cl2]
2+ 

 

Synthesis of S,S-dimethyl-N-(2-pyridyl)sulphilimine 

Based on synthesis methods by L. J. Childs80, J. C. White81 and S. Vitorino82. 

 

 2-Aminopyridine (5.65g, 0.06mol) and dimethyl sulphide (4.84 mL, 0.07mol) 

were dissolved in dichloromethane (40 mL) under an argon atmosphere and cooled to -

41oC. N-chlorosuccinimide (8.01g, 0.06mol) in dichloromethane (40 mL) was added 

dropwise over 2 hours and stirred for a further 2 hours 30 minutes at reduced temperature. 

Sodium methoxide (3.68g, 0.07mol) in methanol (18 mL) was added and stirred for 15 

minute at -41oC. Water (25 mL) was added and the solution stirred overnight. The organic 

phase was collected and the aqueous phase extracted with dichloromethane (2x10 mL). 

The organic phases were combined, washed with water (15 mL) and dried over 

magnesium sulphate. The solvent was removed in vacuo to yield a yellow oil (7.14g, 

0.05mol, 77%). 

 A trace amount of starting material was seen in the 1H NMR. These peaks have 

been assigned “SM-“. 
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1H NMR: (300 MHz, Chloroform-d) δ 7.98 (SM-H6, ddd, J = 5.2, 1.9, 0.9 Hz, trace), 

7.92 (H6, ddd, J = 5.3, 1.9, 1.0 Hz, 1H), 7.35 (SM-H4, ddd, J = 8.3, 7.2, 1.9 Hz, trace), 

7.25 (H4, ddd, J = 8.4, 7.0, 1.9 Hz, 1H), 6.64 (H3, dt, J = 8.4, 1.0 Hz, 1H), 6.56 (SM-H5, 

ddd, J = 7.2, 5.2, 1.0 Hz, trace), 6.44 – 6.38 (SM-H3 and H5, m, 1H), 4.60 (SM-NH2, d, 

J = 23.1 Hz, trace), 2.66 (CH3, s, 6H). 

Mass spectrum (TOF MS EI+): m/z = 80 [C5H5N + H]+, 139 [C6H7N2S], 154 

[C7H10N2S] 

 

Synthesis of 2-nitrosopyridine 

Based on synthesis methods by L. J. Childs80, J. C. White81 and S. Vitorino82. 

 

S,S-dimethyl-N-(2-pyridyl)sulphilimine (7.00g, 0.05mol) in dichloromethane (25 

mL) was added to  3-chloroperoxybenzoic acid (mCPBA, 13.33g, 0.08mol) in 

dichloromethane (25 mL) under an argon atmosphere. The solution was stirred for 90 

minutes before dimethyl sulphide (1.69 mL) was added and stirred for a further 30 

minutes. Saturated sodium carbonate solution (25 mL) was added and stirred for 3 hours 

before water (100 mL) was added. The green organic layer was collected, washed with 

water (2 x 30 mL) and dried over magnesium sulphate. The solvent was removed in vacuo 

to yield an orange solid product (1.66g, 0.02mol, 34%). 
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The product was recrystallized from hot ethanol to yield off-white, needle-like 

crystals (0.90g, 0.01mol, 19%). 

Tautomers have been assigned as a and b. 

1H NMR: (400 MHz, Chloroform-d) δ 8.76 (H6a, d, J = 4.6 Hz, 1H), 8.03 (H4a, td, J = 

7.7, 1.8 Hz, 1H), 7.96 (H6b, ddd, J = 4.9, 1.8, 1.0 Hz, 2H), 7.88 (H4b, ddd, J = 8.1, 7.4, 

1.8 Hz, 1H), 7.81 (H3b, dt, J = 8.1, 1.0 Hz, 2H), 7.61 (H5a, ddd, J = 7.7, 4.6, 1.0 Hz, 1H), 

7.34 (H3a, dt, J = 7.7, 1.0 Hz, 1H), 7.25 (H5b, ddd, J = 7.4, 4.9, 1.0 Hz, 2H). 

Mass spectrum (TOF MS EI+): m/z = 94 [C5H6N2]
+, 108 [C5H4N2O]+ 

 

Synthesis of half ligand, Lhalf 

Based on synthesis methods by L. J. Childs80, J. C. White81 and S. Vitorino82. 

 

 2-Nitrosopyridine (0.87 g, 8.08 mmol) in dichloromethane (10 mL) was added 

dropwise to 4,4’-methylenedianiline (6.41 g, 32.31 mmol) dissolved in dichloromethane 

(20 mL) under an argon atmosphere. Glacial acetic acid (1 mL) was added and the 

solution was stirred for 70 hours. The solvent was removed in vacuo to yield a dark red 

oil which was dried overnight in vacuo (7.43 g crude product). 

 Prep-RP HPLC was used to purify the product. A water to acetonitrile gradient 

was applied over an hour. This was performed by Callum Campbell. 
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1H NMR: (300 MHz, Acetonitrile-d3) δ 8.69 (H6, ddd, J = 4.8, 1.9, 0.9 Hz, 1H), 7.96 (H4, 

ddd, J = 8.1, 7.4, 1.9 Hz, 1H), 7.89 (HPha/b, dt, J = 8.6, 2.0 Hz, 2H), 7.71 (H3, dt, J = 8.1, 

0.8 Hz, 1H), 7.47 (H5, ddd, J = 7.4, 4.8, 0.9 Hz, 1H), 7.41 (HPha/b, dt, J = 8.6, 2.0 Hz, 

2H), 6.99 (HPhc/d, dt, J = 8.6, 1.9 Hz, 2H), 6.59 (HPhc/d, dt, J = 8.6, 1.9 Hz, 2H), 4.03 

(NH2 s, 2H), 3.93 (CH2, s, 2H). 

