
  
 

 

 

THE UNIVERSITY OF HULL 

 

 

SYNTHESIS AND BIOLOGICAL EVALUATION OF CXCR4 

CHEMOKINE RECEPTOR ANTAGONISTS 

 

being a Thesis submitted for the Degree of  

Doctor of Philosophy in the University of Hull 

 

 

by 

 

Kate Louise Nicholson, MChem (Hons) 

 

 

 

December 2014 

 

 

 

 

  



i 
 

I. ABSTRACT 

The CXCR4 chemokine receptor is known to be overexpressed in many types of cancer as well as 

being involved in several stages of metastasis, which is responsible for the majority of deaths in 

cancer patients. Molecular imaging techniques, such as positron emission tomography (PET), are 

being used in the design of early stage CXCR4 expressing cancer diagnosis agents which can be 

followed by the administration of CXCR4 specific drugs targeting to an individual’s specific cancer 

treatment requirements to prevent the spread of cancer. Incorporation of positron emitting 

radioisotopes such as 18F and 64Cu into a CXCR4 specific compound allows visualisation of the 

locations that the drug has accumulated. This can facilitate the diagnosis of a CXCR4 expressing 

cancer as large volumes of emission signals will be detected in tumours. Following diagnosis, high 

CXCR4-affinity targeted compounds can be administrated which prevent CXCR4’s binding partner, 

CXCL12, activating the receptor and enabling metastasis. This work focuses on the development of 

high affinity CXCR4 antagonists which can be used in therapeutic and diagnostic applications.  

A series of configurationally restricted complexes of copper(II), zinc(II) and nickel(II), where the 

metal ion is coordinated to tris-macrocycles, were synthesised. Tris-macrocycles have the potential 

to show improved affinity for the CXCR4 receptor because the third macrocyclic ring can facilitate 

more interactions with the CXCR4 receptor than reported bis-macrocycles, due to the extra 

interactions possible with the aspartate rich receptor surface. Biological studies revealed the tris-

macrocyclic series has high affinity for CXCR4. [Zn318]6+ showed nanomolar activity with an IC50 value 

of 1 nM, 14 times more potent than the FDA approved drug AMD3100. Another high affinity tris-

macrocycle, [Zn319]6+ showed an IC50 value of 2 nM also significantly lower than ADM3100. The high 

affinity compounds, [Zn318]6+ and [Zn319]6+, were radiolabelled with 64Cu via transmetalation. Crude-

radiochemical yields (crude-RCY) of 79% and 62% were achieved for 64CuZn2[18] and 64CuZn2[19] 

respectively. The complexes were identified as strongly hydrophilic with calculated LogP values of -

3.69 and -2.20 for 64CuZn2[18] and 64CuZn2[19] respectively.  

A series of rigidified bis-macrocycle copper(II) and zinc(II) complexes were synthesised and explored 

as imaging agents. Routes to incorporate 18F and 68Ga into the bis-macrocycles for applications in PET 

imaging were explored. Mono-macrocycles were synthesised and used in a series of test reactions to 

evaluate a range of pendant arm functionalisations including nitro, amine, azide and alkyne. 

Subsequently, azide functionalised rigidified bis-macrocycle copper(II) and zinc(II) complexes for use 

in copper-free click reactions were synthesised which provided an effective route to incorporate 18F 

into macrocycles. Biological studies identified that the functionalised bis-macrocycle complexes 
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showed high affinity towards the CXCR4 receptor. The key compound was [Zn232]4+ which showed 

IC50 values of 3 nM, more than 3 times lower than AMD3100. 

A series of surface plasmon resonance (SPR) experiments were conducted to develop a method to 

determine the residence time of macrocycles on the CXCR4 receptor. A range of approaches, such as 

intact cell immobilisation, intact cell capture and receptor capture, were studied but all methods had 

drawbacks therefore association and dissociation rates of macrocycles and the CXCR4 receptor were 

not ascertained. 

This work highlights important steps towards the diagnosis of CXCR4 expressing cancers with the use 

of highly stable tris-macroycles. Furthermore, initial steps to incorporate the most readily available 

radioisotope, 18F, into macrocycles have been identified. Progress towards the development of high 

affinity, anti-metastatic therapeutic agents, in CXCR4 expressing cancers, has been made with the 

synthesis and in vitro evaluation of configurationally restricted tris-macrocycle metal complexes. Key 

compounds in this series were [Zn318]6+ and [Zn319]6+ which showed significantly better affinity for 

the CXCR4 receptor than AMD3100 and low toxicity. 
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CT Computed tomography 
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d  Day 
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FC Flow cell 

FFA Free fatty acids 

FITC Fluorescein isothiocyanate 

FLIPR Fluorometric imaging plate reader 

g Gram 
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GDP Guanosine diphosphate 

Glu Glutamate 

GPCR G-Protein Coupled Receptor 
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h Hour 

HBS-P Hepes-buffered saline with P20 
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HIV Human immunodeficiency virus 

HRMS High resolution mass spectrometry 

IC50 Concentration required to inhibit binding by 50% 

J Coupling constant 

K222 Kryptofix 222 
Ka Rate of association 
Kd Rate of dissociation 
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LogP Partition coefficient 
m Multiplet 
M Molar 
mAb Monoclonal antibody 

MAPK Mitogen activated protein kinases 

mg Miligram 

MHz Megahertz 

min Minute 

mL Mililitre 

mM  Milimolar 

mmol Milimole 

mo Millidegrees 

MRI Magnetic resonance imaging 

MS Mass Spectrometry 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  

NHS N-hydroxy succinimide 

NIAID National institute of allergy and infectious diseases 
nM Nanomolar 

NMR Nuclear magnetic resonance 

pAb Polyclonal antibody 

PBMC Peripheral blood mononucleated cell 
PBS Phosphate buffer solution 
PE Phycoerythrin 
PEG Polyethyleneglycol 
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PET Positron emission tomography 

PHD3 Prolyl hydroxylase 3  

PLC Phospholipase C 

PMT Photomultiplier tubes 

POPC 1-Hexadecanoyl-2--(9Z-octadecenoyl)-sn-glycero-3-phosphocholine 
ppm Parts per million 
q Quartet 

QSAR Quantitative structural activity relationship  
quin Quintet 

Ras Rat sarcoma 

RBITC Rhodamine B isothiocyanate 

RCY Radiochemical yield 

Rf Retention factor 
RPMI Roswell park memorial institute 
RT Room temperature 

s Second 
s  Singlet 
SB Side bridge 
SCID Severe combined immunodeficent 

SIV Simian immunodeficiency virus 

SM Starting material 

SNAr Nucleophilic aromatic substitution 

SPAAC Strain-promoted azide alkyne cycloaddition 

SPECT Single photon emission computed tomography 
SPR Surface plasmon resonance 

t Triplet 

TBAF Tetra-n-butyl ammonium fluoride 

TCO Trans cyclooctene 

td Triple doublet 

TEA Triethylamine 
THF Tetrahydrofuran 

TLC Thin layer chromatography 
TM Transmembrane 

TMC Tetramethyl cyclam 

TPP-N3 Azido-tetraphenyl porphyrin 

UK United Kingdom 

USA United States of America 
UV Ultra-Violet 
UV-vis Ultra-Violet-visible 

v/v Volume/volume 

v/w Volume/weight 

w/v Weight/volume 

w/w Weight/weight 

β-  Electron 

β+  Positron  
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δ  Chemical Shift 

ε  Molar Absorptivity 

λem Emission wavelength 

λex Excitation wavelength 

λmax  Maximum wavelength 

μM Micromolar 

μmol Micromole 
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1.1 CHEMOKINES AND CANCER 

1.1.1. CXCR4 Chemokine Receptor 

1.1.1.1 Chemokines 

The word chemokine comes from a combination of the words chemoattractant cytokine.1 The main 

role of chemokines is to act as a chemoattractant and guide the movement of cells to regulate cell 

trafficking. The mediation of cell movement is called chemotaxis.2 Chemokines are a group of small 

proteins which have mass of 8-14 kDa.3 The majority of chemokines are basic and they are all 

structurally related.4 Chemokines induce many different effects in a range of cell types in the 

immune system and central nervous system as well as endothelial cells. Chemokines bind to a widely 

variant family of seven-transmembrane receptors.5 A number of chemokines can bind to multiple 

receptors whilst some receptors can bind to more than one chemokine and this enables many 

biological effects.2, 6 Chemokines are located on numerous different chromosomes with larger 

clusters located on chromosomes 3, 4 and 17.3 The large clusters of chemokine genes indicate that 

their function is related to a certain degree, rationalising why many receptors are shared.4  

There are four families of chemokines: CXC, CC, C and CX3C which are classified depending on the 

position of the highly conserved cysteine residues on the N terminus.7 The X represents the number 

of residues that separate the cysteine residues, hence, CXC has a single residue between them.3 

Since the late 1980s the knowledge of different chemokines has grown vastly. The first chemokines 

discovered fell into the CXC and CC chemokine categories. The groups are based on the 

characteristic feature of the four conserved cysteine residues in chemokines bridged by two disulfide 

bridges between the first and third cysteine residue and the second and fourth residue. The position 

of the first two cysteine residues determines the chemokine class which are summarised in Figure 1.  

 
Figure 1 - Classes of chemokines (Adapted from Kohidai)

8
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The C family of chemokines contain only two cysteine residues. C and CX3C have fewer receptors and 

ligands.9 CC chemokine receptors are less specific than CXC receptors as they are able to bind to 

more chemokine ligands. CC and CXC are the most abundant groups of chemokines.6 A diagram of 

the chemokine family showing which receptors they bind to can be seen in Figure 2. There have 

been more than 40 chemokines and 18 chemokine receptors identified in the human system.7 

Normally, cytokines initiate the high expression of chemokines, though this is not the case for the 

chemokine CXCL12 which is produced at a constant rate.7, 9a 

 

Figure 2 - Superfamily of chemokines and the receptors they bind to (Adapted from Zlotnik et al.)
7
 

The numbers in circles correspond to chemokines, for example CXCL12 is shown as 12 and is next to CXCR4. The 
chemokine colours relate to the position of the chemokines on chromosomes, most chemokines from the same location 
generally bind to the same receptor. The extra lines refer to chemokines that exist as transmembrane proteins. 

Chemokines can be divided further into two main classifications: inflammatory and homeostatic, 

these groups are classified dependant on chemokine function and expression.10 However, some 

chemokines show characteristics from both these groups so a third group called dual-function 

chemokines also exists. Chemokines in the inflammatory group are not constitutively expressed. 

Their expression relies on an inflammatory stimuli and up-regulation by the local proinflammatory 

cytokine. Inflammatory chemokines can bind to more than one receptor and their receptors can 

bind to multiple chemokines. Chemokines in the homeostatic group are involved in the maintenance 

of the haemopoietic and immune systems. They are constitutively expressed in various cells and 

tissues. Both homeostatic and dual-function chemokines bind to a single receptor. 
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1.1.1.2 G-protein coupled receptors (GPCRs) 

G-protein coupled receptors (GPCRs) are cell surface receptors which induce a wide range of cellular 

responses upon activation.11 GPCRs consist of seven-transmembrane (TM) α-helices with three 

extracellular loops, three intracellular loops and a C terminus in the cytoplasm; the entire N terminus 

is outside the cell wall.12 Each TM is made up of between 20-27 residues although the N-terminus 

can range from 7-595 residues and the C-terminus between 12-359 residues. GPCRs take on 

different conformations existing in an equilibrium to one another when the ligand is not bound.13 In 

healthy tissue GPCRs regulate almost all physiological processes such as cellular responses to signals 

from hormones and neurotransmitters.13-14 GPCRs are also involved in around half of all therapeutic 

interventions.14 

GPCR signalling is complicated and a wide range of mechanisms are involved. When the receptor is 

activated by its ligand it binds to a three-component G-protein complex which sits on the inner 

surface of the cell membrane. This heterotrimeric G-protein is made up of three subunits: Gα, Gβ 

and G.2 The receptor interacts with Gβ and G first, before binding to Gα forming the G-protein. 

There are four types of Gα: Gαi, Gαq, Gαs and Gα12. Each Gα group transmits the GPCR signal through 

various routes, for instance, Gαi, inhibits adenyl cyclase as opposed to Gαs which stimulates it. Once 

bound to the G-protein exchange of guanosine diphosphate, GDP, for guanosine triphosphate, GTP, 

changes the G-protein to its active state.11 Gα-GTP then dissociates from Gβ which in turn 

dissociates from the receptor. These subunits are then able to interact with effector enzymes to 

inhibit or stimulate second messengers and these cause downstream effects such as opening the 

Ca2+ channels or generating other messengers.  

Chemokine receptors are rhodopsin-like and members of the class A group of GPCRs.5 Chemokine 

receptors contain a generic binding pocket but the receptor specificity is defined by the residues that 

line the seven helices. Generally, chemokine receptors are Gαi coupled receptors.2 

1.1.1.3 CXCR4 chemokine receptor 

CXCR4 belongs to the CXC group of chemokines and chemokine receptors. It contains 352 amino acid 

residues and is a GPCR. The CXCR4 gene is located on chromosome 2,4 and has an overall surface 

charge of -9, its structure is shown in Figure 3. CXCR4 selectively binds to its basic ligand CXCL12,15 

however, a recently identified natural antagonist for CXCR4 is the chemokine CXCL14.16 Almost 30% 

of the CXCR4 amino acids are aspartate, histidine and tyrosine.15a There are a number of aspartate 

residues which face the binding pocket of the receptor. The arrangement of three aspartate residues 

on transmembrane, TM, –IV, -V and –VI is unique to CXCR4, nonetheless, two of these, Asp171 and 

Asp262 are also present in the receptor CXCR3, yet, it is structurally very different.17  
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Figure 3 - Structure of the CXCR4 receptor
18

 

CXCR4 is commonly expressed on haematopoietic and non-haematopoietic cells19 in numerous 

tissues such as the brain, endothelial cells20 and on a wide range of leukocytes.21 When bound to its 

ligand it coordinates the movement of T-lymphocytes around the body. Additionally, CXCR4 is 

important in immunomodulation and early development.19 The CXCL12/CXCR4 pathway is involved 

in organogenesis during normal development and is similar to the process of metastasis.22 CXCR4 is 

vital for many processes within the human body, one of which is the vascularisation of the 

gastrointestinal tract.20 The expression of CXCR4 is controlled by a number of cytokines.15a  

1.1.1.4 CXCL12 

CXCL12, also known as stromal cell-derived factor-1 or SDF-1, is a CXC chemokine which is able to 

bind to CXCR4 and CXCR7.2, 15a CXCL12 plays a very important role in foetal development which is 

vividly apparent when the CXCL12 or CXCR4 gene is knocked out.23 Zou et al. reported that CXCR4-

knockout mice exhibited haematopoietic and cardiac defects,24 matching those seen in CXCL12 

deficient mice by Nagasawa et al.25 Zou et al.’s study used chimaeric mice from three separate 

embryonic stem cell lines to transmit the mutated CXCR4 gene into the germ line and compared 

CXCR4-deficient embryos to wild type embryos.24 This demonstrated that for the first 13.5 d CXCR4 

deficient embryos developed normally however after 17.5 d half the CXCR4-deficient embryos had 

died. What’s more, the CXCR4 deficient embryos, alive at 17.5 d, were 26% smaller than their wild-

type littermates. CXCL12 is continually present and active and expressed on the majority of tissues. 

Expression of low levels of CXCL12 is normal for primary endothelial cells.26 It is expressed in 

numerous organs such as bone marrow, brain, heart, kidney, lung, liver and skin.2, 15a The main role 

of CXCL12 is to mediate the movement of hematopoietic cells and control the structure of secondary 

lymphoid tissue.2 The CXCL12 gene is positioned on chromosome 10 whilst many other CXC 
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chemokine genes are located on chromosome 4, although the gene for CXCL14 is located on 

chromosome 5.4 CXCL12 is a polypeptide consisting of 67 residues and its structure is made up of 

three anti-parallel β strands with an overlaying α-helix. Just over 20% of CXCL12s residues are 

arginine, lysine and histidine. The α-helix is generally negatively charged, though the first two β 

strands are overall positively charged.15a, 27 

CXCL12 consists of two isoforms: α and β. The difference being four extra residues at the COOH 

terminus on the β form;15a otherwise the isoforms are identical. CXCL12α contains 89 residues whilst 

the β isoform contains 93. CXCR4 controls the biological effects that CXCL12 has. The first eight 

residues of the NH2-terminal have been recognized as being crucial for binding to and activation of 

CXCR4. Loss of CXCR4 activation was discovered by altering the first two CXCL12 residues. When the 

entire eight residues were changed CXCL12 was unable to bind to CXCR4 which highlights the 

importance of these eight residues. Nonetheless, the flexible NH2-terminus alone is inadequate to 

facilitate CXCR4 binding and activation; residues 12-17 were depicted as vital for this to occur. As 

mentioned earlier the binding pocket of the receptor carries a negative charge, as a result of this, 

four basic residues provide the complementary charge to interact with the region.26 The positive 

charges and high basicity of CXCL12 are important properties to consider when designing CXCR4 

antagonists. 