Mass spectrum (TOF MS EI+): m/z = 289 [C18H16N4 + H]+, 311 [C18H16N4 + Na]+, 599 

[2(C18H16N4) + H]+ 

 

Attempted synthesis of a trinuclear ligand, Ltri 

Based on synthesis methods by L. J. Childs80. 

 

Molecular sieved (2 A, powder) were activated by heating at 200oC for 2 days. The 

half ligand (0.02 g, 0.08 mmol) was dissolved in dry dichloromethane (5 mL) containing 

the molecular sieves under an argon atmosphere. A solution of 2,3-butanedione (0.1 mL, 

1.14 mmol) in dichloromethane (9.9 mL) was made (0.11 M). The 2,3-butanedione 

solution (0.4 mL)  was added to the half ligand solution and stirred for 2 days. The 

molecular sieves were removed by vacuum filtration and washed with dichloromethane 

(10 mL) to yield a clear orange solution. The solvent was removed in vacuo and the 

orange-brown oil product was dried in vacuo overnight (0.03 g, 0.06 mmol, 131%). 
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Attempted synthesis of a trinuclear complex, [Fe3(Ltri)3]Cl6 

 

 The half ligand (0.03 g, 0.12 mmol) was dissolved in methanol (5 mL) under an 

argon atmosphere. 2,3-Butanedione (0.01 mL, 0.09 mmol) was added dropwise to the 

solution whilst stirring. Iron(II) chloride tetrahydrate (0.02 g, 0.09 mmol) was dissolved 

in methanol (5 mL) and added dropwise to the ligand solution which was then heated 

under reflux for 24 hours. The solution was cooled to room temperature before being 

precipitated in excess diethyl ether and cooled overnight. A dark green precipitate was 

collected by vacuum filtration and washed with diethyl ether (10 mL). The precipitate 

was dried under vacuo (0.03 g, 0.01 mmol, 16%). 

Mass spectrum (TOF MS EI+): m/z = 289 [C18H16N4 + H]+, 397 [C22H20N4O + Na]+, 

413 [C22H20N4O + Na + MeOH]+, 627 [C40H34N8 + H]+ 

 

Attempted synthesis of a copper(I) trinuclear helicate, [Cu3(Ltri)2](BF4)3 
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The half ligand (0.01g, 0.04 mmol) was dissolved in methanol (2 mL) under an 

argon atmosphere. A solution of 2,3-butanedione (0.1 mL, 1.14 mmol) in 

dichloromethane (9.9 mL) was made (0.11 M). The 2,3-butanedione solution (0.2 mL) 

was added to the half ligand solution. Tetrakisacetonitrile copper(I) tetrafluoroborate 

(0.01 g, 0.03 mmol) was dissolved in methanol (2 mL) and added dropwise to the ligand 

solution which was then heated under reflux for 3 days. A precipitate was removed by 

filtration and washed with methanol (2 mL). The precipitate was then dissolved in 

acetonitrile to remove from the filter. The solvent was removed in vacuo and the purple 

precipitate was dried overnight in vacuo (0.02 g, 0.01 mmol, 84%). 

 

Synthesis of an asymmetric ligand, Lasym 

         

2-Imdiazolecarboxaldehyde (0.02 g, 0.17 mmol) was suspended in dry methanol 

(6 mL) and added to a solution of half ligand (0.05 g, 0.17 mmol) in dry methanol (2 mL). 

Acetic acid (2 drops) was added after 10 minutes and the solution was heated overnight 

under reflux. The solution was filtered to remove any precipitate and the solvent was 

removed to give a green powder product (0.05g, 0.13 mmol, 80%). 

The green powder product was then dissolved in dichloromethane (10 mL). 2-

Imdiazolecarboxaldehyde (0.02 g, 0.17 mmol) suspended in dry methanol (6 mL) with 

acetic acid (2 drops) and heated overnight under reflux. The solvent was removed under 

vacuo to yield a green powder solid (0.03 g, 0.08 mmol, 48%). 
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1H NMR: (400 MHz, Chloroform-d) δ 9.78 (NH, s, 1H), 8.75 (H6, ddd, J = 4.7, 1.8, 0.9 

Hz, 1H), 8.47 (Him, s, 1H), 8.00 (HPha, d, J = 8.5 Hz, 2H), 7.91 (H4, ddd, J = 8.0, 7.3, 1.8 

Hz, 1H), 7.82 (H3, dt, J = 8.0, 1.0 Hz, 1H), 7.43 – 7.39 (H5 + H4' + H5', m, 3H), 7.37 

(HPhb, d, J = 8.5 Hz, 2H), 7.26 (HPhc, d, J = 8.5 Hz, 1H), 7.20 (HPhd, d, J = 8.5 Hz, 2H), 

4.09 (CH2, s, 2H). 

13C NMR: (101 MHz, Chloroform-d) δ 207.24 (C19), 181.44 (C6), 149.74 (C22/23), 

149.25(C22/23), 138.58 (C4), 130.19 (C10/16), 129.92 (C10/16), 125.36 (C2), 124.12 (C11/15), 

121.56 (C11/15), 115.72 (C5), 29.90 (CH2). 

Mass spectrum (TOF MS EI+): m/z = 367 [C22H18N6 + H]+, 389 [C22H18N6 + Na]+, 733 

[C44H36N12 + H]+, 755 [C44H36N12 + Na]+, 1100 [C66H54N18 + H]+ 

 

Attempted Synthesis of an asymmetric copper helicate, [Cu2(Lasym)2](BF4)2 

 

 The asymmetric ligand (0.03 g, 0.08 mmol) and tetrakis(acetonitrile) copper(I) 

tetrafluoroborate (0.03 g, 0.08 mmol) was dissolved in dry methanol (10 mL) under an 

argon atmosphere and heated under reflux for 2 hours and 30 minutes. The solution was 

allowed to cool to room temperature and then chilled at 4oC for an hour. A black 

crystalline solid was collected by vacuum filtration (0.02 g, 0.02 mmol, 23.5%). 