1.1.1.5 CXCL12/CXCR4 and cancer 

Chemokines, along with their receptors, are involved in many important cellular processes, the role 

of the CXCR4/CXCL12 pathway in adults is to guide and retain hematopoietic stems cells in the bone 

marrow as well as guide the movement of lymphocytes,2 however they also partake in the 

development of pathological diseases such as cancer and the immunodeficiency virus HIV-1 which 

makes them targets for drug development.9c In cancer, a vital step in tumour cell dissemination is 

chemotaxis. It is through up-regulation of chemokines and receptors which assists the development 

of cancer.28 Whilst tumour cells can move without chemoattractants their presence makes the 

process of migration more effective. This makes targeting chemokines involved with early stage 

cancer progression an important area. Conversely, it has been argued that targeting biomarkers 

involved in early cancer progression is futile because prior to a patient presenting with symptoms 

dissemination from the primary tumour could have already occurred. Nonetheless, these targets are 

still crucial as even missed circulating metastasising cells are capable of forming a secondary tumour 

and it is vital that the invading potential of the remaining cells is prevented. It has been shown that 

inhibiting the CXCR4 receptor significantly hinders the HIV-1 infection as well as metastasis 

validating the research strategy of targeting CXCR4.29  
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The CXCR4 receptor has been suggested to be involved in the development of more than 23 types of 

cancer.30 It has been found to encourage metastasis, angiogenesis, and the growth and survival of 

tumours.31 A CXCR4 antagonist prevents cell migration and could be key to preventing the growth 

and spread of tumours.15a The expression of CXCL14 is seen to be supressed in cancer.16 

Cancer Chemokine receptors expressed 

Breast CXCR4, CCR7
32

 

Ovarian CXCR4
33

 

Prostate CXCR4
34

 

Pancreas CXCR4
35

 

Melanoma CXCR4
36

 

Oesophageal CXCR4, CCR10, CCR7, CCR9
37

 

Lung (NSCLC) CXCR4
38

 

Head and neck CXCR4, CCR7
36a, 39

 

Bladder CXCR4, CCR7, CXCR5
40

 

Colorectal CXCR4
41

 

Osteosarcoma CXCR4, CCR7
42

 

Neuroblastoma CXCR4
43

 

Acute lymphoblastic leukaemia CXCR4, CXCR3
44

 

Chronic myelogenous leukemic CXCR4, CXCR3, CXCR5
45

 

Table 1 – Examples of chemokine receptor expression in cancer 

The CXCL12/CXCR4 pathway is involved in numerous stages of tumour development.2 Metastasis is 

one of the hallmarks of cancer yet there is limited understanding about the mechanism that 

regulates it even though it is responsible for the majority of mortalities in cancer patients. The over-

expression of chemokine receptors in cancer is not regarded as random indicating that certain 

chemokine/receptor pairs are involved in metastasis. It was found that breast cancer cells mainly 

overexpressed CXCR4/CXCL12 and CCR7/CCL21.22 The CXCR4 receptor is the most commonly 

overexpressed chemokine receptor in cancers. High expression of CXCL12 is observed in organs 

where breast cancer metastases are frequently found.6 The highest expression of CXCL12 is found in 

the lungs, liver, bone marrow and lymph nodes.22 A lower expression of CXCL12 is observed in the 

brain which is also a known metastatic site. CXCL12 expression guides cancer cells to locations of 

neoangiogenesis assisting the progression of tumour growth.2 It is known that organs expressing 

CXCL12 are common sights for metastasis supporting the belief that the CXCL12/CXCR4 pathway 

heavily influences the locations of secondary tumour sights. This indicates that the CXCL12/CXCR4 

pathway is very important in metastasis. Muller et al. found that inhibiting CXCR4 receptor in a 

MDA-MB-231 cell line with CXCR4 specific monoclonal antibody, mAb, prevented metastasis to the 

lung and lymph nodes.32a 

In tumours, the CXCL12/CXCR4 pathway is reprogrammed resulting in an up-regulation and 

spreading of tumour cells. These processes can utilise chemotaxis because, in cancer, the aspects 
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that control chemotaxis are often mutated. Tumour cells can move randomLy, however, with 

directed migration the tumour cells are able to invade and disseminate with greater effect.28 During 

the progression of metastasis in 11 different types of cancer, CXCR4 and CXCL12 have been 

identified as initiating directed migration of tumour cells.23, 28 

The downstream effects generated by the CXCR4/CXCL12 signalling pathway are capable of assisting 

metastasis, some of the pathways believed to be involved are shown in Figure 4.2  Gα12 activates low 

molecular weight G-proteins like Rho or Ras whose signals can result in cell survival and 

proliferation.  

The enzyme PI3 kinase, shortened to PI3K, manages CXCR4-mediated chemotaxis.2 PI3K is activated 

by Gβ and Gαi, which in turn activates serine-threonine kinase, AKT. AKT is crucial in the survival of 

tumour cells and may assist tumour proliferation. Gαq utilises the enzyme phospholipase C, PLC, to 

generate diacyl glycerol, DAG, which can induce chemotaxis through mitogen activated protein 

kinases, MAPK. MAPK, p38 and Erk1/2 are also indicated as playing a role in tumour cell survival. 

Promotion of cell survival is achieved through PI3K and MAPK resulting in the absence of cell cycle 

progression. This occurs through two mechanisms, the first involves Bcl-2-associated death 

promoter, BAD, a protein which initiates apoptosis. BAD is inactivated through stimulation of PI3K 

preventing cell death. The second mechanism simply involves the up-regulation of genes related to 

cell survival.  

 

Figure 4 - Signals generated when CXCL12 activates CXCR4
2
  

CXCL12 release, by endothelial precursor cells, is linked with tissue damage and inflammation.2, 15a It 

has been suggested that when CXCL12 is secreted in or nearby damaged tissue, it could form a 

microenvironment homing specific endothelial cell which leads to organ regeneration or tissue 
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repair.2 In damaged or hypoxic tissue it has been shown that HIF-1α levels are elevated. 

Furthermore, CXCL12 expression is increased in HIF-1α expressing endothelial cells, consequently, 

the elevated CXCL12 levels causes the expression of CXCR4 to increase. As frequently noted in 

tumours, a vast enhancement of CXCR4 expression is induced by hypoxia suggesting that a regular 

tumour response to hypoxia is an increase in CXCR4 levels through the HIF-1α pathway.  

In the tumour microenvironment, an important process is immune evasion.23, 35 The chemokine 

CXCL12 can cause tolerogenic responses. A tolerogenic response is a particular failure of the immune 

system to react to an antigen, in cancer it refers to the tumour cells stopping the cytotoxic activities 

induced by the immune system. The tumour uses CXCL12 to accumulate dendritic cells which 

suppress immune responses specific to tumours. Put simply, the tumour cells move the immune 

cells into the tumour through chemotaxis and alter the immune microenvironment so that instead of 

suppressing the tumour dissemination of its cells they are promoted.  

Angiogenesis is the process of microvascular endothelial cells branching out from existing cells in the 

direction of the tumour.23 This is acheived by the employment of chemokine receptors, such as 

CXCR4, that are expressed on endothelial cells. The tumour increases the expression of the receptors 

ligands, in this case CXCL12, which subsequently induces endothelial cell chemotaxis. An invasive 

response from cancer cells can be aided by CXCR4 expression. Cancer cells expressing CXCR4 migrate 

towards its ligand CXCL12 expressed in high amounts and once activated CXCR4 can aid invasion. 

CXCL12 can enhance tumour cell migration towards areas of invasion such as blood vessels and 

guide metastasising cells to new sites in organs expressing CXCL12.  
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1.2 CXCR4 ANTAGONISTS 

1.2.1. Designing a CXCR4 antagonist 

Since the discovery of AMD3100 many groups have investigated macrocycles as therapeutic agents 

for HIV and cancer and a range of potent CXCR4 antagonists have been synthesised. Antagonists are 

substances that bind to receptors but which produce no biological response whilst blocking the site;  

this differs from agonists which activate the receptor when bound.46 The majority of CXCR4 

antagonists have been analysed as anti-HIV agents so much of the published data refers to the anti-

HIV activity. However, this data is still relevant because it demonstrates the affinity that compounds 

have for the receptor. The ability of an antagonist to perform as an anti-cancer agent can be tested 

with calcium(II) signalling studies because they show how effectively the macrocycle is blocking the 

signalling pathway. Furthermore, different structural attributes impact the behaviour of 

macrocycles/antagonists towards the receptor and the results from biological assays help distinguish 

their suitability as either anti-cancer or anti-HIV agents.  

1.2.2. AMD3100 – The Discovery 

Research investigating cyclam as an anti HIV agent led to the discovery of AMD3100, see Figure 5.47 

One of the synthesised batches of cyclam, JM1498, see Figure 5, showed anomalously high activity 

and was therefore evaluated in further detail. During these investigations it was discovered that an 

impurity was present which was responsible for the increased activity. The impurity was later 

identified as JM1657 a bis-cyclam connected by a direct C-C link, see Figure 5. Bis-cyclam analogues 

of JM1657 connected with different aliphatic and aromatic linkers were synthesised. One analogue 

exhibited a 100 fold increase in potency, JM2987, see Figure 5.  

 
Figure 5 - Important structures in the journey to AMD3100 



11 
 

JM2987 showed a lower effective dose than JM1657 and yet was not toxic at >500 µM.47 The 

chloride salt of JM2987, JM3100, was found to be equally as potent as the bromide salt and since 

that discovery the chloride salt was always used. At this point the name changed from JM3100 to 

AMD3100 after the company AnorMED which took on the development of the compounds. Both 

JM2987 and AMD3100 showed specificity for CXCR4 and prevented X4-tropic and dual tropic (X4 and 

R5) HIV virus strains using CXCR4 from entering cells and replicating. No activity against simian 

immunodeficiency virus (SIV) strains was observed as SIV was an M-macrophage tropic R5 strain 

which uses CCR5 as the co-receptor. AMD3100 functions by interfering with the binding of HIV 

gp120 to the CXCR4 receptor, once the virus is bound to the CD4 receptor. Further work by De 

Clercq et al., Schols et al. and Donzella et al. showed AMD3100 to be an active inhibitor of HIV-1 

replication, CXCR4 mAb binding and CXCL12 induced Ca2+ flux, see Figure 6.48 Induced Ca2+ flux refers 

to the release of high levels of calcium(II) within the cell from its intra-cellular store which occurs as 

a result of downstream effects upon CXCR4 receptor activation by CXCL12.49 

 

Figure 6 - Correlation between inhibitory effects of AMD3100 on HIV-1 replication, CXCR4 mAb binding and CXCL12 
induced Ca

2+
 flux. According to De Clercq

47
 

In Phase 1 trials an unexpected side effect of AMD3100 was identified; an increase in the number of 

white blood cells in circulation. The dose dependant increase in hematopoietic stem cells peaked 6 h 

subsequent to infusion. An application for this side effect was autologous stem cell transplantation 

which collects stem cells in sufferers of Hodgkin’s disease, non-Hodgkin’s lymphoma and multiple 

myeloma, who produce insufficient amounts of blood cells, and return them when needed. The 

standard mobilisation agent, granulocyte-colony stimulation factor (G-CSF) is not always sufficiently 

effective, however in conjunction with a single dose of AMD3100 much higher cell numbers were 

mobilised. A single subcutaneous injection of AMD3100 was found by Calandra et al. to enable two 

thirds of sufferers of Hodgkin’s disease, non-Hodgkin’s lymphoma and multiple myeloma to generate 

enough cells for autologous transplantation.50 Additional research by Gazitt et al., Flomenberg et al. 
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and Devine et al. showed that tumour cells were not mobilised in multiple myeloma and non-

Hodgkin’s lymphoma patients on administration of AMD3100.51 AMD3100, now called Plerixafor, 

was released for haematopoetic stem cell collection in non-Hodgkin’s lymphoma and multiple 

myeloma patients as a Plerixafor injection – Mozobil by Genzyme.47 Its use was later licensed by the 

FDA in the USA and Europe in 2009 and it is now used in patients routinely. 

AMD3100 has been investigated as an anti-metastatic agent as the over-expression of CXCR4 in 

breast cancer is well documented. De Falco et al. showed that in nude mice inoculated with the rare 

thyroid cancer anaplastic thyroid carcinoma AMD3100 has shown an effective reduction in tumour 

growth.52 Furthermore, Rubin et al. discovered that for the development of many malignant brain 

tumours CXCR4 plays a critical role, suggesting that AMD3100 should be clinically assessed as a 

treatment.53 In addition to this, Li et al. showed by blocking CXCL12 from activating CXCR4 with 

AMD3100, in colorectal cancer, a decrease in invasiveness was noted.54 In summary, targeting the 

CXCR4 receptor with AMD3100 can prevent invasion and metastasis of multiple cancers. Analogues 

of AMD3100 could increase the potency further or lead to its use in other applications such as 

medical imaging.  

1.2.3. CXCR4 Antagonists as Therapeutic Agents 

1.2.3.1. Introduction 

The use of tetraazamacrocycles as CXCR4 antagonists has become a large area of interest following 

the initial reports on the potent bis-macrocycle AMD3100 by De Clercq et al.47 Derivatives of cyclam 

have been applied to both cancer diagnosis and therapy.55 The term macrocycle will be used to refer 

to derivatives of the class of saturated tetraazamacrocycles based on the 14-membered ring cyclam, 

see JM1498 Figure 5, and the smaller 12-membered ring cyclen shown in Figure 7. 

 
Figure 7 – Structure of tetraazamacrocycle cyclen, L

1
 

CXCR4 antagonists bind to the CXCR4 receptor through interactions with the carboxylate groups of 

aspartate residues.56 These carboxylate groups can interact with positively charged ‘free’ macrocyclic 

rings as well as with macrocyclic metal complexes through electrostatic interactions, H-bonding, 

coordination interactions or a combination, as shown in Figure 8. At physiological pH macrocycles 

are strongly basic due to their 4 primary amines in each macrocyclic ring. Cyclam rings are 

protonated at physiological pH enabling them to H-bond with the carboxylate groups. Site directed 
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mutagenesis studies found that Asp181, Asp182, Asp187 and Asp193 in extracellular loop two and Asp171 

in TM IV were important for binding whilst Asp171 and Asp262 on the extracellular part of TM-VI were 

particularly important.57 Subsequently, extensive research has been completed to investigate the 

optimum structure for CXCR4 receptor binding. 

 
Figure 8 - Diagram of a CXCR4 antagonist bound to an aspartate residue  

1.2.3.2. The Chelate and Macrocycle Effect 

There have been many reports showing that macrocycles can form highly stable complexes and this 

stability is largely due to two effects: the chelate effect and the macrocyclic effect. The chelate effect 

is mainly an entropic factor and relates to the phenomenon that a complex gains more stability 

when coordinated to a polydentate ligand than when coordinated to multiple monodentate ligands 

of a similar nature.58 As a macrocycle is a single tetradentate ligand, macrocyclic complexes are 

therefore very stable. The macrocyclic effect was first outlined by Cabbiness et al. who observed a 

significant difference in stability between a cyclic mono-macrocycle, L2, copper(II) complex and a 

number of non-cyclic tetraamine copper(II)  complexes. The greater stability observed for the 

macrocycle copper(II) complex was assigned to the copper(II) ion’s natural fit into the macrocyclic 

cavity as well as the spatial arrangement of macrocyclic ligands.59 

 

Figure 9 – Curtis’ macrocycle which exhibited high stability when coordinated to copper(II) in Cabbiness et al.’s study
59
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1.2.3.3. Configurationally Restricted Macrocycles 

The incorporation of a bridge into a macrocycle structurally reinforces it. There are two types of 

bridge: cross bridge (CB), whereby a bridge connects two opposite nitrogen atoms, and side bridge 

(SB) where adjacent nitrogen atoms are connected by a bridge. Wainwright and Hancock were the 

first to incorporate an ethylene bridge into mono-macrocycles.60 Weisman and Wong published 

cross bridge mono-macrocycles shortly after.61 Hancock et al. synthesised a compound called NE-3,3-

DAC which incorporated a propylene bridge between two adjacent nitrogen atoms, see Figure 10.62 

The most common bridge is an ethylene bridge, although there are examples of longer bridges such 

as propylene bridges, L5, synthesised by Pandya et al. and butylene bridges,63 L6, synthesised by Pais 

et al.,64 see Figure 10. 

 
Figure 10 – Structures of mono-macrocycles containing ethylene, propylene and butylene bridges  

The incorporation of a bridge is beneficial because it allows the flexibility, ring size, steric strain, 

configuration and basicity to be controlled. The bridge restricts the macrocycle structure to a single 

configuration so SB macrocycles are restricted to trans-II, see Figure 11, whilst CB macrocycles take 

on the cis-V configuration, see Figure 11, configurations will be discussed in more detail in section 

1.2.3.5. Configurational restriction is important because it ensures the macrocycle binds to the 

receptor in a single configuration so the most biologically active configuration can be used rather 

than a combination of configurations as seen with cyclam metal complexes.65 Hunter et al. 

suggested that the most biologically active configuration was cis-V as increased binding was 

observed for cis-V configured cyclam-based metal complexes compared to other configurations.66 

Each configuration has the potential to interact differently with the CXCR4 receptor so restricting the 

configuration may lead to optimised binding and activity. It has been demonstrated that AMD3100 is 

less efficient than rigidified macrocycles at blocking the CXCR4 signalling pathways, important for 

anti-cancer agents.67 



15 
 

  
 

Figure 11 – Trans-II and cis-V configurations taken on by SB and CB macrocycles respectively 

1.2.3.4. Mono-Macrocycles  

In the last few years numerous mono-macrocycles have been synthesised, many of which having 

applications outside the medical field.68 There has still been extensive work conducted on mono-

macrocycles with biological applications. Gano et al. synthesised novel macrocyclic complexes with 

153Sm and 166Ho in order to develop bone metastasis targeting agents, shown in Figure 12.69 Cao et 

al. explored macrocycles as HIF prolyl hydroxylase 3 (PHD3) inhibitors for diseases requiring the up-

regulation of HIF related genes.70 It would be interesting to see what affinity these compounds had 

for the CXCR4 receptor. 

 

 
 

Figure 12 – Tetraazamacroycles synthesised by Gano et al. and Cao et al.
69-70

  

Gerlach et al. determined that binding of cyclam to CXCR4 receptor was dependant only on Asp171 

and mutation of Asp262 did not impact binding.57a This trend was observed for mono-macrocycle, 

AMD3465, see Figure 13, which suggests that for mono-macrocycles only one aspartate residue is 

required for binding. 
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Figure 13 – Structure of mono-macrocycle AMD3465, in vitro data from Bridger et al. 

57d
 

In 2010, Bridger et al. investigated the minimum structural features required for a potent CXCR4 

inhibitor developing a series of mono-macrocycle analogues of AMD3100 based on the scaffolds 

shown in Figure 14.57d They found that replacing one cyclam with benzylamine, L11 in Figure 14, 

significantly reduced the anti-HIV activity, EC50 value of 0.491 µM, which was 100 fold higher than 

AMD3100, EC50: 4 nM; nonetheless the compound was still active at a micromolar concentration. An 

EC50 value shows the effective concentration of a substance which induces 50% of the maximal 

response, it is commonly used to measure a drug’s potency. Ortho and para amino-phenyl 

substituents at R2, L12 and L13 respectively see Figure 14, did not alter activity, although, the ortho 

amino-phenyl substituent showed a higher degree of toxicity with a CC50 value of 24 µM. CC50 is the 

concentration of a substance required to reduce a cell population by 50%, it is a measure of a 

compounds cytotoxicity. The aromatic group was then substituted for 2-pyridine which resulted in a 

significant increase in activity, showing an EC50 of 9 nM; this led to the development of AMD3465, 

see Figure 13. Efforts to further improve this value by replacing the proton at R1 with a methyl group 

and alternating positioning of the pyridine group only reduced the activity. Alterations were then 

made to the remaining macrocycle. Replacing both macrocycles with the optimised group, L14, 

resulted in very poor activity suggesting that the presence of the ring was important. Therefore, to 

ascertain which parts of the structure were vital Bridger et al. replaced amine groups individually by  

substituting nitrogen in L15 for CH, to give L16, which decreased activity 40 fold indicating that the 

hydrogen bond acceptor was crucial for activity. Following these findings, the group synthesised 

more analogues trying different hydrogen bond acceptors but found none that were more active 

than L15. The group optimised features for antiviral inhibition whilst also reducing the overall charge.  
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Figure 14 – Scaffold of structures synthesised by Bridger et al.

57d
 

1.2.3.5. Mono-Macrocycle Metal Complexes 

Single macrocycle rings, such as cyclam, are tetradentate ligands, with an ideal cavity size for 

encompassing d-block metal ions with an ionic radius less than 0.75 Å.56a, 65b, 71 Cyclam has a very 

flexible structure and when coordinated to a metal ion all four nitrogen atoms become chiral with 

each NH bond lying above or below the mean ligand plane in five possible configurations, see Figure 

15, part A.65a, 71d Six-membered rings within the cyclam complex adopt chair or twist-boat 

conformations and five-membered rings are either gauche or eclipsed (λ or δ).65a The sixth 

configuration, cis-V, is formed by folding trans-V, see Figure 15 part A. The four quaternised nitrogen 

atoms initially deprotonate when cyclam binds to a metal ion, the protons on the amines are easily 

displaced and all the nitrogen atoms coordinate with the metal ion.72 The configurations that cyclam 

metal complexes form depends on which is the most thermodynamically stable.71d Cyclam is able to 

form stable complexes with metal ions and has an elevated affinity for zinc(II), initially a trans-III 

configuration, see Figure 15 part A, is adopted but over a few hours it equilibrates to a mixture of 

cis-V, trans-I and trans-III, formation of cis-V is prevalent with acetate counter ions in zinc(II) 

coordinated cyclam.65, 73 Whilst with nickel cyclam cis-V is not induced with acetate counter ions but 

a square planar trans-I configuration forms, see Figure 15 part A. The affinity of cyclam metal 

complexes for the CXCR4 receptor is: Zn(II)2 > AMD3100 > Ni(II)2 > Cu(II)2 >> Co(III)2 >> Pd(II)2 and 

anti-HIV activity correlates with binding affinity.66, 74 The most stable configuration is trans-III, see 

Figure 15 part A, and it is the likely shape adopted by free cyclam when bound to CXCR4. However, 
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there is evidence that the most biologically active configuration is cis-V, see Figure 15 part A, 

therefore configurational restriction could optimise interactions with CXCR4.66 Free-cyclam interacts 

with CXCR4 through three hydrogen bonds to the oxygen atoms on the carboxylate group of 

aspartate residues, see Figure 15 part B. These three bonds are not equivalent and vary from weak 

to strong, whereas transition metal complexes of cyclam form one hydrogen bond and one metal ion 

coordination bond, see Figure 15 part B.56a There is a high concentration of zinc(II) in the blood 

plasma, approximately 20 µM which strongly binds to cyclam, log K of around 15, even though levels 

of free zinc(II) are only 1 nM in blood plasma.65a, 75 Metal complexes with cis-V configuration can bind 

to carboxylate groups on aspartate residues of CXCR4 in a bidentate manner whereas those in the 

trans-II configuration bind to aspartate residues through an axial coordination to a carboxylate 

group.65a, 66 

 

 
Figure 15 – (A) The six configurations of metal-cyclam complexes (reproduced from Ronconi et al.)

73
, (B) binding of 

protonated cyclam and (C) binding of zinc complexed cyclam (reproduced from Gerlach et al.)
56a

 

Este et al. found that binding affinity could be increased up to ten-fold when AMD3100 was 

complexed to certain transition metals, zinc(II) and nickel(II).74 Este et al. found that there was a 

close correlation between anti-HIV activity and CXCR4 interaction for the metal complexes, 

observing an order of activity of Zn>Ni>Cu>Co>Pd. The explanation for the enhancement was 

explored by Gerlach et al.56a Theoretically, the metal ion could either strengthen binding to Asp171 

and Asp262 or result in a new interaction with another residue such as histidine, cysteine, aspartate 

and glutamate. It is believed that incorporating zinc(II) into AMD3100 could result in strong 

B
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A
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interactions because zinc(II) coordinates in a square pyramidal or octahedral geometry so there are 

one or two vacant sites to be filled. Receptor mutagenesis studies indicated that the interaction with 

Asp262 was increased. The work supported Este et al.’s findings that copper(II) showed the lowest 

binding but nickel(II) produced the most stable bond which was comparable with zinc(II).56a, 74 

Quantum chemistry docking studies and calculations reveal that cyclam likely binds to aspartate 

residues through three hydrogen bonds. This differs from Zn(II) bound cyclam which was found to 

bind with one strong coordinate bond and one hydrogen bond providing an explanation as to why 

metal complexes show enhanced binding.56a 

 

Figure 16 – Nickel(II) complexes of mono-macrocycles synthesised and their crystal structures (Reproduced from Subhan 
et al.)

76 

Subhan et al. expanded the knowledge on the coordination behaviour and configuration of cyclam 

derivatives.76 Their study involved the synthesis of two cyclam derived nickel(II) complexes, see 

Figure 16, which were characterised by single crystal X-ray diffraction and infra-red (IR), UV-visible 

(UV-vis) and photoluminescence (PL) spectroscopies. NiL17 adopted a distorted octahedral geometry 

with the cyclam ring in the trans-III conformation. The distortion is caused by hydrogen bonding with 

nitrate groups. The geometry adopted by NiL18 is square planar. The complexes were not tested in 

biological assays but this could be an avenue for future work. 

A B 
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Figure 17 – Structures of SB, L

19
, and CB mono-macrocycles, L

20
 and L

21
, with copper complex crystal structures CuL

20
 and 

CuL
21

 (reproduced from Smith et al. and Silversides et al.)
67, 77

 

Smith et al. synthesised a novel SB macrocycle which contains an amine functionalised pendant arm, 

L19.67 It was believed that this amine group may provide additional interactions with the CXCR4 

receptor. Incorporation of the SB meant that the structure was restricted to the trans-II 

configuration, see Figure 15 part A. Calcium(II) signalling assays were conducted to generate an IC50 

value and compared with AMD3100. The nickel complex [NiL19]2+ was assessed as it was anticipated 

that the free ligand would have low activity due to the lack of hydrogen bond donors in comparison 

to AMD3100. [NiL19]2+ has an IC50 of 8.32 µM in the calcium(II) signalling assay. The IC50 value means 

the concentration whereby a reduction of 50% of intracellular calcium(II) release is seen. This is 

significantly higher than the value obtained for AMD3100 (31 nM) which is as expected for a mono-

ring compound. The CC50 value for this compound showed low cytotoxicity (> 125 µM). Our group 

also published L20 and L21, cross bridged mono-macrocycles and their corresponding copper(II) 

complexes which have the potential to be radiolabelled for PET imaging, see Figure 17.77  CB 

macrocycles are restricted to the cis-V configuration, see Figure 15 part A. A synthetic route was 

outlined which led to the isolation of a CB macrocycle via a more rapid and efficient synthetic 

procedure than the standard methodology. From the crystal structures it was concluded that the 

copper(II) complexes contained distortion along the N-Cu-N axis which may be due to steric 

interactions with the two chloride ligands. 77  

1.2.3.6. Bis-Macrocycles 

Bis-macrocycles are a highly potent class of CXCR4 antagonists that have shown significantly greater 

affinity for CXCR4 receptor than mono-macrocycles due to additional interactions with the CXCR4 

receptor.57d Bis-macrocycles can be joined in three ways; fused, mechanically interlocked or linked, 

see Figure 18.78 Rings that are fused together share at least one atom between the different rings. 

Mechanically interlocked rings are entirely separate rings that are connected like chain links. Linked 
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rings do not share any atoms within the rings but they are connected by a separate component 

known as a linker or spacer.  

 
Figure 18 - Types of ways macrocycles can be joined

78
 

Aspartate residues are as important for bis-macrocycle binding as they are for mono-macrocycles. 

Site directed mutagenesis studies revealed that mutations to Asp181, Asp182, Asp187 and Asp193 in 

extracellular loop two and Asp171 in TM IV caused a dramatic increase in resistance to AMD3100 

indicating that these aspartate residues are essential for binding. Gerlach et al. proposed that Asp171 

on TM-IV and Asp262 on TM-VI are vital for binding AMD3100.57a Binding of AMD3100 is dependant 

on both residues, see Figure 19, although alterations to the linker group affect the extent of 

dependence on Asp262 with an aliphatic chain causing the compound to behave like two lone cyclam 

rings. In summary, mutagenesis studies have confirmed that bis-macrocycles can interact with 

multiple aspartate residues and that Asp171 and Asp262 are vital for bis-macrocycle binding.57b, 57c 

These findings provide evidence to support the theory that an increase in number of macrocyclic 

rings facilitates more interactions with aspartate residues explaining why they show greater affinity 

for CXCR4.  

 
Figure 19 – Docking study of an antagonist with a homology model of the CXCR4 chemokine receptor showing 
[Zn2AMD3100]

4+
bound to Asp

171
 and Asp

262
 (Reproduced from Gerlach et al.)

57a
 

A 
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Este et al. investigated numerous analogues of bis-cyclam connected by linkers of different types 

and lengths, see Figure 20.74 Fused macrocycles were considered inactive and low activity was 

observed for macrocycles linked with an aliphatic linker group. Aromatic linkers proved to have 

increased activity, however the length between the aromatic ring and the macrocycle affected the 

activity as AMD3390 showed very poor activity, see Figure 20. Therefore, the more aliphatic 

component to the linker the lower activity obtained. The effect of substituents on the linker groups 

resulted in lower activity or even inactive compounds with the exception of the 2-(methoxy)-p-xylyl 

linker which exhibited an EC50 value of 38 nM. The low activity was likely due to steric hindrance 

effects by the substituents which reduced the amount of rotation the macrocyclic rings had. None of 

the bis-macrocycles were more active than AMD3100. 

 

Figure 20 – Structures and EC50 values for a selection of the bis-macrocycles synthesised by Este et al.
74

 

Bridger et al. investigated the potency of 12 to 16 membered bis-macrocycles as anti-HIV-1 and HIV-

2 agents connected via an aromatic linker with either meta or para substitution, see Figure 21.79 

They found that for both the meta and para substituted bis-macrocycles activity increases from 12 

membered rings to 14 membered rings although activity decreases for rings larger than this, see 

Figure 21. Toxicity was seen to decrease from 12 to 14 membered rings and then increase when the 

rings extended beyond 14 members. Bridger et al. also examined the importance of symmetry in bis-

macrocycles synthesising bis-macrocycles that contained different macrocycles. The activity of 

unsymmetrical bis-macrocycles was comparable to that of AMD3100 showing that symmetry was 

not crucial for activity, although, the macrocyclic ring was important for activity. The highest potency 

for the 12 and 13 membered rings was seen with the meta substitution whilst for the 14 membered 

rings a para substitution was preferable. Further studies revealed that activity of bis-macrocycles 

was not affected by the presence of electron withdrawing groups or electron donating groups on the 

para linker, nonetheless, the presence of halogens significantly increased macrocycle cytotoxicity, 
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this could be an important consideration in the development of radiotracers using radioactive 

fluorine. Moreover, bulky groups substituted on the linker elicited adverse effects on activity; 

reasoning for this was that the bulky group restricted the position of the cyclam rings. The optimum 

linker in this study was an aromatic group with methylene groups attaching the two macrocycles to 

it.  

 
Figure 21 – A small selection of the bis-macrocycles synthesised by Bridger et al.