Mass spectrum (TOF MS EI+): m/z = 890 [Cu5C88H67N24]
2+ 
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6.3.Imidazole Cylinders: 

2-Imidazole Ligand (Lim2): 

Based on synthesis by M. Pascu84. 

 

 4,4’-Methylenedianiline (0.79 g, 8.00 mmol) dissolved in methanol (15 mL) was 

added to 2-imidazolecarboxaldehdye (0.77 g, 4.00 mmol) in methanol (15 mL) giving a 

cloudy white solution which was stirred for 10 minutes under a nitrogen atmosphere. 

Glacial acetic acid (3 drops) was added and the solution heated under reflux for 2 hours. 

The solution was cooled to room temperature before being vacuum filtered to collect the 

white precipitate which was washed with methanol (2 x 10 mL). The product was dried 

in vacuo (1.25 g, 3.53 mmol, 88%). 

1H NMR: (400 MHz, DMSO-d6) δ 13.02 (NH, s, 1H), 8.40 (Him, s, 1H), 7.32 (H4/5, s, 

1H), 7.30 (HPha/b, dt, J = 8.6, 2.1 Hz, 2H), 7.25 (HPha/b, dt, J = 8.6, 2.1 Hz, 2H), 7.18 

(H4/5, s, 1H), 3.98 (CH2, s, 1H). 

Mass spectrum (TOF MS EI+): m/z = 355 [C21H18N6 + H]+ 

 

 

 



144 

 

4-Imidazole Ligand (Lim4) 

Based on synthesis methods by F. Tuna85 and M. Pascu84. 

 

 4,4’-Methylenedianiline (0.80 g, 8.33 mmol) in methanol (15 mL) was added to 

4-imidazolecarboxaldehyde (0.77 g, 4.00 mmol) in methanol (15 mL) under a nitrogen 

atmosphere and stirred for 10 minutes. Acetic acid (2 drops) was added and the solution 

heated under reflux for 2 hours. The solution was cooled to room temperature before 

being vacuum filtered to collect the white precipitate. The white powder product was 

wahed with methanol (2 x 10 mL) and dried in vacuo (1.18 g, 3.33 mmol, 83%). 

1H NMR: (400 MHz, DMSO-d6) δ 12.80 (NH, s, 1H), 8.43 (H2, s, 1H), 7.82 (H4, s, 1H), 

7.64 (Him, s, 1H), 7.26 (HPha, dd, J = 8.4, 2.4 Hz, 2H), 7.14 ( HPhb, dd, J = 8.4, 2.4 Hz, 

2H), 3.94 (CH2, s, 1H). 

Mass spectrum (TOF MS EI+): m/z = 178 [C21H18N6 + 2H]2+, 277 [C17H16N4 + H]+, 

299  [C17H16N4 + Na]+, 355 [C21H18N6 + H]+, 377 [C21H18N6 + Na]+, 575 [2C17H16N4 + 

Na]+, 653 [C21H18N6 + C17H16N4 + Na]+. 
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2-Imidazole iron complex ([Fe2(Lim2)3](BF4)4) 

Based on synthesis method by M. Pascu84. 

 

 The 2-imidazole ligand (Lim2, 0.11 g, 0.30 mmol) was suspended in acetonitrile 

(10 mL) under a nitrogen atmosphere. Iron(II) tetrafluoroborate hexahydrate (0.07 g, 0.20 

mmol) was dissolved in acetonitrile (10 mL) and added to the ligand solution giving an 

instant colour change to light pink which gradually became dark purple. The solution was 

stirred for 24 hours before the solvent was removed in vacuo. The purple powder was 

redissolved in minimal acetonitrile (3 mL) and the solution was added dropwise to excess 

diethyl ether whilst stirring. The purple precipitate was isolated by vacuum filtration and 

was dried in vacuo (0.13 g, 0.10 mmol, 99%). 

1H NMR: (300 MHz, Acetonitrile-d3) δ 124.15 (H4, s, 1H), 71.16 (NH, s, 1H), 65.25 (H5, 

s, 1H), 56.38 (Him, s, 1H), 22.10 (CH2, s, 1H), 17.79 (HPha/b, s, 2H), 0.63 (HPha/b, s, 2H). 

Mass spectrum (SCAN ES+): m/z = 178 [C21H18N6 + H]2+, 277 [C17H16N4 + H]+, 294 

[Fe2(C21H18N6)3]
4+, 355 [C21H18N6 + H]+, 391 [Fe2(C21H18N6)3 - H]3+, 587 

[Fe2(C21H18N6)3 – 2H]2+ 

UV/VIS (acetonitrile): 212, 242, 320, 447, 513 nm. 

 



146 

 

4-Imidazole iron complex ([Fe2(Lim4)3](BF4)4) 

Based on synthesis methods by F. Tuna85 and M. Pascu84. 

 

The 4-imidazole ligand (Lim4, 0.11 g, 0.30 mmol) was suspended in acetonitrile 

(10 mL) under a nitrogen atmosphere. Iron(II) tetrafluoroborate hexahydrate (0.07 g, 0.20 

mmol) was dissolved in acetonitrile (10 mL) and added to the ligand solution giving a 

gradual colour change to an orange solution. The solution was stirred for 24 hours before 

the solvent was removed in vacuo. The powder was redissolved in minimal acetonitrile 

(3 mL) and the solution was added dropwise to excess diethyl ether whilst stirring. The 

orange precipitate was isolated by vacuum filtration, washed with diethyl ether (2 x 10 

mL) and dried in vacuo (0.13 g, 0.10 mmol, 98.6%). 