79
 

Tanaka et al. produced an extensive collection of bis-macrocycles investigating the relationship 

between different aza-containing groups, connected with either para- or meta- xylene, and their 

activity as CXCR4 antagonists.80 The aza-containing-groups selected were cyclen, cyclam, homo-

cyclam, dipicolylamine, 2-(pyridin-2-yl)ethan-1-amine, 2-(pyridin-2-yl)-N-(pyridin-2-ylmethyl)ethan-

1-amine and di(pyridin-2-yl)amine. Percentage inhibitions from a displacement assay were 

generated whereby compounds competed against [125I]CXCL12 for the CXCR4 receptor on Jurkat 

cells. Compounds containing solely pyridine-groups or cyclen or one of each showed poor 

capabilities in competing for the receptor. Furthermore, compounds linked with a para-xylyl linker 

generally showed higher percentage inhibition values than meta-xylyl linked compounds. The best 

inhibitors were L30 and L32, see Figure 22, with inhibition percentages of 94% and 91% respectively. 

Interestingly, L30 contained only one macrocycle, cyclam, although cyclam appears vital for binding 

because when replaced by cyclen the inhibition drops to 32% and 17% for the para- and meta- 

linked compounds respectively. The size of the ring was found to impact inhibition as a greater 

percentage inhibition was identified in compounds containing two 14 and 15 membered rings, 

although the presence of one 14 membered ring was sufficient to generate a minimum inhibition of 

89%. EC50 values for L28-L33 suggest that meta-linked compounds are significantly less active than 

para-linked compounds. The most potent compounds were L28 and L32 which achieved EC50 values of 

38 nM and 36 nM respectively, bis-para-cyclen was one of the least active compounds along with L31 

obtaining EC50 values of 200 nM and 290 nM respectively. The results from this study imply that high 

inhibition and activity can be achieved with unsymmetrical bis-macrocycles which agrees with the 

findings by Bridger et al..79 Tanaka et al.’s findings support Este et al. who showed that the nature of 

the linker affects the bis-cyclam macrocycles anti-HIV potency.74, 80  
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Figure 22 – Free ligands synthesised by Tanaka et al. that exhibited the highest percentage inhibition

80
 

1.2.3.7. Bis-Macrocycle Metal Complexes 

Bis-macrocycle metal complex activity is highly reliant on the metal complex stability. Furthermore, 

the affinity of AMD3100 for CXCR4 is increased by complexation to Cu2+, Zn2+ and Ni2+ by 7, 36 and 

50 fold respectively,56a, 79 although other studies show that copper(II) complex formation decreases 

the affinity for the receptor.74, 81 Gerlach et al. synthesised mono-Cu2+, Zn2+ and Ni2+ coordinated 

AMD3100 and found that they showed equal affinity to the bis-coordinated AMD3100 indicating 

that only one metal ion was responsible for the increase in binding affinity.56a AMD3100(Ni)2 

exhibited the strongest M-O(acetate) bond, effectively equivalent to the zinc(II) complex, both were 

more stable than the copper(II) complex.  

Gerlach et al. indicated possible geometries of the AMD3100 metal complexes. They suggested that, 

initially, metal ions coordinate to the macrocycle nitrogens in a planar manner. The zinc(II) complex 

does not form square planar geometry and so a square pyramidal conformation or an octahedral 

geometry forms.56a This differs from copper(II) complexes which can form square planar structures 

with cyclen and cyclam macrcocyles, although it is often 5 or 6 coordinate.80 The binding kinetics and 

availability of zinc(II) for AMD3100 under physiological conditions allow zinc(II) to compete 

effectively against copper(II) which has a binding constant approximately 11 fold higher than 

zinc(II).82 This indicates AMD3100 is a pro-drug for the active compound [Zn2AMD3100]4+, a 

substance that reacts in vivo to form the active complex.72, 82a  

Archibald and co-workers found that incorporating nickel(II) or zinc(II) increasingly enhances the 

binding affinity of SB bis-cyclams for CXCR4 as a result of a further binding site on the molecule 

provided by configurational restriction. EC50 values of 74 nM and 2.5 nM were generated for the 

nickel(II) and zinc(II) complexes respectively.67, 83 Valks et al. restricted the configuration with ethyl 

side bridges of a zinc(II) bis-macrocycle, [Zn2L
35]4+ finding that it produced optimised binding to the 

CXCR4 receptor significantly improving the anti-HIV properties relative to AMD3100 and its metal 

complexes.83 Smith et al. synthesised a nickel(II) coordinated meta-linked CB bis-macrocycle, L34, to 
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target the CXCR4 receptor.67 [Ni2L34]4+ along with [Ni2L35]4+, a previously published bis-macrocycle by 

McRobbie et al., were tested as anti-HIV-1 agents.84 IC50 values were calculated following calcium 

signalling assays and compared with AMD3100.67 [Ni2L35]4+ was found to be the most effective CXCR4 

antagonist with an IC50 value of 14 nM, this is comparable to AMD3100. Cytotoxicity assays revealed 

that all the nickel complexes have a CC50 of more than 125 µM. Anti-HIV assays were carried out 

using an X4 strain which utilises the CXCR4 receptor for viral cell entry. The para-complex, [Ni2L35]4+, 

was more active than [Ni2L34]4+ but less than AMD3100, EC50 values of 74 nM, 398 nM and 11 nM 

respectively were observed showing that the nickel(II) complexes have high anti-HIV-1 activity  and 

low cytotoxicity.  

 

Figure 23 – Bis-macrocycles synthesised by Archibald and co workers
67, 84-85

 

Our group synthesised and evaluated [Cu2L36]4+ as an anti-HIV-1 agent and found it had greater 

activity than AMD3100 when tested on HIV-1 infected MT-4 cells.85 The EC50 determined for 

[Cu2L36]4+ was 4.3 nM. The increase in activity was believed to originate from a longer receptor 

residence time due to coordinate bonds forming with the copper(II) complex as opposed to weaker 

hydrogen bonds observed with AMD3100. However, the increase also relates to the optimization of 

the structure by configuration because simply complexing AMD3100 to copper(II) leads to a 

decrease in activity. The macrocycle structure favours metal coordination bonds with oxygen atoms 

from the carboxylate groups on the aspartate residue.  

Tanaka et al. coordinated a large series of bis-macrocycles to transition metals and found 

incorporation of zinc(II) enhances the activity of the macrocycles.80 Percentage inhibition values for 

all zinc(II) and copper(II) complexes were determined whilst IC50 values were only calculated for a 

small number of the complexes. The percentage inhibitions of meta- and para- linked zinc(II) 

complexes are very similar in most cases, although the para- linked bis-(bis(pyridin-2-

ylmethyl)amine) complexes showed 52% greater inhibition than the meta-complex, see [Zn2L39]4+ 

and [Zn2L40]4+ in Figure 24. The free ligands of these compounds showed 0% inhibition for both 

linkers which demonstrates that chelation to zinc(II) enhances interactions with CXCR4 and is 
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essential for obtaining competitive binding. This observation was also identified in the equivalent 

copper(II) complexes, see [Cu2L39]4+ to [Cu2L46]4+ in Figure 24, especially when the aza-containing-

groups are connected with a para-xylyl linker. The non-macrocyclic complexes showed the worst 

inhibition which highlights the necessity of the macrocycle ring for high affinity. Bis-macrocycles 

containing cyclam and homo-cyclam exhibited high activity with and without zinc(II) and copper(II) 

incorporation concluding that metal incorporation is not crucial for high activity. A potential 

explanation as to why cyclen required metal complexation but cyclam and homo-cyclam did not 

could be because of the ring size and structure of the macrocycle. The longer carbon chains between 

nitrogen atoms in cyclam and homo-cyclam may facilitate greater flexibility which enables optimal 

binding with the CXCR4 receptor. The copper(II) complexes did not bind as well to CXCR4 as the 

zinc(II) complexes, this was attributed to the fact that the carboxyl groups of the aspartate residues, 

Asp171 and Asp262 coordinate strongly with zinc(II) ions but not as well with copper(II) ions in 

complexes. Interestingly, a combination of cyclen and cyclam with a xylene linker showed high 

activity, when complexed to zinc(II), compared to other CXCR4 antagonists. It was concluded that 

the most active compounds were [Zn2L37]4+ and [Zn2L38]4+ with IC50 values of 11 nM and 8.3 nM 

respectively, however [Cu2L37]4+ is still highly active with an IC50 value of 16 nM. 

 

Figure 24 – Zinc(II) and copper(II) complexes of bis-macrocycles synthesised by Tanaka et al.
80

 

Ross et al. synthesised oxovanadium(IV) complexes of bis-cyclam.86 Unlike the cyclam complexes, 

VOClL47 and VOSO4L48, the bis-cyclam complexes, V2O2Cl2L49 and V2O2(SO4)2L50 were  active. 

V2O2Cl2L49 was the more active of the two bis-macrocycle complexes with IC50 values of 0.116 µM 

and 0.193 µM against HIV-1 and HIV-2. V2O2(SO4)2L50 produced average IC50 values of 1.365 µM and 
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3.297 µM respectively; although these are much lower values than have been observed for the other 

metal complexes presented and AMD3100 (AMD3100, IC50: 0.01 µM, and [Zn2AMD3100]4+, IC50: 

0.003-0.009 µM).  

 
Figure 25 – Bis-macrocycles oxovanadium(IV) complexes synthesised by Ross et al.

86
 

1.2.3.8. Tris-Macrocycles 

There has been a considerable amount of literature published on mono- and bis-macrocycles, but 

significantly less on tris-macrocycles. Chartres et al. reviewed linked macrocycles and their 

subsequent metal complexes showing macrocycles that could be used as CXCR4 antagonists.87 One 

such example is the bis-cyclen macrocycle complexed to zinc linked by a meta- and para- substituted 

xylyl group investigated as a receptor for barbiturates in aqueous solutions by Koike et al. see Figure 

26.88 Whilst the application was not relevant to this work the macrocycle, with a meta substitution 

pattern, could show high potency for CXCR4 receptor if Bridger et al.’s findings are correct.79 

 
Figure 26 – Structures of bis-cyclen macrocycles synthesised by Koike et al.

88
 

There are few examples of linear tris-macrocycles within the literature; firstly, Kimura et al. 

synthesised a tris-cyclen connected with xylyl linkers,89 L53, complexed to zinc see Figure 27. A 

second cyclen based linear tris-macrocycle was synthesised by Bencini et al. L55.90 An example of a 

non-linear tris-macrocycles is the zinc complex of L54 isolated by Sun et al.91 A tris-cyclam equivalent 

of L54 was also synthesised by this group. The X-ray structure of L54 showed that the geometry of the 

complex was once again distorted tetragonal-pyramidal as found by Gerlach et al.56a 
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Figure 27 - Structures of tris-tetraazamacrocycles from the literature

89-91
 

In conclusion, much work has been conducted into synthesising potent CXCR4 antagonists, yet, an 

area of research that is underdeveloped is the investigation of compounds with more than two 

macrocyclic rings and evaluation of CXCR4 chemokine receptor binding. There have been a few 

larger molecules reported in the literature such as those mentioned in Figure 27 but no tris-

macrocyclic compound has been evaluated as a CXCR4 antagonist.  
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1.3. CXCR4 ANTAGONISTS AS IMAGING AGENTS 

1.3.1. Optical CXCR4 Imaging Agents 

1.3.1.1. Optical Imaging 

Optical imaging provides a cheap, quick and simple imaging alternative to nuclear imaging 

techniques.92 The advancement of optical imaging has led to the development of sensitive light 

detection instruments enabling physiological processes to be observed. Differences in absorption 

and scatter of light within the tissue enable distinction between healthy and pathological tissue 

using a non-invasive technique. Advancements in technology have enabled 2D and 3D images to be 

generated using optical imaging.  Mammalian tissue is semi-transparent and photons are absorbed 

and scattered through the tissue to generate an image.92 The deeper the signal within a medium, the 

greater the potential for absorption of the signal or scattering by the tissues which is why the 

technique has a short penetration depth and imaging humans is challenging.93 

The general set up of an optical imaging instrument consists of a charge-coupled device (CCD) 

camera, an excitation light source, lens and filters all enclosed in a light-free chamber.92-93 CCD 

cameras detect the signal from the fluorophore. They have very low noise and high sensitivity so 

that they can pick-up signals a few centimetres deep and can generate macroscopic and microscopic 

images.92-93 The excitation light source is usually a laser.92  A filter is required for fluorescent imaging 

to remove unwanted wavelengths.  

1.3.1.1.1. Fluorescence Optical Imaging 

In fluorescent optical imaging a light source excites the fluorophore within the tissue at a specific 

wavelength, the excitation wavelength, λEX.92 The light is absorbed and emitted in the form of lower 

energy light, the emission wavelength, λEM, before returning to the ground state. In deeper tissue 

there is less light to excite the fluorophore because some will have been reflected, scattered and 

absorbed by other tissue before reaching the fluorophore. To overcome this issue fluorophores with 

higher emission wavelengths have been designed so that they can pass through more tissue without 

being lost to absorption.  

Examples of commonly used fluorophores in biomedical applications are rhodamine and boron 

dipyrromethenes, BODIPY, see Figure 28, both of which are taken up by cells. The different 

structures determine the spectral properties of the dye as well as factors such as photostability, 

brightness and electrostatic interactions in vivo.94 The major limitations are that there are few dyes 

approved for clinical use, they have a tendency to cause photobleaching and attaining a high target-

to-background ratio is challenging.93 Peptides and mAb’s are most commonly used as targeting 

agents due to their ease of conjugation to fluorophores.  
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Figure 28 – Commonly used fluorescent dyes in medical imaging applications 

1.3.1.1.2. Lanthanide Luminescence Optical Imaging 

An alternative type of optical imaging uses lanthanides which again require an excitation wavelength 

in order to produce an emission wavelength.95 Lanthanide emission is very specific due to their 

unfilled 4fn orbital and the well shielded 4f environment. Longer luminescence lifetimes than 

standard fluorescent probes enables background autofluorescence to be separated from the 

lanthanide signal.96 The signal intensity can be reduced by coordination to solvent molecules 

therefore coordination to a polydentate ligand prevents this.97 The most common lanthanides used 

for optical imaging are europium(III) and terbium(III) due to their visible emission wavelengths and 

long excitation states, 0.6 ms as opposed to 5 ns as observed for BODIPY labelled imaging agents, 

and there is an analogy with  gadolinium(III) which is used extensively in magnetic resonance 

imaging, MRI.98  

1.3.1.2. Developing Small Molecule Optical Imaging agents 

Kuil et al. suggested that fluorescently tagged peptides may have applications in image-guided 

surgery but there is no evidence to suggest that small molecules cannot be used instead.99 Relatively 

few papers report optical imaging of small molecule CXCR4 antagonists, a likely explanation for this 

is the short penetration depth of the visible wavelengths which limit applications. Nonetheless, a 

useful role for fluorescent CXCR4 antagonists is during surgery to ascertain the complete removal of 

a tumour.100 Previously, fluorescence has been used to gain a greater understanding of the receptor. 

Dar et al. investigated the mechanism of CXCR4 receptor activation using fluorescein-labelled SDF-

1.101 
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Figure 29 – Macrocyclic CXCR4 optical imaging agents 

Our group published rhodamine B isothiocycanate, RBITC, tagged CXCR4 antagonists, L56 and 

[CuL56]2+, see Figure 29, and compared their ability to compete with CXCR4 specific antibodies for the 
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CXCR4 receptor on Jurkat cells.102 Paramagnetic metal ions, such as Cu2+, have been found to 

interfere with fluorescence properties so to test this both the free ligand and the copper(II) complex 

were synthesised and evaluated.103 Compound [CuL56]2+ showed some quenching but its activity and 

ability to compete for the CXCR4 receptor was far greater than L56. However, it was found that the 

lipophilic rhodamine caused the whole construct to be non-specifically taken up into the cell 

cytoplasm via active transport. An effective metal complexed fluorescent CXCR4 antagonist was 

synthesised but futher work is required to prevent non-specific uptake.  

Knight et al. synthesised a fluorescent analogue of AMD3100 which incorporated anthracene into 

the linker group, L43, see Figure 29.104 Molecular modelling suggests that the extra bulk would not 

lead to unfavourable interactions within the binding pocket. A competition binding assay was 

conducted to determine the binding affinity of L57 and its metal complexes, [Ni2L57]4+, [Cu2L57]4+, 

[Zn2L57]4+. L57 was found to inhibit binding of 12G5 to CXCR4 but to a lower extent than AMD3100. A 

high quantity of non-specific binding was also noted which would reduce its effectiveness. 

Complexation to nickel(II) did not affect the emission spectra, yet the zinc(II) complex showed a 

great enhancement in fluorescence intensity.104 However, as was also reported by Khan et al., 

fluorescence quenching was observed for the copper(II) complex.102  

Another group of macrocycle based fluorescent imaging agents were synthesised by Oltmanns et al. 

The group bound fluorescein to six novel bis-cyclen zinc(II) complexes, L58-L63, see Figure 29, and 

evaluated their ability as apoptosis/necrosis imaging agents. Uptake behaviour in apoptopic/necrotic 

cells was studied and it was observed that there was significantly greater uptake of the compounds 

in apoptopic cells and this uptake is reliant on the presence of zinc(II). The intensity of fluorescence 

is dependant on the number of zinc(II) cyclen groups.105  

Oishi et al. based their fluorescently labelled CXCR4 antagonist on the previously published peptide 

T140.106 The group modified the peptide at the α-amino group of the N-terminal Arg1 residue and at 

the ε-amino group of D-Lys8 to synthesise compounds L64-73, see Figure 30. The fluorophores tested 

were Alexa Fluor 488, biotin and carboxyfluorescein and IC50 values were obtained using [125I]CXCL12 

and the CXCR4 expressing Chinese Hamster Ovary cell line. The affinity of the T140 analogues 

seemed to be affected by the presence of the fluorophore. L66, which contains fluorescein is almost 5 

fold less active than L64, but replacement of D-Lys for D-Glu, L67, decreases the activity by almost 40 

fold compared to L67. L68 is over 1000 fold less active than L67, which suggests that fluorescein is the 

optimum fluorophore for the T140 analogues. Generally, the Ac-TZ14011 analogues show better 

activity than the T140 analogues. Interestingly the Alexa Fluor 488 analogue, L72, produced an IC50 of 

8.1 nM which is the most potent of all of the analogues. The fluorescein analogues L66 and L67 are 
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highly active with IC50 values of 16 and 26 nM respectively, but the biotin analogue, L71, was more 

potent with an IC50 of 11 nM. Compound L73, was the least active of the Ac-TZ14011 group. It shows 

a major potency impact on adding an Acp residue between D-Lys and Alexa Fluor 488, decreasing it 

by almost 33 fold.106 

Another fluorescent CXCR4 antagonist is the peptide TY14003, L60 see Figure 30, which was used to 

image bladder cancer.107 The depth limitation was averted as the agent bound to urothelial cells in 

urine. TY14003 also bound to white blood cells, however these are distinctly different from 

urothelial cells so could be distinguished. The fluorophore in TY14003, L74, is carboxyfluorescein 

positioned on the D-lysine group. Whilst CXCR4 is expressed in normal tissue it is at low levels 

compared to tumour expression in mouse models of invasive bladder cancer and this was visualised 

through hematoxylin-eosin staining. TY14003 effectively indicated the presence of urothelial cells in 

vitro but the results were not as clear in vivo. In addition to this, TY14003 could only be used to 

detect high-grade and non-muscle invasive cancers as they express high levels of CXCR4. Low-grade 

bladder cancers express low levels of CXCR4 hence the use of TY14003 is limited. Nonetheless, the 

authors proposed that TY14003 could be a useful diagnostic agent for detecting bladder cancer at an 

early stage increasing the chances of patient survival.  

 

Figure 30 – Fluorescent peptide CXCR4 antagonists synthesised by Nishizawa et al. and Oishi et al. 
106-107

  

Overall there has been a limited number of optical imaging CXCR4 antagonists synthesised, this is 

likely to be due to the short penetration depth that the fluorescent wavelengths have. This causes a 

problem when the compounds are introduced into humans as there is a greater distance for the 

wavelengths to travel compared to mice. Perhaps the best application of optical imaging agents is as 

dual-imaging agents. For example, a radioisotope could be used to determine where the CXCR4 

expressing tumour is and the fluorescent imaging agent could be used as an aid during surgery to 



34 
 

ensure all cancerous cells are removed. Alternatively fluorescent agents could be used to analyse 

bodily fluids such as urine in humans, although this may limit its application and extraction of bodily 

fluids such as blood would be an invasive procedure which is not ideal. 

1.3.2. Nuclear CXCR4 Imaging Agents 

Emission tomography (ET) is a medical imaging technique within the nuclear medicine branch of 

medicine that uses radioactive isotopes to obtain an image.108 It is a very important diagnostic 

technique and is regarded as a functional imaging process as it does not just provide structural 

information like X-ray computed tomography (CT). There are two main types: positron emission 

tomography (PET) and single-photon emission computed tomography (SPECT). The expression 

emission tomography is a combination of two principles; the first is known as the tracer principle in 

which gamma-ray emissions are used to create an image. The second principle is the interior 

volumetric imaging of the body, a process called tomography. The tracer principle utilises materials 

that participate in an organism’s physiological processes but incorporates a radioactive isotope to 

allow the materials to be tracked. Due to the emission of gamma-rays the flow and distribution of 

substances vital to the body can be monitored and this altered material is commonly known as a 

radiotracer. The image obtained from emission tomography is a cross-sectional slice through the 

body; the word tomography originates from the Greek words for slice and drawing. It is a highly 

useful technique as it allows the internal visualisation of a patient without the need for any form of 

surgery. The general process of nuclear imaging is outlined below:108  

1. Radiopharmaceutical is produced 

 Targeted to a particular queried disease 

2. Radiopharmaceutical is administered 

 This is normally injected but sometimes given via inhalation 

 A better image is obtained with a higher concentration of radiopharmaceutical used but 

radiation of internal organs should be minimised 

3. Data is acquired through gamma-ray detection 

 The accumulation time varies with the radiopharmaceutical used 

4. Image reconstruction 

 Projection data is obtained via the imaging system and is used to estimate the 

tomographic image 

 Multiple slices of 2D images are merged into one 3D image 

5. Image analysis 

 Normally physicians will interpret images 
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A disadvantage of ET techniques is that they are limited by the quality of image they can achieve 

because the data is disrupted by noise. Additionally, they are affected by attenuation; this is where 

gamma rays are lost due to them being absorbed within the object, this is common when they are 

emitted from a deep depth. Scattering is another issue and causes a blurred image. It refers to the 

interactions that occur between the patient’s body and the gamma rays, giving an incorrect direction 

of initial propagation. 

The idea of visualising in vivo biological processes began in the 1930s when radionuclides carbon, 

nitrogen and oxygen were first artificially produced.109 These elements were chosen because they 

were biologically important. These radionuclides decay by positron emission and were detected by 

the two 511 keV gamma rays released following anhilation of the positron with an electron in the 

surrounding environment. The application of PET could only be realised once the instrumentation 

for measurements, data acquisition and image reconstruction became available which is why its 

development was only implemented around 40 years ago. Since then significant research into 

positron-emitting radiopharmaceuticals has been investigated.108 Most PET radiopharmaceuticals 

have short half-lives and the most commonly used radionuclides are 11C, 13N, 15O and 18F. 109 PET will 

be discussed in more depth in section 0. SPECT differs from PET, most obviously, in the type of 

radiotracers used which produce one gamma ray following radioactive decay and most have long 

half-lives.108 Generation of the single gamma ray depends on the radionuclide, for example 99mTc 

decays to its ground state by releasing a gamma ray, 111In decays via electron capture emitting a 

gamma ray, whereas 67Cu produces a gamma ray following beta (β-) decay.110 Clinical SPECT has been 

used for approximately 40 years and can generate two types of image following single-photon 

emission, planar and tomographic.108  Planar images portray a single view of radiotracer distribution 

whereas tomographic images are “slices” generated from many images showing radiotracer 

distribution throughout the analysed object. Tomographic imaging requires more instrumentation 

but provides more detailed information. SPECT will be discussed in more depth in section 0. 

The development of PET and SPECT CXCR4 imaging agents is an emerging area of research.111 

Nimmagadda et al. assessed 64Cu-AMD3100 as an imaging agent for PET,112 the group also 

incorporated 125I onto the CXCR4 specific mAb 12G5 as potential SPECT agent.113 Both imaging 

agents were tested on U87 tumour xenographs.112-113 A binuclear 99mTc complex of AMD3100 for 

SPECT imaging along with similar 64Cu complexed cyclam analogues for PET imaging have also been 

reported.111 Nuclear CXCR4 imaging agents will be discussed in more depth in section 0. 
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1.4. EVALUATION OF DRUG CANDIDATES 

There is a strong interest in analysing the interaction between two biomolecules especially those 

involved in development of diseases. The effectiveness of antagonists is measured by how its 

interaction with the receptor affects the natural biological binding process. There are a wide range 

of techniques available to analyse these interactions and ascertain the extent of antagonism of drug 

candidates. These techniques often involve using labels to evaluate interactions such as flow 

cytometry but there is also growing interest in label-free analysis for example using surface plasmon 

resonance.  

1.4.1. Techniques to Evaluate CXCR4 Antagonists 

1.4.1.1. Flow Cytometry 

Flow cytometry measures cells that are suspended in a stream of liquid.114 Before analysis the cells 

are incubated with a fluorophore; depending on the assay type the quantity of fluorescence will lead 

to different conclusions. A standard flow cytometer consists of three parts: 1) laser light source and 

sensing system, 2) a hydraulic system to move the cells and 3) a computer system that collates the 

data and presents it in an understandable format. The cells are taken up into the sensing system and 

drawn into a stream by a technique called sheath flow. This ensures the cells are analysed 

individually as they pass through the point of detection. The fluorophore bound to the cells is 

excited as the cells pass through the light source, which is most commonly a laser. The fluorescence 

is recorded and converted into readings of electrical pulses which are subsequently changed into 

numerical signals. The results are then presented in the form of histograms. Figure 31 shows a 

schematic diagram of a general flow cytometer and all of its components. 

 
Figure 31 - General setup of a flow cytometer

115
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Flow cytometry has many applications in medicine and biology but because analysed cells are usually 

discarded after use the analytical potential is restricted.114 The first restriction is that once a cell has 

been measured it is unable to be reanalysed with another probe. Secondly, with time-resolved 

events, like drug uptake, individual cells cannot be examined and thirdly, the analysis of solid tissue 

needs the cell or nucleus to be isolated which causes information about the tissue structure to be 

lost. Nonetheless, flow cytometry is particularly good for testing for tumour cells suspended in 

blood, such as malignant ascites.116 

1.4.1.1.1. Displacement Assays 

The combination of fluorescently labelled molecules with flow cytometry enables the binding of 

unlabelled compounds to be evaluated.117 This is achieved by interrogating the capability of a 

compound to displace a fluorescently tagged molecule. Binding assays using flow cytometry can 

determine how well a compound competes for its target against a high affinity fluorescently tagged 

molecule. It is beneficial to choose a high affinity competitor because this will indicate how the 

compound is likely to behave against the target’s natural ligand in vivo. The advantage of flow 

cytometry over methods using radiolabelled ligands is that binding to individual cells can be 

observed in real time and unbound ligands do not need to be separated from bound ligands. In 

1945, Landsteiner laid the foundations for the development of ligand binding assays.118 Yalow and 

Berson adapted Landsteiner’s work and conducted the first successful ligand binding assay.118-119 

Since these initial ground breaking experiments significant advancements have been made which 

has enabled a multitude of biological targets to be studied.118, 120  The development of a competition-

based assay was important because both high and low affinity compounds could be efficiently 

assessed. Low affinity compounds are needed in higher concentrations to match the number of 

bound receptors as high affinity compounds. However, this results in a higher quantity of free 

compound which is responsible for high background fluorescence and this causes problems 

differentiating between bound and unbound compound signals. 

Our group has used flow cytometry to determine whether synthesised macrocycles bind to CXCR4 

receptors though displacement assays.  The assay uses a fluorescently tagged antibody specific to 

the CXCR4 receptor as the competitor. A higher quantity of fluorescence corresponds to less 

compound bound to the receptors as the antibody has displaced it. The measurements for this are 

calculated through the use of a positive and negative control. The positive control represents the 

highest possible amount of fluorescence and corresponds to the receptors saturated with mAb. The 

sample for the positive control consists of the CXCR4 specific mAb and cells with no compound 

added. The negative control consists of cells, a non-CXCR4 specific mAb and phosphate buffer 
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solution (PBS), it represents 100% binding of the sample compound to the receptors as there is no 

fluorescence.   

1.4.1.2. Cytotoxicity Assays 

The purpose of cytotoxicity assays is to ascertain the viability of cells, usually after being exposed to 

a new compound or condition. The methods for determining whether a compound is toxic towards 

cells have traditionally been counting living cells after staining them with trypan blue for instance. 

However, this method is time consuming and lacks precision. An alternative method is to quantify 

the uptake of radioactive substances by cells such as tritium but this method is also time consuming 

and involves handling radioactive substances. A preferable method is the MTT assay which does not 

require physically counting cells.121 The MTT assay allows for reasonably high-throughput in 96-well 

plates using a substance called (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), MTT. 

The MTT assay works by monitoring the activity of the mitochondria. Normally the activity is 

constant therefore this activity is linearly correlated to an increase or decrease in cell viability. The 

activity is monitored by the conversion of MTT, in living cells the yellow tetrazole is reduced to a 

purple formazan dye.122 The intensity of the formazan colour is directly related to the cell activity, 

the more intense it is the more active and viable the cells are. The intensity of the solution is 

quantified using a plate reader at 540 and 672 nm.121 For the assessment of potential drugs, cells are 

incubated with the drug candidates and the mitochondrial activity is compared to that of standard 

cells. This is carried out at a range of concentrations to determine the CC50 value, 50% of the 

cytotoxic concentration. This method is simple to perform and has been widely used to determine 

the toxicity of anti-HIV agents as well as many other drug candidates.122  

1.4.1.3. Calcium(II) Signalling Assays 

When the CXCR4 receptor is activated by its ligand CXCL12 one of the many signalling processes 

triggered is the release of calcium(II), see Figure 32. When developing CXCR4 antagonists it is 

important that they do not activate the receptor (agonists). The release of calcium(II) within a cell 

mediates multiple calcium(II) sensitive pathways.49 The resting concentration of calcium(II) within a 

cell is 100 nM but when activated the concentration can increase by up to ten fold. The internal 

source of calcium is inside the endoplasmic reticulum (ER) membranes and its release is controlled 

by calcium(II) mobilising second messengers produced when the cell surface receptors are activated.  
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Figure 32 – Downstream affects caused by activation of CXCR4 receptor by CXCL12 (Reproduced from Domaska et al.)

123 

The assay used in this work involves incubating a range of antagonist concentrations with 

U87.CD4.CXCR4 cells, a human glioblastoma cell line that has been transfected with CXCR4 

receptors.124 Firstly, the cells are washed before incubation with the antagonist at a range of 

concentrations. CXCL12 is then introduced to stimulate the calcium(II) release and the levels of 

calcium(II) are monitored. A control containing only CXCL12 is run for comparison to the sample. A 

reduction in calcium(II) release, compared to the control, should be observed when antagonist is 

present as the receptors are blocked and unable to activate calcium(II) release. The process is 

monitored by a calcium(II) sensitive dye which binds to calcium(II) and fluoresces. The assay is 

quantified using fluorometric imaging plate reader, FLIPR. A 96-well plate is used to allow for 

relatively high-throughput. Use of a range of antagonist concentrations enables the IC50 value to be 

calculated.  

1.4.1.4. Surface Plasmon Resonance (SPR) 

SPR is a highly advantageous tool because the absence of a label ensures that you are generating 

data solely from the interaction under study without any interference from a label, as may be the 

case with the other techniques mentioned. SPR theoretically allows you to determine the binding 

interactions between any two structures, termed binding partners. One binding partner referred to 

as the ligand is immobilised onto a surface whilst the second binding partner called the analyte is 

flowed over the immobilised ligand and the interactions measured. Briefly, the principle of SPR 

involves the detection of a change in mass near a thin gold film in real time.125 The detection is 

recorded in a sensorgram and contains kinetic information relating to the association and 

dissociation rates of the two binding partners. Information regarding the equilibrium can also be 

obtained and SPR is one of the few techniques able to produce both sets of data. 
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Briefly, the principle of SPR involves the detection of a change in mass near a thin gold film in real 

time.125  Kinetic information relating to the association and dissociation rates of the two binding 

partners as well as information regarding the equilibrium can be obtained from SPR measurements 

and it is one of the few techniques able to produce both sets of data. 