1H NMR: (300 MHz, Acetonitrile-d3) δ 159.53 (H2, s, 1H), 92.86 (NH, s, 1H), 43.00 

(HIm, s, 1H), 38.15 (H4, s, 1H), 24.86 (CH, s, 1H), 14.70 (HPh/b, s, 2H), -5.73 (HPha/b, s, 

2H). 

Mass spectrum (SCAN ES+): m/z = 178 [C21H18N6 + 2H]2+, 277 [C17H16N4 + H]+, 293 

[Fe2(C21H18N6)3]
4+, 355 [C21H18N6 + H]+, 391 [Fe2(C21H17N6)3 - H]3+, 420 

[Fe2(C21H18N6)3(BF4)]
3+, 587 [Fe2(C21H18N6)3 – 2H]2+, 631 [Fe2(C21H17N6)3(BF4) - H]2+, 

675 [Fe2(C21H18N6)3(BF4)2]
2+ 

UV/VIS (acetonitrile): 267, 445 nm. 
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2-Imidazole iron chloride complex ([Fe2(Lim2)3](Cl)4) 

 

 The 2-imidazole ligand (Lim2, 0.11 g, 0.3 mmol) was suspended in methanol (10 

mL) under an inert atmosphere. Iron(II) chloride tetrahydrate (0.04 g, 0.2 mmol) was 

dissolved in methanol (10 mL) , added to the ligand solution and stirred for 20 hours 

causing a gradual colour change to dark purple. The solution was filtered through celite 

and washed with methanol (3 x 10 mL). The solvent was removed in vacuo to give a dark 

purple solid which was redissolved in minimal methanol and precipitated in excess 

diethyl ether. The purple precipitate was collected by vacuum filtration, washed with 

diethyl ether (10 mL) and dried in vacuo (0.08 g, 0.06 mmol, 60.6%). 

1H NMR: (300 MHz, Methanol-d4) δ 118.69 (H4, s, 1H), 67.82 (Him, s, 1H), 61.63 (H5, 

s, 1H), 21.97 (CH2, s, 1H), 17.43 (HPha/b, s, 2H), 0.79 (HPha/b, s, 2H). 

Mass spectrum (SCAN ES+): m/z = 178 [C21H18N6 + 2H]2+, 277 [C17H16N4 + H]+, 309 

[C17H16N4 + H + MeOH]+, 355 [C21H18N6 + H]+, 387 [C21H18N6 + H + MeOH]+, 631 

[(C21H18N6) + (C17H16N4) + H]+, 709 [2(C21H18N6) + H]+ 

UV/VIS(methanol): 224, 294, 329, 423 nm. 
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4-Imidazole iron chloride complex ([Fe2(Lim4)3](Cl)4) 

Based on synthesis method by M. Pascu84. 

 

The 4-imidazole ligand (Lim4, 0.11 g, 0.30 mmol) was suspended in methanol (10 

mL) under a nitrogen atmosphere. Iron(II) chloride tetrahydrate (0.04 g, 0.20 mmol) was 

dissolved in methanol (10 mL) , added to the ligand solution and stirred for 21 hours 

causing a gradual colour change to orange. The solution was filtered through celite and 

washed with methanol (3 x 10 mL). The solvent was removed in vacuo to give an orange 

solid which was redissolved in minimal methanol and precipitated in excess diethyl ether. 

The orange precipitate was collected by vacuum filtration, washed with diethyl ether (10 

mL) and dried in vacuo (0.10 g, 0.08 mmol, 76%). 

Peaks assigned “Dia-“ are the diamagnetic cylinder. 

1H NMR: (300 MHz, Methanol-d4) δ 157.50 (H2, s, 1H), 41.92 (Him, s, 1H), 37.20 (H4, 

s, 1H), 25.38 (CH2, s, 1H), 14.73 (HPha/b, s, 2H), -5.66 (HPha/b, s, 2H). 

(300 MHz, Deuterium Oxide) δ 151.79 (H2, s, 2H), 36.41 (H4, s, 2H), 24.07 (CH2, s, 2H), 

14.23 (HPha/b, s, 4H), 9.70 (Dia-Him, s, 1H), 8.00 (Dia-H2 + Dia-H5, m, 2H), 7.04 (Dia-

HPha/b, s, 2H), 6.76 (Dia-HPha/b, s, 2H), 3.71 (Dia-CH2, s, 1H), -5.26 (HPha/b, s, 4H). 

Mass spectrum (TOF MS EI+): m/z = 178 [C21H18N6 + 2H]2+, 277 [C17H16N4 + H]+, 

293 [Fe2(C21H18N6)3]
4+, 355 [C21H18N6 + H]+, 391 [Fe2(C21H18N6)3 - H]3+, 586 

[Fe2(C21H18N6)3 - 2H]2+, 623 [Fe2(C21H18N6)3(Cl2)]
2+. 
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UV/VIS(methanol): 268 nm, 434 nm. 

 

2-Imidazole nickel complex ([Ni2(Lim2)3](PF6)4) 

 

 The 2-imidazole ligand (Lim2, 0.11 g, 0.30 mmol) was suspended in methanol (10 

mL) under a nitrogen atmosphere. Nickel(II) chloride hexahydrate (0.05 g, 0.20 mmol) 

in methanol (10 mL) was added dropwise to the 2-imidazole ligand solution whilst 

stirring. After 45 minutes, excess ammonium hexafluorophosphate was added and the 

solution was immediately filtered through celite. The filtrate was cooled to room 

temperature and then chilled at 4oC for two days. An orange precipitate was collected by 

vacuum filtration and washed with cold methanol (10 mL) before being dried in vacuo 

(0.05 g, 0.03 mmol, 28%). 

1H NMR: (300 MHz, Acetonitrile-d3) δ 74.77 (H5, s, 1H), 66.15 (Him, s, 1H), 25.16 (CH2, 

s, 1H), 15.23 (HPha/b, s, 2H), -5.43 (HPha/b, s, 2H). 