In the early 1900s Wood was the first to witness the SPR phenomenon when unusual diffraction 

patterns were observed after visible polarised light reflected on a metal grating.126 Although it was 

not until the 1960s that the SPR phenomenon could be utilised as a technique. Otto and 

Kretschmann were the first to design an SPR sensor.127 As the SPR signal is very sensitive to changes 

in the refractive index and the refractive index is affected by changes in mass close to the gold film, 

Liedberg et al. realised that SPR sensors could be used to analyse binding interactions.128 There are 

now six main companies making SPR biosensors: GE Healthcare, Affinity Sensors, Windsor Scientific 

Limited, BioTul AG, Nippon Laser and Electronics Lab and Texas Instruments. Biacore was the first to 

release an instrument commercially in 1990.129 

SPR sensors use the optical excitation of plasmons to generate sensograms. Surface plasmons are 

generated when light passes through a glass prism onto a thin gold film coating the glass under 

conditions of attenuated total reflections (ATR).127 The polarised light irradiates the glass surface 

with a range of different incident angles but at a certain angle (β), the SPR angle, light penetrates 

into the gold film meeting the ATR conditions.125  The intensity of reflected light dips under ATR 

conditions as energy is transferred from the photons to the free gold electrons exciting them.128a The 

oscillations of the electrons are coupled with an electromagnetic field, from the incident light, 

forming a highly delocalised state of electrons, the plasmon state.125 This state causes a plasmon 

resonant wave, connected to an evanescent electromagnetic field, at the interface of the conducting 

gold film and a dielectric medium; the glass surface with the immobilised ligand. The wave and 

evanescent field are often combined and called the evanescent wave field. The evanescent wave 

field penetrates a short depth into dielectric media with differing refractive indexes; the glass with 

the immobilised ligand and the solution containing the analyte.130 The shorter the distance from the 

gold-glass interface the stronger the evanescent wave field is, decaying exponentially up until the 

penetration limit of approximately 300 nm.125 Therefore the closer samples are to the surface the 

more they will contribute to the SPR signal. The optimum balance between signal and strength and 

binding capacity is about 100 nm.  

The sensor chips available for use in SPR sensors facilitate a wide range of conditions to attach 

ligands of differing natures to the surface for analysis. Biacore sensor chips contain a hydrogel 

consisting of a carboxymethylated dextran layer on the gold film surface.128a The dextran layer swells 
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up on contact with water to approximately 100 nm, resulting in a strongly aqueous environment 

made up of 97% water. This environment ensures that the binding partner interactions take place in 

a more natural environment as opposed to on the bare, gold surface. The dextran is bound to the 

gold surface with an alkane thiol linker layer. The dextran matrix is regenerative so low pH buffer can 

be used to remove analytes from the matrix. Other surfaces are available to attach specific types of 

molecules enhancing the potential applications of SPR sensors. An overview of Biacore SPR chip 

surfaces is shown in Table 2.129  

Chip Type Chip Surface Application 

CM5 Carboxymethyl dextran General purpose 

SA Streptavidin Biotinylated ligand capture 

NTA Nickel chelation Conjugating His-tagged ligands 

HPA Flat hydrophobic monolayer Create hybrid lipid mono or bilayers 

B1 Low charge Decreases non-specific binding 

C1 Flat carboxymethylated, no dextran Where dextran is not wanted 

C4-3 Range of dextran and carboxymethyl quantities Low immobilisation or large ligands 

Au Plain gold surface Custom design chemistry 

L1 Lipophilic dextran Capture liposomes and lipid bilayers 

Table 2 - Chip surfaces and applications
129-130

 

A further feature of the sensor chip is the microfluidic system which delivers the analyte to the 

sensing surface.128a The system contains channels and valves supported in a plastic casing. The 

microfluidic channels are pressed against the sensor surface creating a sample cell with a volume of 

60 nL, see Figure 33. The 50 µm high by 500 µm wide sample cell facilitates effective and accurate 

delivery of the analyte to the sensor surface whilst only requiring a very small volume of sample. 

Light does not penetrate the sample so coloured samples can be used.130 

 
Figure 33 – Formation of flow cells in SPR sensors  

The SPR signal can pick up small differences in running buffers and it is this sensitivity the enables 

the interactions of molecules to be evaluated.125 The analysis of whole cells can be complicated as 

generally they are around 10,000 nm, despite this binding can be observed but the relationship 
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between the SPR signal and bound mass cannot be determined. Every change in the refractive index, 

the angle at which minimal reflection is observed, is detected as a change in the SPR signal. The SPR 

signal is expressed in RU on Biacore systems, 1 RU corresponds to 1 pg/mm2 of mass bound to the 

surface but this can change depending on the surface type. Other instruments, such as Autolab, 

express the SPR signal in mo, millidegrees denoting the change in SPR angle.  

A typical sensorgram is depicted in Figure 34, showing the response plotted against time and 

portrays the interaction between the binding partners.130 The base line (red) shows the signal 

generated from the buffer and should be stable, as the analyte is introduced into the system the 

response increases and shows the ‘on’ rate or association rate (light blue). Steady state (dark blue) is 

the point at which the rate of association and dissociation is equal and appears as a plateau on the 

sensorgram.125 A decrease in response indicates dissociation of the analyte (purple) and is used to 

determine the ‘off’ rate.130 If the rate of dissociation is extremely slow the remaining analyte can be 

removed from the surface by carrying out regeneration (green). This process strips the remaining 

analyte off the surface without damaging the ligand and brings the dissociation curve back to 

baseline preparing the surface for the next sample.  

 

Figure 34 – Typical sensorgram of a molecular interaction 

1.4.2. In Vivo Evaluation of CXCR4 Antagonists 

Once a compound has been established as being an effective antagonist through in vitro assays the 

subsequent step is to move onto in vivo studies. Potential CXCR4 imaging and therapeutic agents can 

be evaluated in a realistic in vivo environment through animal models and, if viable, then move into 

clinical trials.  

1.4.2.1. CXCR4 Antagonists in Clinical Trials 

Over recent years there have been many clinical trials conducted on medical conditions involving the 

CXCR4 receptor. AMD3100 was submitted into Phase I trials for myelokathexis in 2012 at a dose 

below that used to mobilise stem cells and no adverse effects were noted.131 Currently, volunteers 

are being recruited for a clinical trial involving AMD3100 in conjunction with bevacizumab to prevent 
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cancer cells from growing abnormally.132 In addition to this, a trial combining AMD3100 with 

bortezomib is underway to test whether this mixture can kill myeloma cells.133 The non-macrocyclic, 

orally administered MSX-122 was tested in Phase I trials on patients with refractory metastatic or 

locally advanced solid tumours however the trial was suspended and the reasons were not 

disclosed.134 No further investigations have been published regarding MSX-122 since 2008. More 

recently, another non-macrocyclic drug tested in Phase I and II trials was AMD070 as an anti-HIV 

agent. In 2006, a phase I trial aimed to determine the safety of AMD070 in healthy males aged 

between 18 and 55 was undertaken. The subjects were dosed with different concentrations some in 

conjunction with a second anti-HIV agent, ritonavir.135 Additional drug combinations were planned 

but due to histologic changes to the liver in long-term animal studies these trials were put on hold 

although there were no indications of this in the human studies.136 There were no serious adverse 

effects recorded but diarrhoea was reported in 50% of patients. In 2009, AMD070 completed Phase I 

and II trials and no clinically significant safety issues were reported, although no follow up studies 

have been arranged. A CXCR4 peptide antagonist, CTCE-9908, was submitted for Phase I/II trials and 

administered to patients with solid tumours whereupon it was noted that mild adverse effects were 

observed, one being phlebitis.137 Phase II trials were planned, however no progress has since been 

released. An alternative peptide, POL6326, is currently undergoing Phase II trials as a stem cell 

mobilising agent in patients with haematological malignancies.138 POL6326 is also being investigated 

in Phase I trials in combination with Eribulin as a drug to reduce the invasiveness of metastatic 

breast cancer.139 In conclusion, there is currently only one approved drug which targets the CXCR4 

receptor and that is AMD3100 but there is significant potential for other drug molecules targeting 

this receptor to reach the clinic. They could have applications in medical imaging or offer optimised 

properties for other applications such as cancer treatment. 
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1.5. RESEARCH AIMS 

The aim of this work is to synthesise and evaluate bis- and tris-tetraazamacrocycle compounds as 

CXCR4 antagonists and display the potential of these compounds as imaging and therapeutic agents. 

The synthetic design of novel bis- and tris-macrocycles has been optimised for CXCR4 receptor 

binding and coordination to divalent metals has been carried out to enhance this interaction. All 

macrocycles have been assessed in biological assays to ascertain their capability to compete for 

binding to the CXCR4 chemokine receptor against a CXCR4 specific competitor.  

A range of terminal functional groups have been investigated for the conjugation of imaging groups 

to novel bis-macrocycles. Test reactions for conjugations have been conducted on mono-

macrocycles as these are easier and quicker to synthesise. The aim is to facilitate non-metal 

radioisotope conjugation as an alternative to metal radioisotope coordination, although both 

avenues have been explored so that the macrocycle can be utilised in imaging applications. Methods 

for labelling the compounds for imaging applications need to be developed.  

The synthesis of novel tris-macrocycles may facilitate additional interactions with the CXCR4 

receptor and produce a high affinity antagonist. A positive correlation between macrocycle affinity 

and the number of macrocycle rings was observed for mono- and bis-macrocycles,57d the trend is 

hypothesised to continue for tris-macrocycles. The incorporation of different sized macrocyclic rings 

may also have an impact on affinity and has been explored. 

A novel SPR method for high throughput screening of novel CXCR4 antagonists has been investigated 

to determine the residence time of macrocycles on the CXCR4 receptor. The use of immobilised and 

captured intact cells and captured CXCR4 receptor has been investigated in order to develop the 

most effective evaluation method. Data from this technique can be used to determine the most 

appropriate application for the individual compounds; either as therapeutic or imaging agents. A 

longer residence time is beneficial for therapeutic agents because the macrocycle can block the 

receptor for a longer time and a lower dose can potentially be used. In terms of an imaging agent a 

shorter residence time is advantageous to ensure that the agent is cleared efficiently from the body.  

These approaches facilitate the synthesis and evaluation of novel macrocycles with the potential 

application as targeted diagnostic and therapeutic agents for CXCR4 expressing tumours. 
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1.6. SUMMARY 

There have been many structurally different compounds tested as CXCR4 antagonists and interest in 

this research area has dramatically increased over recent years as the drive to develop new anti-

cancer agents increases. Currently, there is not a clinically approved imaging agent or therapy 

specifically for CXCR4 expressing cancers. The CXCR4 receptor plays such an important role in the 

development of invasive cancers that the demand for a potent and safe CXCR4 antagonist is high. 

This work investigates the development of high affinity CXCR4 antagonists for diagnostic and 

therapeutic applications. In chapter 2 the synthesis of novel-tris-macrocycles and their copper(II), 

nickel(II) and zinc(II) complexes is discussed. Chapter 3 outlines the synthesis of novel bis-

macrocycles, their copper(II) and zinc(II) complexes and terminal functional group conjugations. In 

chapter 4 the range of test reactions to radiolabel macrocycles using mono-macrocycles is discussed. 

Chapter 5 details the results of biological testing of novel bis- and tris-macrocycles to act as CXCR4 

antagonists. The development of an SPR method is also discussed. Chapter 6 describes the 

radiolabelling of potent novel tris-macrocycles. The work is then summarised and concluded in 

chapter 7 and potential future work is outlined. 
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2.2. SYNTHETIC STRATEGY 

The synthesis of novel linear tris-macrocycles has been investigated and is reported herein. 

Structures of the macrocycles were configurationally restricted with an ethylene bridge which 

formed either CB or SB macrocycles. This restriction has the potential to optimise binding to 

the CXCR4 receptor. Furthermore, bridges limited the configuration of the divalent metal 

complexes, copper(II), nickel(II) and zinc(II), which could also enhance binding to the CXCR4 

receptor. 

2.3. PREVIOUS STRATEGIES 

Macrocycles have been utilised in many applications ranging from catalysis to anti -metastatic 

agents.65a, 140 Macrocycles are tetradentate ligands and strong transition metal and lanthanide 

chelators. Tetraazamacrocycles cyclam, a 14-membered ring, and cyclen, a 12-membered ring, 

have been applied to drug design. The flexibility of their structure enables them to bind 

strongly to metals, though the carbon skeleton is rigid enough to provide high stability. 

Stability is extremely important for medical applications because macrocycles must retain the 

metal for activity as well as preventing toxic side effects.  

The addition of pendant arms to macrocycles has resulted in a vast expansion of research and 

applications of macrocycles over recent years.65a, 140 Tetraazamacrocycles can be functionalised 

at carbon or nitrogen atoms and pendant arms for a number of reasons. Firstly, pendant arms 

can increase the compound stability as well as increase the number of donor atoms for metal 

coordination. The donor atom can guide the metal into the macrocycle cavity. A further 

advantage is that the pendant arm can be functionalised to enable conjugation with other 

molecules for particular applications. Finally, the pendant arm can be synthesised separately to 

the macrocycle and added at a later stage.  

Macrocycles are most commonly linked through nitrogen-nitrogen spacer groups,78  although 

problems controlling linkage have been experienced. However this can be a chieved by the 

addition of an ethylene bridge in the macrocycle cavity to form a bisaminal compound.  

2.3.1. N-N Linked Tris-Macrocycles 

N-N linked macrocycles are linked between a nitrogen atom of an adjoining macrocycle ring and 

usually through a linker group.78  

2.3.1.1. Cyclen Based Tris-Macrocycles 

Some examples of N-N linked tris-macrocycles are shown in Figure 35 and Figure 36, L75-L83. 

They are structurally related but novel compounds with differing applications. In 2002 
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Bazzicalupi et al. applied L75 and L76, see Figure 35, as hydrolytic agents for catalysis. Synthesis 

involved forming the macrocycle in the final step which differs from other macrocycle synthesis 

where the starting point is the macrocycle and substituents are subsequently added to form 

the compound of interest. For L75
 N-[2-[2-[bis[2-[bis[2-[(4-methylphenyl)sulfonylamino] 

ethyl]amino]ethyl]amino]ethyl-[2-[(4-methylphenyl)sulfonylamino]ethyl]amino]ethyl]-4-methyl-

benzenesulfonamide was reacted with sodium ethanolate before adding 4-methyl-N,N-bis[2-[[(4-

methylphenyl)sulfonyl] oxy]ethyl]benzene-sulfonamide with potassium carbonate. The 1-sulfonyl-4-

methylbenzene groups were then removed with sulfuric acid to form L75, see Figure 35. Synthesis of 

L76, see Figure 35, was the same except the starting material was 3-(tosyl(3-

tosyloxypropyl)amino)propyl tosylate.141
 Synthesis of L77, see Figure 35, began by protecting cyclen 

with t-BOC at positions 1,4 and 7. A substitution reaction at position 10 with α-α’-di-bromo-p-xylene 

proceeds prior to reaction with 1,7-bis(diethoxyphosphoryl)-cyclen. L77 is then isolated by reaction 

with sodium carbonate followed by hydrochloric acid. Interaction of the zinc(II) complex of  L77
  

with thymidylylthymidine (TpT) was investigated. The authors noted that it was the first quantitative 

assessment of stoichiometric and reversible interactions with oligonucleotides.142 L78, see Figure 35, 

was synthesised by conjugating 1,7-bis((6-(bromomethyl)pyridin-2-yl)methyl)-glyoxal cyclen bromide 

salt to glyoxal cyclen. The tris-quaternary salt was then reduced with sodium borohydride to yield 

L78. The application for L78 was as a synthetic receptor for phosphate anions to analyse the 

recognition process in biological systems.90  This is one of the few tris-macrocycles that incorporates 

a bridge within the macrocyclic cavity. The addition of a bridge to increase rigidity was first outlined 

by Wainwright and Hancock et al. in the 1980s, to afford SB monomacrocycles.60, 143 The bridge, seen 

in the terminal macrocycles of L78, limits flexibility and for the piperidine ring the chair conformation 

is the most stable. Metal complexes of SB macrocycles are restricted to trans-II for monosubstituted 

species and trans-IV for disubstituted species. When the ethylene bridge is bound to opposite 

nitrogens, as in CB macrocycles seen in the central macrocycle of L78, see Figure 35, the structure is 

forced into a ‘clamshell’ type structure, the metal complexes formed are then limited to the cis-V 

configuration. The first published CB macrocycles were by Weisman et al. who published 1,8-

dimethyl CB cyclam in 1990 and Bencini et al. who published 1,7-dimethyl CB cyclen in 1994. 61a, 144  
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Figure 35 – Structures of cyclen tris-macrocycles, L75-L78 90, 141-142 

2.3.1.2. Cyclam Based Tris-Macrocycles 

Luengo et al. patented L79
, see Figure 36, in 2000 as a CXCR4 antagonist for treatment of 

thrombocytopenia.145 Dong et al. synthesised L79 a few years later and coordinated it to copper(II), 

nickel(II), zinc(II) and cadmium(II).146 The first report of L80
, see Figure 36, was by Sun et al. who 

synthesised the tris-macrocycle by reacting tri-tosylate cyclam with 1,3,5-tris(bromo-

methyl)benzene.147 Sun et al. reported that a mixture of products was obtained upon heating this 

reaction at reflux. Deprotection to yield L80 was achieved by heating the crude macrocycle at 70oC 

for 10 h with HBr-AcOH and purifying by ion-exchange chromatography. Dong et al. published an 

alternative synthetic route to L80 which involved reacting an excess of 1,4,8-tri-BOC protected 

cyclam with 1,3,5-benzenetricarbonyl trichloride.148 Removal of BOC was facilitated by addition of 

hydrochloric acid and removal of carbonyl groups on the linker group with dimethylsulfide borane 

complex. L80 was coordinated to mercury(II) by Sun et al. and its interactions with histidine guests 

were investigated by the group along with Chartres et al.147, 149 The ligand was also coordinated to 

zinc(II) by Dong et al. who studied the ligands coordination behaviour.150 Comba et al. outlined a 

two-step synthesis to L81
, see Figure 36, in 2002. It was synthesised from N,N'-bis(2-aminoethyl)-1,3-

propanediamine utilising a copper(II) template. The copper(II) complex was reacted with  melamine 

and formaldehyde, in the presence of triethylamine. The mixture of mono-, bis- and tris- complexes 

formed was separated by column chromatography. The complexes were intended to be hosts for 

organic and inorganic guest molecules.151 More recently, RamLi et al. published L82
 and L

83
, see 

Figure 36, which target Tag-72 antigen in ovarian and colorectal cancers when conjugated to 

B72.3 mAb. L82 was investigated for use in nuclear imaging through complexation to 64Cu2+. 

However, it was noted that the central macrocycle showed weaker binding to 64Cu2+ resulting in 

20% loss of 64Cu2+ after 24 h.152 The synthesis involved reacting  1,4,8-tri-BOC protected cyclam 
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with cyclam containing 4-(chloromethyl)phenyl methanone di-substitution at the 4,8-N position and 

4-nitrobenzyl substitution at the 6-C position in the presence of caesium carbonate and potassium 

iodide.153 

 
Figure 36 – Cyclam structures of tris-macrocycles, L

79
,
145

 L
80

,
149

 L
81

,
151

 L
82

 and L
83 152-153 
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2.4. SYNTHESIS OF TRIS-MACROCYCLES 

2.4.1. Synthesis of tris-macrocycles precursors 

A vast quantity of work has been published about mono-macrocycles stating the ease of synthesis 

compared to multi-ring macrocycles, Archibald and co-workers being at the forefront of this 

research.67, 102, 154 Validation for synthesising tris-macrocycles comes from the belief that a greater 

activity towards the CXCR4 receptor will be observed because more interactions are possible with 

the CXCR4 receptor. Figure 37 outlines the various synthetic routes that can be taken to synthesise 

tris-macrocyclic compounds, the selected route is highlighted by a dashed line. The most common 

route to synthesise multi-ring macrocycles is through macrocyclic precursors, therefore precursors 

were synthesised to provide the basis for the tris-macrocycles, see Figure 38. The synthesis of a tris-

macrocycle conducted by Bencini et al. (L78, see Figure 35) was adapted to synthesise a range of 

novel tris-macrocycles.90 

 

Figure 37 – Schematic of potential synthetic routes to synthesise tris-macrocyclic compounds 

Configurationally restricted macrocycles were synthesised from the starting material 

tetraazadodecane. Cyclam (1) was synthesised following a modified method outlined by Barefield, 

see Scheme 1.155  

 
 
 

Figure 38- Structures of ethylene bridged precursor macrocycles 
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A nickel(II) template was used to force the tetraazadodecane into the desired shape so that the 

closed structure would form. An equimolar amount of glyoxal, tetraazadodecane and nickel(II) 

perchlorate was added, see Scheme 1. The nickel(II) was then removed with sodium cyanide to leave 

the uncomplexed cyclam. 1H NMR and 13C NMR corresponded with literature data and CHN 

confirmed the purity of 1. Whilst cyclam has been identified as one of the earliest CXCR4 antagonists 

its structure is not rigid enough to remain in the most active conformation. Consequently, bridges 

can be added to rigidify the structure, which can then be derivatised to form more active 

compounds. 

 
Scheme 1 – Synthesis of cyclam (1) 

Glyoxal cyclam, 3, was synthesised following an adapted method by Le Baccon et al., all batches 

achieved excellent yields in excess of 80% which was comparable to the literature yield.156 The 

reaction was cooled to -10oC and glyoxal was slowly added to avoid polymerisation. The crude 

product was purified with diethyl ether to separate it from any polymeric material and thoroughly 

dried to remove water produced during the reaction. 3 was characterised by NMR, in which the 

characteristic Haminal and Caminal peaks were present, and is supported by MS data. Compound 4, 

formaldehyde cyclam, was synthesised by reacting cyclam and aqueous formaldehyde, removing the 

solvent and then purifying by sublimation, the method was obtained from Alder et al.157 The 

experiment was conducted multiple times whereby yields of over 80% were obtained. The NMR 

spectra conclude that compound 4 was isolated as the NH peak was replaced by the characteristic 

Haminal peak. The synthesis of 3 and 4 is shown in Scheme 2. 
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Scheme 2 - Synthesis of formaldehyde cyclam (2), formaldehyde cyclen (76), glyoxal cyclam (3) and glyoxal cyclen (4) 

Cyclen derivatives of 3 and 4 were subsequently synthesised. A yield of 90% was achieved for 2, 

NMR data confirmed that no polymer was present and adequately characterised the compound. The 

synthesis of 76 using the method outlined by Alder et al. was successful but the product was not 

able to be purified as it remained an oil even after extensive drying under high vacuum.157 

Consequently, an alternative method by Royal et al. was attempted.158 This involved stirring a 

solution of cyclen in DCM and 30% aqueous NaOH. Unfortunately, MS analysis revealed that only 

one methylene bridge had formed. Thus, the reaction was modified and the reaction time was 

increased to 5 d and heated at 40oC. This resulted in 76 being isolated but in low yield due to loss of 

product during unsuccessful crystallisation yet 76 was characterised by MS and NMR which showed 

the distinct Haminal and Caminal peaks. Tris-macrocycles containing 76 were not investigated due to time 

constraints but this synthesis provides an avenue for future studies. 

The incorporation of an ethylene bridge into the macrocycles to form a bisaminal species was 

important because it mediates the reactivity of the amine groups. This is more clearly seen in the 

structures of glyoxal cyclam reported previously by Gluzinski et al.159 In Figure 39 it can be seen that 

the rigid bis-aminal bridge creates a chair configuration causing two of the nitrogens to point onto 

the fold of the macrocycle, termed endo nitrogens, and two to point outwards, termed exo 

nitrogens. The endo nitrogens are sterically hindered and therefore do not act as nucleophiles, 

though the exo nitrogens are available, resulting in addition of groups solely on the adjacent 

nitrogen atoms. 
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Figure 39 - X-ray crystal structures deduced (reproduced from Gluzinzki et al.)

159
.  Grey balls represent carbon atoms and 

blue balls nitrogen atoms, hydrogen atoms have been omitted for clarity. 

Addition of a pendant arm to 2 and 3 was performed following a modified method established by Le 

Baccon et al.156 Whilst Le Baccon et al. continued the reaction for 10 d attaining a yield of 87% the 

yield was not impeded after 3 d and 98% was achieved for 9 in THF, see Scheme 3. The first method 

for adding pendant arms was established by Kolinski et al. in 1995, but since then Archibald and co-

workers have lead the research area incorporating novel pendant arms.77, 81, 102, 154, 160 Del Mundo et 

al.’s modified method produced 5 in an almost quantitative yield which was comparable with the 

closest comparison in the literature, 1-(biphenyl)methyl−glyoxal cyclen bromide, whereby a yield of 

90% was attained.161 The solubility of 5 was poorer than 9 but NMR and MS data were obtained. The 

high yield required just a 3 h reaction time and this is most likely due to the high concentration of 

the solution. The molar equivalence of the pendant arm prevented the formation of di-substituted 

product (bis-macrocycle).162 Le Baccon et al.’s method was not followed because it resulted in 

formation of the dis-substituted product.156 Both compounds were fully characterised. 

 
Scheme 3 - Synthesis of mono-substituted tris-macrocycle precursors (6 and 7)  

2.4.2. Synthesis of Tris-Macrocycle Quaternary Salts 

The synthesis of tris-macrocycle quaternary salts was first conducted by Bencini et al. in 2009 who 

published the structure of L78
,
 see Figure 35.90 Since then there have not been any further 

publications regarding rigidified tris-macrocycles. Work within our group has shown that linear tris-

macrocycles could be more effective at inhibiting the CXCR4 receptor, against a conformation 

specific monoclonal antibody, compared to a non-linear tris-macrocycle whereby three macrocycles 

were bound to a central linker group.163 An overview of the synthesis of the tris-macroycle 
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quaternary salts, 10-15, is shown in Scheme 4. Bridged cyclams (3, 4) and bridged cyclen (2) were 

added to a two molar equivalent excess of mono-substituted bridged cyclam (9) or cyclen (5), see 

Scheme 4. To ensure the reaction went to completion the reaction time was increased to 14 d. In 

general, yields of over 50% were achieved, see Scheme 4. The range of yields may have resulted 

from the filtration method used to isolate the product which resulted in loss of product during 

transfer between reaction vessels. An improvement for this could be to reduce the solvent in vacuo 

and then wash the residue to remove impurities. An alternative solvent was tested for the synthesis 

of 15 inspired by the work of Bernier et al. who used a mixture of DMF and MeCN to synthesise di-

substituted glyoxal cyclen.164 An excellent yield, 90%, was achieved for Bernier et al.‘s di-substituted 

macrocycles which may have been due to an increased solubility of the macrocycles in DMF. 15 was 

attained in 94% yield which was comparable with Bernier et al. but significantly higher than the 

yields obtained for 11-14, see Scheme 4. This new method could be repeated for the other 

macrocycles to determine whether higher yields can be obtained or if 15 was an anomalously high 

result. 

 
 

Scheme 4 - Synthesis of tris-macrocycle quaternary salts  

An issue experienced during the synthesis of tris-macrocycle quaternary salts was their poor 

solubility which caused difficulty when obtaining 13C NMR and MS data. Poor solubility was believed 

to be the reason for the macrocycles flying poorly in the MS instruments. MALDI-TOF MS may assist 

in characterising the compounds as mass ions of similar reported macrocycles were identified using 

this technique.90 The distinctive isotope pattern generated by a bromine containing compound was 
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used to indicate whether the desired products had been isolated. Its disappearance implies that the 

nucleophilic substitution reaction, involving the bromine and the nitrogen, has occurred. In all cases, 

10-15, were clearly characterised by 1H NMR due to the additional peaks in the aromatic region and 

the extra Haminal peaks at around 4 ppm with the disappearance of the CH2-Br peak present in the 

starting material. It was also possible to obtain 13C NMR for 12, 14 and 15 as they had greater 

solubility. Examples of 1H and 13C NMR spectra are shown in Figure 40 and Figure 41 for 12; the 

complexity of the 1H NMR spectrum is due to the high number of inequivalent proton environments 

in the nonplanar macrocyclic structure. Once the macrocycles were reduced their solubility 

significantly increased and full characterisation could be obtained. Elemental analysis indicated that 

10, 11, 13 and 15 contained impurities. 
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Figure 40 - 
1
H NMR spectrum of 12 
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Figure 41 – 
13

C NMR spectrum of 12 
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2.4.3. Reduction of Tris-Macrocycle Quaternary Salts 

The reductions of 10-15 were carried out using sodium borohydride, see Scheme 5.61b The 

reductions of 10-12 took longer than 13 and 14, 10 d vs. 1 d because compounds 10-12 contain a 

configurationally restricted CB in the central macrocycle and this takes longer to form than a SB. An 

extraction in the work-up utilises a strongly basic (pH 14) aqueous layer to deprotonate the 

macrocycle and facilitate extraction into organic solvent. Overall, good yields were obtained and the 

compounds were fully characterised, example 1H and 13C NMR spectra of 19 are shown in Figure 41 

and Figure 42. Lower yields of 39% and 40% were obtained for 18 and 20 respectively; an 

explanation for this is that product may not have been extracted efficiently from the aqueous layer 

during the basic work up. Disappearance of Caminal peaks from 13C NMR spectra for the compounds 

confirmed a successful reaction. Elemental analysis indicated that 16 and 17 were not pure. Further 

investigation into the ratio of reagents to optimise the yields is required.  

 
Scheme 5 – Reduction of tris-macrocycles with sodium borohydride (14, 15, 17, 18 and 19) 
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Figure 42 – 
1
H NMR spectrum of 19 
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Figure 43 – 
13

C NMR spectrum of 19 
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2.4.4. Synthesis of tris-macrocycle metal complexes 

The cavity size as well as their tetradentate capability means that macrocycles are ideal for chelating 

metal ions. Metal ions particularly suited for macrocycles are divalent transition metals with a radius 

of <0.75 Å.165 Alcock et al. reported the ideal ionic radius ranged between 0.65-0.70 Å to best fit the 

M-N bond length of 2.06 Å.166 There are six possible conformations that a cyclam complex can adopt 

and these were defined by Bosnich et al. in 1965, see section 1.2.3.5 Figure 15 part A.167 Previous 

research has identified copper(II), nickel(II) and zinc(II) as metals that can dramatically enhance 

binding to CXCR4 when coordinated to macrocycles and these metals were selected for investigation 

with tris-macrocycles.71a, 168 The increase in activity can be explained by the difference in the way 

free ligands and metal complexes bind to the CXCR4 receptor and would theoretically originate from 

either an enhancement in bond strength or additional bonds with CXCR4 receptor residues. The 

residues available for zinc(II) to bind to the CXCR4 receptor are histidine and acidic residues such as 

glutamate and aspartate.168 On the extra-cellular TMs of the CXCR4 receptor there are multiple 

points of interaction for CXCR4 antagonists. It was identified by Gerlach et al. that two acidic amino 

acids were important for binding AMD3100: Asp171 and Asp262.57a AMD3100 binds through three 

hydrogen bonds to oxygen atoms on these aspartate residues. In the presence of a transition metal, 

such as zinc(II), a coordinate bond forms in addition to a hydrogen bond to the aspartate residues. 

Thus, the reason for increased activity for metal complexes is due to the formation of a stronger 

bond and this is shown in Figure 40.168 

         
Figure 44 – Crystal structures of cyclam and metal complexed cyclam binding to a carboxylic residue representing 
binding to aspartate residues on the surface of the CXCR4 receptor (adapted from Gerlach et al.)

168
 

Blue balls represent nitrogen atoms, grey represent carbon atoms, white are hydrogen atoms, dark grey is a zinc atom 
and cyan is a palladium atom. Non-polar hydrogen atoms have been omitted for clarity. 