Mass spectrum (SCAN ES+): m/z = 295 [Ni2(C21H18N6)3]
4+, 305 [Ni2(C21H18N6)3 + 

CH3CN]4+, 316 [Ni2(C21H18N6)3 + 2CH3CN] 4+, 326 [Ni2(C21H18N6)3+ 3CH3CN] 4+, 392 

[Ni2(C21H17N6)3 - H]3+, 442 [Ni2(C21H18N6)3(PF6)]
3+, 588 [Ni2(C21H16N6)3 – 2H]2+, 735 

[Ni2(C21H18N6)3(PF6)2]
2+ 

UV/VIS(acetonitrile): 323 nm. 
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4-Imidazole nickel complex ([Ni2(Lim4)3](PF6)4) 

Based on synthesis method by F. Tuna85. 

 

 

 The 4-imidazole ligand (Lim4,0.11 g, 0.30 mmol) was suspended in methanol (10 

mL) under a nitrogen atmosphere. Nickel(II) chloride hexahydrate (0.05 g, 0.20 mmol) 

in methanol (10 mL) was added dropwise to the 2-imidazole ligand solution whilst 

stirring. After 45 minutes, excess ammonium hexafluorophosphate was added to the 

solution and the solution was immediately filtered through celite. The filtrate was allowed 

to cool and left to chill at 4oC for two days. A pale green precipitate was collected by 

vacuum filtration and washed with cold methanol (10 mL) before being dried in vacuo 

(0.05 g, 0.03 mmol, 28%). 

1H NMR: (300 MHz, Acetonitrile-d3) δ 94.10 (NH, s, 1H), 59.73 (Him, s, 1H), 41.29 (H4, 

s, 1H), 27.71 (CH2, s, 1H), 15.46 (HPha/b, s, 2H), -6.71 (HPha/b, s, 1H). 

Mass spectrum (SCAN ES+): m/z = 295 [Ni2(C21H18N6)3]
4+, 305 [Ni2(C21H18N6)3+ 

CH3CN]4+, 316 [Ni2(C21H18N6)3 + 2CH3CN]4+, 393 [Ni2(C21H17N6)3 - H]3+, 442 

[Ni2(C21H18N6)3(PF6)]
3+, 735 [Ni2(C21H18N6)3(PF6)2]

2+. 

UV/VIS(acetonitrile): 276, 409 nm. 
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2-Imidazole nickel complex ([Ni2(Lim2)3](Cl)4) 

 

 2-Imidazole ligand (Lim2, 0.11 g, 0.28 mmol) was suspended in methanol (10 mL) 

under a nitrogen atmosphere. Nickel(II) chloride hexahydrate (0.05 g, 0.20 mmol) in 

methanol (10 mL) was added dropwise to the 2-imidazole ligand solution whilst stirring. 

The orange solution was stirred for 35 minutes before being filtered through celite and 

washed with methanol (5 mL). Excess methanolic ammonium hexafluorophosphate was 

added and stirred for 30 minutes. The solution was then chilled at 4oC for two days to 

give an orange precipitate which was collected by vacuum filtration using a fine nylon 

membrane filter (0.45 μm, 25mm diameter) and washed with diethyl ether (10 mL). The 

precipitate suspended in methanol (20 mL) and stirred for 30 minutes with Dowex (1x8 

chloride form, 200-400 mesh).The Dowex beads were removed by vacuum filtration and 

washed with methanol (10 mL). The solvent was removed from the filtrate under vacuo 

to yield an orange powder (0.10 g, 0.07 mmol, 74%). 

1H NMR: (300 MHz, Methanol-d4) δ 74.16 (H5, s, 1H), 65.71 (Him, s, 1H), 26.11 (CH2, 

s, 1H), 15.34 (HPha/b, s, 2H), -5.34 (HPha/b, s, 2H). 

(300 MHz, Methanol-d4) δ 75.13 (H5, s, 1H), 25.95 (CH2, s, 1H), 15.35 (HPha/b, s, 2H), -

5.37 (HPha/b, s, 2H). (Gaussian function: 1GB applied) 

UV/VIS(methanol): 321 nm. 
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4-Imidazole nickel complex ([Ni2(Lim4)3](Cl)4) 

 

 4-Imidazole ligand (Lim4, 0.11 g, 0.28 mmol) was suspended in methanol (10 mL) 

under a nitrogen atmosphere. Nickel(II) chloride hexahydrate (0.05 g, 0.20 mmol) in 

methanol (10 mL) was added dropwise to the 2-imidazole ligand solution whilst stirring. 

The green solution was stirred for 45 minutes then gravity filtered. Excess methanolic 

ammonium hexafluorophosphate was added and stirred for 30minutes. The solution was 

chilled at 4oC for two days to give a pale green precipitate which was collected by vacuum 

filtration using a fine nylon membrane filter (0.45 μm, 25 mm diameter) and washed with 

diethyl ether (10 mL). The precipitate was then suspended in methanol (20 mL) and 

stirred for 30 minutes with Dowex (1x8 chloride form, 200-400 mesh).The Dowex beads 

were removed by vacuum filtration and washed with methanol (10 mL). The solvent was 

removed from the filtrate under vacuo to give an green powder (0.03 g, 0.02 mmol, 20%). 

1H NMR: (300 MHz, Methanol-d4) δ 60.00 (Him, s, 1H), 41.11 (H4, s, 1H), 28.38 (CH2, 

s, 1H), 15.62 (HPha/b, s, 2H), -6.85 (HPha/b, s, 2H). 

UV/VIS(methanol): 265 nm. 
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6.4.Rotaxanated Cylinders 

Alkylating 4-imidazole carboxaldehyde 

Based on method developed by V. Sadovnikova116. 

 

 2-(Bromomethyl)pyridine hydrobromide (0.79 g, 3.12 mmol) and 4-

imidazolecarboxaldehyde (0.27 g, 2.86 mmol) were dissolved in dimethylformamide (10 

mL) under an argon atmosphere. Hunig’s base (1.5 mL, 8.70 mmol) was added slowly 

and the reaction solution was heated to 80oC overnight. The solution was cooled to room 

temperature before a saturated solution of sodium hydrogen carbonate (10 mL) was 

added. The solution was extracted with dichloromethane (4 x 10 mL) and the combined 

organic layers were washed with brine (20 mL). The organic layer was then dried over 

magnesium sulphate, filtered and the solvent removed from the filtrate under vacuo 

(0.20g, crude). Prep-RP HPLC was used to purify. 

Peak 3: 

1H NMR: (400 MHz, Chloroform-d) δ 9.88 (Hald, s, 1H), 8.61 (H6, ddd, J = 4.9, 1.8, 1.0 

Hz, 1H), 7.78 – 7.65 (H4 + H9 + H12, m, 3H), 7.29 (H5, ddd, J = 8.1, 4.9, 1.0 Hz, 1H), 

7.11 (H3, dt, J = 7.8, 1.0 Hz, 1H), 5.27 (CH2, s, 2H). 

Mass spectrum (ES+): m/z = 130 [C8H10N]+, 188 [C10H9N3O + H]+, 210 [C10H9N3O + 

Na]+, 397 [2C10H9N3O + Na]+ 
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Peak 4: 

1H NMR: 1H NMR (400 MHz, Chloroform-d) δ 9.74 (Hald, s, 1H), 8.54 (H6, ddd, J = 4.8, 

1.8, 1.0 Hz, 1H), 7.93 (H9/12, s, 1H), 7.87 (H9/12, s, 1H), 7.65 (H4, td, J = 7.7, 1.8 Hz, 1H), 

7.25 – 7.18 (H3/5, m, 2H), 5.61 (CH2, s, 2H). 

Mass spectrum (ES+): m/z = 130 [C8H10N]+, 188 [C10H9N3O + H]+, 210 [C10H9N3O + 

Na]+, 220 [C10H9N3O + MeOH + H]+,  358  [C10H9N3O + MeCN + H]+ 

 

Post assembly modification of the nickel 2-imidazole cylinder, 

[Ni2(Lmod)3](PF6)4 

 

 [Ni2(Lim2)3](PF6)4 (0.10 g, 0.06 mmol) and 2-(bromomethyl)pyridine 

hydrobromide (0.09 g, 0.34 mmol) were dissolved in acetonitrile (20 mL) under an argon 

atmosphere. After 10 minutes, Hunig’s base (0.18 mL, 1.02 mmol) was added and the 

solution was heated overnight under reflux. The solution was cooled to room temperature 

before being vacuum filtered and washed with acetonitrile (2 mL). The solvent was 

removed from the filtrate to give an orange, waxy crude product. The crude product was 
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washed with chloroform (10 mL), the precipitate collected by vacuum filtration and 

washed with chloroform (2 x 5 mL) to yield an orange powder  (0.05 g, 0.02 mmol, 35%). 

1H NMR: 300 MHz, Acetonitrile-d3) δ 78.77 (H12, s, 1H), 71.92 (Him, s, 1H), 24.42 (CH2, 

s, 1H), 15.23 (HPha/b, s, 2H), 8.54 (H6, s, 1H), 7.79 (H3/4/5, s, 1H), 7.51 (H3/4/5, s, 1H), 7.20 

(H3/4/5, s, 1H), 4.20 (CH2.2, s, 1H), 1.43 (CH2.2, s, 1H), -4.58 (HPha/b, s, 2H). 

Mass spectrum (TOF MS EI+): m/z = 130 [C8H20N]+, 409 

[Ni2(C33H28N8)2(C27H23N7)]
4+, 432 [Ni2(C33H28N8)3]

4+, 545 [Ni2(C33H28N8)2(C27H23N7) - 

H]3+, 623 [Ni2(C33H28N8)3(PF6)4]
3+ 

 

Synthesis of a 2-imidazole nickel rotaxane by alkylation 

 

 [Ni2(Lim2)3](Cl4) (0.04 g, 0.03 mmol) was dissolved in deionised water (10 mL) 

and methanol (0.3 mL) and added to CB10 (0.05 g, 0.03 mmol) under an argon 

atmosphere. The solution was stirred for 20 minutes before 2-(bromomethyl)pyridine 

hydrobromide (0.05 g, 0.17 mmol) in deionised water (5 mL) was added. Hunig’s base 

(0.09 mL, 0.51 mmol) was added to the solution after 10 minutes which was then heated 

to 80oC and stirred overnight. The reaction was cooled to room temperature and quenched 

with saturated aqueous sodium hydrogen carbonate solution (15 mL). The solution was 

allowed to settle overnight before being filtered to remove a brown precipitate. The 
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solvent was removed in vacuo and the resultant solid was suspended in methanol (25 mL). 

The precipitated salt was removed by vacuum filtration and the filtrate collected. The 

solvent was removed in vacuo and to yield a fine, cream precipitate (0.04 g, 0.11 mmol, 

40%). 

Mass spectrum (TOF MS ES+): m/z = 801 [Ni2(C33H28N8)(C27H23N7)2(CB10)]4+, 824 

[Ni2(C33H28N8)2(C27H23N7)(CB10)]4+, 828 [Ni2(C33H28N8)2(C27H23N7)(CB10) + H2O]4+, 

847 [Ni2(C33H28N8)3(CB10)]4+, 851 [Ni2(C33H28N8)3(CB10) + H2O]4+, 855 

[Ni2(C33H28N8)3(CB10) + 2H2O]4+, 1072 [Ni2(C33H28N8)(C27H23N7)2(CB10) + OH]3+, 

1098 [Ni2(C33H28N8)2(C27H23N7)(CB10) - H]3+, 1104 [Ni2(C33H28N8)2(C27H23N7)(CB10) 

+ OH]3+, 1134 [Ni2(C33H28N8)3(CB10) + OH]3+ 

 

6.5.Threading Studies 

Iron 4-imidazole cylinder, [Fe2(Lim4)3]Cl4, with CB10 

 [Fe2(Lim4)3]Cl4 (0.99 mg, 0.75 μmol) was dissolved in deuterated water (0.75 mL). 

0.9 equivalents of CB10 (1.12 mg, 0.68 μmol) were added and the solution stirred until 

the CB10 had dissolved. 

1H NMR: (300 MHz, Deuterium Oxide) δ 154.92 (H2, s, 2H), 44.97 (Him, s, 2H), 36.10 

(H4, s, 2H), 22.29 (Ch2, s, 2H), 14.76 (Pha/b, s, 4H), 9.69 (Dia-Him, s, 1H), 7.98 (Dia-

H4 and H5, d, J = 33.6 Hz, 2H), 7.09 (Dia-Pha/b, d, J = 7.3 Hz, 2H), 6.79 (Dia-Pha/b, d, 

J = 7.3 Hz, 2H), 5.43 (CB10-Hc, d, J = 15.6 Hz, 6H), 5.28 (CB10-Ha, s, 6H), 3.95 (CB10-

Hb, d, J = 15.6 Hz, 6H), 3.77 (Dia-CH2, s, 1H), -4.77 (Pha/b, s, 4H). 
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Nickel 2-imidazole cylinder, [Ni2(Lim2)3]Cl4, with CB10 

 [Ni2(Lim2)3]Cl4 (1.24 mg, 0.94 μmol) was dissolved in deuterated water (0.75 mL) 

and deuterated methanol (0.19 mL). 0.9 equivalents of CB10 (1.40 mg, 0.84 μmol) were 

added and the solution stirred until no more CB10 would dissolve. Excess CB10 was 

removed by filtration.  

 Both the CB10 bound cylinder and the free cylinder are observed in the NMR. 

Protons have been assigned CB- and cyl- for each species respectively. 

1H NMR: (300 MHz, Deuterium Oxide) δ 74.81 (CB-H4 and cyl-H4, s, 12H), 25.93 (cyl-CH2, s, 

6H), 22.81 (CB-CH2, s, 6H), 15.33 (cyl-HPha/b, s, 12H), 14.75 (CB-HPha/b s, 12H), 5.71 

(HCB10-c, s, 20H), 5.41 (HCB10-a, s, 20H), 4.12 (HCB10-b, s, 20H), -4.88 (CB-HPha/b and cyl-

HPha/b, s, 24H). 

Mass spectrum (SCAN ES+): m/z = 355 [C21H18N6 + H]+, 410 [Ni2(C21H18N6)Cl + 

H2O]3+, 590 [Ni2(C21H18N6)3 – 2H ]2+, 711 [Ni2(C21H18N6)3 + CB10]4+, 947 

[Ni2(C21H18N6)3+ CB10 - H]3+, 1420 [Ni2(C21H18N6)3 + CB10 -2H]2+, 1426 

[Ni2(C21H18N6)3 + CB10 + H2O – 2H]2+ 

 

6.6.Spectrometry 

Nuclease free water purchased from Omega Bio-tek was used for all DNA binding 

experiments and was stored at 4oC. 

A 5 times concentrated buffer stock solution was made from sodium cacodylate 

trihydrate (5 mM, Fluka Biochemika, >98.0%) and sodium chloride (100 mM, Fischer) 

in water (pH 7.44), and was stored at 4oC. 
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Calf thymus DNA sodium salt (ctDNA, 27.70 mgs, purchased from Sigma 

Aldrich) was dissolved in water (20 mL). All DNA concentrations are quoted in terms of 

base pairs. 

All cylinder and rotaxane stock solutions were made fresh and used immediately. 

 

UV Visible Spectrometry and Circular Dichroism 

A Varian Carey 5000 UV Vis and NIR spectrometer was used for all UV Vis 

measurements. The absorbance of each sample was measured between 200-800 nm 

(average time: 0.5s, data interval: 1.0 nm) in a 3 mL cuvette with 1 cm path length. 

6.6.1.1.Cylinder absorbance, stability and molar extinction coefficients 

For absorbance measurements the imidazole cylinders were dissolved in 

acetonitrile or methanol depending on which solvent gave the best solubility. The 

absorbance of [Ni2(Lim2)3]Cl4 was also measured in a 4:1 water to methanol solution. The 

concentration of each sample measured is given in Table 4. 

Cylinder Solvent Sample Concentration / uM 

[Fe2(Lim2)3](BF4)4 Acetonitrile 8.69 

[Fe2(Lim4)3](BF4)4 Acetonitrile 8.55 

[Ni2(Lim2)3](BF4)4 Acetonitrile 8.55 

[Ni2(Lim4)3](BF4)4 Acetonitrile 8.59 

[Fe2(Lim2)3](Cl)4 Methanol 8.61 

[Fe2(Lim4)3](Cl)4 Methanol 8.60 

[Ni2(Lim2)3](Cl)4 Methanol 8.32 

[Ni2(Lim4)3](Cl)4 Methanol 8.32 

Table 4: Shows the solvent and concentration each measured imidazole cylinder sample. 

 The stability of the iron 2-imidazole cylinder, [Fe2(Lim2)3]Cl4, was measured in 

methanol (13.16 μM) by recording the absorbance spectrum at regular intervals (6 
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minutes). The same procedure was used to measure the stability of the nickel 2-imidazole 

cylinder, [Ni2(Lim2)3]Cl4, which was dissolved in a 4:1 water to methanol stock solution 

and then diluted for testing (13.30 μM). The molar extinction coefficient of these 

cylinders was estimated in the same solvent system by measuring the absorbance of 

cylinder solutions with different known concentrations. 

 

6.6.1.2.DNA Stock Concentration 

The DNA stock solution was used to make a series of diluted solutions, each with 

a known amount of the stock solution. The absorbance of each solution was calculated 

and concentration of the DNA stock solution (2.85 mM) was calculated using the Beer 

Lambert Law and the molar extinction coefficient (ε260 = 13200 M-1cm-1) per base pair of 

ctDNA. 

 

6.6.1.3.DNA Binding Studies (UV Vis and CD) 

The DNA binding ability of both the nickel 2-imidazole cylinder, [Ni2(Lim2)3]Cl4, 

and for the rotaxane, [Ni2(Lmod)3][CB10]Cl4 were investigated 

 All UV Vis and CD spectra were collected by an Applied Photophysics Chirascan 

Plus between 200-800 nm (bandwidth: 1 nm, step size: 1 nm, time per point: 0.5s) and 

three repeats were taken for each scan. A 3 mL cuvette with a 1 cm pathlength was used. 

A stock solution of each complex was made (1 mM). The nickel 2-imdiazole 

cylinder was dissolved in a 20% (by volume) methanol solution, while the rotaxane was 

dissolved in water. The titration was repeated with a 20% methanol solution as a control 

experiment. 



160 

 

 Each UV Vis and CD titration required two DNA solutions. A two times DNA 

solution (2x DNA, 200 μM ctDNA, 2 mM sodium cacodylate trihydrate, sodium chloride 

20 mM) was made. 1 mL of the 2x DNA stock was then diluted to half concentration to 

make the starting DNA solution (1x DNA, 100 μM ctDNA, 1 mM sodium cacodylate 

trihydrate, sodium chloride 10 mM). The 1x DNA solution was used to measure the initial 

DNA spectrum and each addition of cylinder or rotaxane stock solution was matched in 

volume by an addition of the 2x DNA stock solution to maintain the DNA and buffer 

concentration (1x DNA, 100 μM ctDNA, 1 mM sodium cacodylate trihydrate, sodium 

chloride 10 mM). A background of buffer solution (1 mM sodium cacodylate trihydrate, 

sodium chloride 10 mM) was taken before each titration. 

 The concentration of cylinder or rotaxane was increased to a 4:1 base pair to 

complex ratio for each titration and the absorption and CD spectra was recorded after 

each addition. An equal volume of the 20% methanol solution was added in a separate 

control titration. The addition volumes and concentrations are recorded in Table 5 and 

Table 6. 

BP:Cyl 1xDNA Volume / uL Total volume added / uL Methanol / % Total Volume / uL 

- 1200 0 - 1200 

60.2 1200 2 0.03 1204 

40.2 1200 3 0.05 1210 

20.2 1200 6 0.10 1222 

10.2 1200 12 0.19 1246 

8.2 1200 15 0.24 1276 

6.2 1200 20 0.30 1316 

4.2 1200 30 0.44 1376 

Table 5: The volume of methanol added and the percentage by volume of methanol in each sample. 
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BP:Cyl 

1xDNA Volume / 

uL 

Total volume added / 

uL 

Complex conc. / 

uM 

Total Volume / 

uL 

- 1200 0 - 1200 

60.2 1200 2 1.66 1204 

40.2 1200 3 2.48 1210 

20.2 1200 6 4.91 1222 

10.2 1200 12 9.63 1246 

8.2 1200 15 11.76 1276 

6.2 1200 20 15.20 1316 

4.2 1200 30 21.80 1376 

Table 6: The volume of complex added and the increase in complex concentration in each sample. 

Linear Dichroism 

All LD spectra were collected by an Applied Photophysics Chirascan Plus with 

LD accessory between 200-800 nm (bandwidth: 1 nm, step size: 1 nm, time per point: 

0.5s) and three repeats were taken for each scan. A 250 μM cuette was used (speed: 

40rpm, acceleration: 2). 

 Each LD titration required a DNA stock solution (400 μM ctDNA, 1 mM sodium 

cacodylate trihydrate, sodium chloride 10 mM) and a complex solution (500 μM cylinder 

or rotaxane, 1 mM sodium cacodylate trihydrate, sodium chloride 10 mM). After a 

background absorption spectrum was recorded using buffer solution (1 mM sodium 

cacodylate trihydrate, sodium chloride 10 mM), half of the solution (100 μL) was 

removed and the DNA stock solution added (100 μL) to record the initial DNA spectrum. 

Each addition of complex stock, was matched in volume by the addition of the DNA stock 

solution to maintain the DNA and buffer concentrations(200 μM ctDNA, 1 mM sodium 

cacodylate trihydrate, sodium chloride 10 mM). The complex concentration was 

increased to a 4:1 base pair to complex ratio (Table 8). 

 A control titration was completed with a 20% methanol stock solution (Table 7). 
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BP:Cyl Total volume added / uL Methanol percentage / % Total Volume / uL 

- 0.0 - 200.0 

62.34 1.3 0.13 202.6 

40.80 2.0 0.30 204.0 

20.31 4.1 0.39 208.2 

9.69 9.0 0.83 218.0 

8.07 11.0 0.99 222.0 

6.13 15.0 1.30 230.0 

4.00 25.0 2.00 250.0 

Table 7: Control titration showing the volume of 20% methanol stock solution added and the percentage of methanol 

by volume in each sample. 

BP:Cyl Total volume added / uL Complex conc. / uM Total Volume / uL 

- 0 - 200.0 

62.34 1.3 3.21 202.6 

40.80 2.0 4.90 204.0 

20.31 4.1 9.85 208.2 

9.69 9.0 20.64 218.0 

8.07 11.0 24.77 222.0 

6.13 15.0 32.61 230.0 

4.00 25.0 50.00 250.0 

Table 8: Volume of complex stock solution added to each sample in order to reach the desired base pair to cylinder 

ratio, and the concentration of complex in each sample. 
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