AMD3100 can be a pro-drug as it binds to zinc(II) in the blood to produce [Zn2AMD3100]4+ as the 

active drug. The zinc(II) complex is 6-fold more active than AMD3100 alone, the nickel(II) complex 

shows slightly higher activity but the copper(II) complex only had a marginal improvement in activity 

compared to AMD3100.168 The flexibility of the cyclam structure enables the metal configurations to 

switch around, the introduction of a side or cross bridge can be used to restrict the configuration of 

metal complexes to one of six possiblilites, ideal when forcing the macrocycle to take on the most 
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biologically active configuration, cis-V, see Figure 45. Nickel(II) can form different geometries, either 

square planar or octahedral with additional donors. Its effect on CXCR4 binding with 

configurationally restricted macrocycles was investigated by Archibald and co-workers.67 They found 

that a nickel(II) complexed para-SB bis-cyclam was 2 fold more effective at inhibiting CXCR4 than 

AMD3100 and significantly more active than a nickel(II) complexed meta-CB bis-cyclam.67 The SB 

complex was highly potent with EC50 values as low as 13 nM. Zinc(II) can take on square pyramidal 

and octahedral geometries but not square planar, therefore there are one or two vacant sites when 

zinc(II) is coordinated to a tetraazamacrocycle.169 SB-cyclam zinc(II) complexes have been shown to 

adopt a trans-II configuration, see Figure 45. The crystal structure of bis-SB-cyclam zinc(II) complex 

was determined by Valks et al. and findings showing binding to an acetate group supported those of 

Gerlach et al.71b, 168 Valks et al. observed that zinc(II) binds one acetate group in an anisobidentate 

manner with bond lengths between zinc(II) and oxygen being 2.112 Å and 2.407 Å in length.33 The 

second acetate group associated with the zinc(II) ion is not involved with binding.71b This indicates 

that zinc(II) complexes bind in a octahedral geometry with one acetate group coordinated to two 

vacant sites. In a SB complex the metal is pushed out of the cavity and this enhances binding by 

forcing it into the binding pocket of the CXCR4 receptor.71b The displacement of copper(II) from the 

macrocyclic cavity is not as pronounced as zinc(II), 0.19 Å compared to 0.75 Å respectively.84 As 

zinc(II) complexes tend to be more active compounds the greater displacement from the cavity 

could provide an explanation. As the zinc(II) ion is further out of the macrocyclic cavity it is forced 

into the binding pocket so a better interaction with aspartate residues is potentially possible. 

Macrocycle copper(II) complexes have been shown to adopt five coordinate geometries. Due to 

Jahn-Teller distortion the M-N bonds are shorter than equivalent zinc(II) complexes.84 

 
Figure 45 – Select configurations formed by tetraazamacrocycle metal complexes (adapted from Bosnich et al.)

167
 

The novel tris-macrocyclic compounds synthesised in this work incorporate both SB and CB 

macrocycles as well as di-methylated macrocycles. Valks et al. assessed the activity of bis-SB cyclam 

and its zinc(II) acetate complex against HIV-1 (IIIB) and HIV-2(ROD) virus strains. 33 The compounds 

were found to be most effective against HIV-1 (IIIB), free ligand: 6.98 µM and zinc(II) complex: 2.5 

nM, however the zinc(II) complex was also highly active, EC50 4 nM, against HIV-2(ROD). Tetramethyl 

cyclam has not been investigated as a CXCR4 antagonist so it is difficult to predict the activity of the 
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structure. Potentially, the less restricted tris-macrocycles, which contain a central macrocycle similar 

to tetramethyl cyclam, may allow more movement and a stronger interaction with the CXCR4 

receptor compared to the extensively restricted tris-macrocycles containing a central CB macrocycle. 

The high activity of the reported bis-SB and bis-CB compounds,67, 71b, 81, 170 in addition to the forced 

single configuration, was the reason for synthesising rigid tris-macrocycle metal complexes. It was 

hoped that the three ring structure would enable additional interactions with the CXCR4 compared 

with bis-macrocycles due to the extra ring and the aspartate-rich receptor surface.15a 

Metal complexes of tris-macrocycles 16-21 were synthesised using copper(II) acetate monohydrate, 

nickel(II) acetate tetrahydrate, zinc(II) acetate and zinc(II) chloride following the standard 

preparations, see Figure 46 and Figure 47.61b, 71b All complexes were purified via size exclusion 

chromatography with Sephadex LH20 and characterised by MS and CHN. The complexes were 

synthesised successfully however the presence of solvent in the CHN was noted, although solvent 

molecules are often associated with the unit cell in crystallography data. Elemental analysis 

suggested that [Ni316]6+, [Ni318]6+, [Zn318]6+ and [Cu318]6+ were not pure.  Zinc(II) complexes were 

additionally analysed  by NMR whilst nickel(II) and copper(II) complexes were analysed using UV-vis 

spectroscopy. Sephadex LH20 can lead to a loss of product of up to 30% which caused a large range 

of yields. The low yields of [Cu316]3+ and [Cu317]3+ were due to an old Sephadex LH20 column being 

used which appeared to have caused a significant loss of product, subsequently a replenished 

column afforded significantly higher yields, 84% for [Cu319]3+.  

 
Figure 46 – Structures of metal complexes of tris-macrocycles 16, 17, 18 and 19 
Note solvent molecules may coordinate to metal centres 
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Formation of a CB metal complex is harder to achieve than a SB due its limited structural flexibility, 

this is the reason for using harsher reaction conditions. In addition to this, protons from water or 

solvent molecules compete for the CB macrocyclic cavity with nickel(II) and zinc(II) which makes 

these complexes harder to synthesise. In some cases, with [Ni319]6+ for example, problems 

incorporating a third nickel(II) ion into the CB cavity were experienced therefore it appears that 

longer reaction times should be carried out to overcome this issue in the future. UV-vis data 

confirmed nickel(II) chelation into all macrocycle cavities of [Ni319]6+ by the presence of a band at 

around 600 nm, indicative of CB coordination geometry,67 and a band at around 400 nm 

characteristic of SB macrocycle metal chelation.67 Two distinct bands were observed for the nickel(II) 

complexes of 16, 17, 18 and 19 confirming isolation of the desired complexes. Significantly higher 

bands than expected were noted for [Ni316]6+ and [Ni317]6+, but higher values have been reported in 

the literature and attributed to steric restraint caused by distortion of the ideal geometry.67 

Copper(II) complexes of  16, 17, 18 and 19 were characterised by UV-vis and MS. SB, five coordinate, 

copper(II) complexes show absorption at around 600 nm,81 and CB complexes have also shown 

bands at approximately 600 nm.171 The presence of a distinct band at around 600 nm was observed 

in the UV-vis data of copper(II) complexes of 16, 17, 18 and 19  confirming copper(II) coordination 

within the macrocyclic cavities. As 19 contains the bulkiest macrocycles, of all the tris-macrocycles 

synthesised, this could explain the distortion. NMR data confirmed the isolation of zinc(II) complexes 

of 16, 17, 18 and 19 by the presence of  carbonyl and methyl peaks in the 13C NMR and the 

distinctive acetate singlet in the 1H NMR at around 2 ppm.  

 
Figure 47 – Structures of tris-macrocycle metal complexes of 20 and 21. 
Note solvent molecules may coordinate to metal centres 
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All metals, zinc(II), copper(II) and nickel(II), were chelated successfully to 20 and 21 according to UV-

vis data, for copper(II) and nickel(II) complexes, and NMR, for zinc(II) complexes. Characterisation via 

MS proved problematic however, this may be due to the use of metal acetate salts as the zinc(II) 

complexation of 21 synthesised from zinc(II) chloride showed the expected peaks. Loss of acetate 

salts and thermal degradation during analysis resulted in poor MS data being ascertained for this 

series of compounds. Elemental analysis indicated that [Ni321]6+, [Zn321]6+ and [Cu321]6+ contained 

impurities. 

Some consideration was given to the potential configuration of the central macrocycle in 20 and 21 

that does not contain an additional ethyl bridge (i.e. SB or CB). TMC, tetramethyl cyclam, has a very 

similar conformation to the central macrocycle in 20 and 21 and it can been used as a reference to 

predict the tris-macrocycle structure.71c Conversion from trans-II to trans-I has been reported for 

TMC nickel(II) complexes,172 whilst Schönherr et al.‘s molecular structure of a TMC analogue 

copper(II) complex identified a trans-IV configuration.173 It is thought that the metal complexes of 20 

and 21 contain the trans-IV structure for this central ring as this structure is believed to be the most 

likely due to the steric bulk of the terminal macrocycles. 

The variation in shape predicted for the tris-macrocycles, shown in Figure 46 and Figure 47, may 

result in a different activity due to dissimilar positioning on the surface of the CXCR4 receptor. The 

activity of the tris-macrocycle metal complexes is predicted to be higher than reported bis-

macrocycles due to the additional interactions with the receptor that are possible. 
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2.5. CONCLUSIONS 

This chapter discusses the synthesis of novel configurationally restricted linear tris-

tetraazamacrocycles. Tris-macrocycles incorporating CB and SB cyclam and cyclen along with their 

corresponding copper(II), nickel(II) and zinc(II) complexes were synthesised. Copper(II), nickel(II) and 

zinc(II) complexes of tris-macrocycles containing SB cyclam and cyclen and TMC were also 

investigated. The synthesis of unsymmetrical tris-macrocycles has not been previously reported. 

Some issues were encountered in obtaining a full set of analytical data for all of the compounds. 

The advantage tris-macrocycles offer is that they can potentially interact with multiple aspartate 

residues on the CXCR4 receptor thus enhancing affinity. Furthermore, as opposed to AMD3100 

whereby patients suffered cardiotoxic side effects, due to the chelating ability of the secondary 

amines, the tris-macrocycle complexes will not be able to chelate other metal ions consequently 

making the compounds more attractive as CXCR4 antagonists. A range of compounds were 

synthesised to determine what effect, if any, alterations to macrocycle ring size and bridges made to 

activity towards the CXCR4 receptor. Their ability to act as CXCR4 antagonists is evaluated and 

discussed in 5.3.4.  
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2.6. FUTURE WORK 

It would be interesting to synthesise a series of tris-macrocycles containing formaldehyde cyclen, 76. 

It would be advantageous to compare the activity of these to the activity of the metal complexes of 

16-21. 

Alternatively, tris-macrocycles containing TMC or tetramethylcyclen in the terminal positions could 

be explored, although a reduction in affinity may be observed due to lack of configurational 

restriction. An alternative collection of macrocycles to explore could be tris-CB macrocycles, see 

Figure 48. Combinations of theses macrocycles could also be studied.  

If the general trend of increasing number of rings results in higher CXCR4 affinity then tetrakis-

macrocycles and pentakis-macrocycles may be even more active. It would be interesting to 

synthesise these compounds and explore this theory, however the molecular weight will be higher 

than those generally accepted in drug design but the advantages of higher activity may overcome 

this factor. A literature example of this is high molecular weight peptides which have shown 

potential as anti-metastatic agents.174 

 
Figure 48 – Structure of potential tris-CB cyclam and tris-CB cyclen macrocycles 
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3.1 SYNTHETIC STRATEGY 

The synthesis of novel linear bis-macrocycles was explored. Incorporation of ethylene bridges led to 

the creation of configurationally restricted CB and SB macrocycles. These novel bis-macrocycles 

were coordinated to copper(II) and zinc(II) divalent metal ions. Terminal functional groups were 

modified for the conjugation of imaging groups. Macrocycles containing unconjugated functional 

groups were complexed to divalent metals copper(II) and zinc(II) to produce a novel library of 

unsymmetrical bis-macrocycles. 

3.2 PAST STRATEGIES 

The AMD3100 story was initiated by the Johnson Matthey Technology centre in 1994, since then De 

Clercq et al. and others have synthesised and evaluated a wide variety of bis-macrocycles as CXCR4 

antagonists. Many of these bis-macrocycles do not contain configurationally restricting ethylene 

bridges which are known to stabilise metal complexes.175 

3.2.1 C-C Linked Bis-Macrocycles 

The majority of bis-macrocycles are linked through nitrogen atoms within the macrocycle ring, 

although there are a couple of examples of carbon-carbon linked bis-macrocycles.47, 176 The first bis-

macrocycle to show high anti-HIV activity was a bis-cyclam macrocycle, JM1657, see Figure 5 section 

1.2.2. It was synthesised accidently during the synthesis of cyclam and had high anti-HIV activity, 

EC50: 0.144 µM, and low toxicity, CC50:3 19 µM.47 An explanation for the lack of C-C linked bis-

macrocycles may have originated from the quantitative structural activity relationship (QSAR) study 

conducted by Joao et al. in 1995.176 Joao et al. studied a range of analogues of AMD3100, using 

QSAR, and generated accurate anti-HIV activity and cytotoxicity predictions. Compounds were built 

using molecular modelling software based on cryallographic X-ray structure of [Ni2[L84]4ClO4
-, see 

Figure 49, outlined by McAuley et al.177 Predicted values correlated well with experimental data. The 

bis-cyclam L85, linked through carbon atoms, see Figure 49 L85, was predicted to have low anti-HIV 

activity compared to many other N-N linked bis-macrocycles.  

 
Figure 49 – Structure of C-C linked bis-macrocycles L

84
 by McAuley et al.

177
 and L

85
 Joao et al.

176
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3.2.2 N-N Linked Bis-Macrocycles 

A wealth of 12-16 membered N-N linked bis-macrocycles are reported,79, 178 a large portion of these 

are not configurationally restricted.79, 178a  In 1999, Esté et al. explored the effect different linker 

groups and bis-macrocycles had on anti-HIV activity,74 following synthesis by Bridger et al.79, 178a To 

isolate homo-cyclam, 15- and 16-membered macrocycles, a synthetic route outlined by Hediger et 

al. was followed.178b Synthesis involved conjugating a bis-sulfonate acyclic precursor to a toluene 

sulfonamide acyclic precursor. Selective deprotection removed one amine-protecting group and the 

resulting macrocycle reacted with a dibromo linker group, remaining protecting groups were 

removed by hydrolysis, L86-L89 see Figure 50. Synthesis of non-rigidified xylyl linked cyclen, 13-

membered and cyclam bis-macrocycles were achieved by reacting tris-N-protected macrocycles with 

α-α’-dibromo-p-xylene,79 or an alternative dibromo-linker, according to literature procedures.179 

Protective groups were removed with acetic acid:48% aqueous hydrogen bromide mixture (3:2), 18-

48 h at 100oC, to afford L90-L95 see Figure 50.79 Attempted deprotection of bis-macrocycles 

containing two 12- or 13-membered rings, L90-L92 see Figure 50, both meta and para xylyl-linked, led 

to cleavage of one macrocycle from the benzyl group. Successful deprotonation was achieved using 

Na/Hg amalgam heated at 100oC for 24-72 h. Overall, reasonable yields were achieved for all bis-

macrocycles synthesised with an average bis-macrocycle yield of around 50%.  

 
Figure 50 – Bis-macrocycles requiring deprotection with Na/Hg amalgam

79
 

Bridger et al. synthesised a series of bis-cyclam macrocycles, using synthetic routes outlined 

previously,79, 178a exploring a wide array of linker groups in order to explain why some linkers had a 

detrimental effect on anti-HIV activity. Anti-HIV activity of bis-cyclam macrocycles, linked with 

pyridine, strongly correlated with linker substitution. 2,4- and 2,5- linked macrocycles were two 

times less active and exhibited higher toxicity than 2,6- and 3,5- linked macrocycles and xylyl linked 

macrocycles, see Figure 51, L99-L102. This change in activity was assigned to the pendant arm 

participating in complexation to available free zinc ions resulting in a macrocyclic configuration not 

optimum for binding. Alternatively, the pendant arm heteroatom may hydrogen bond to protons in 

the macrocycle ring in conjunction with other macrocyclic nitrogen atoms also resulting in a 
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configuration not ideal for binding. The pendant arm heteroatom may also compete for the 

macrocycle binding site. The overall charge per cyclam ring under physiological conditions is 2+ 

because the pKas of the third and fourth protonations are very low, due to repulsion of the positive 

charges subsequent protonations do not occur.71c, 180 The pKa values are 11.5, 10.3, 1.6, and 0.9. 

Presence of a carboxylate group on the linker, see Figure 51 L96-L97, resulted in low activity because 

its negative charge repelled the negatively charged receptor binding site.178a Absence of this group 

led to high activity, see Figure 51 L98-L99. A bulky linker group was introduced at the 6-position of the 

2,4-pyridine linker, see Figure 51 L104, to prevent any pendant arm conformations and anti-HIV 

activity was seen to increase, however it was not as active as L100 and L101. In conclusion, substitution 

on the linker group had a significant impact on anti-HIV activity. Furthermore, presence of 

heteroatoms on the linker group can facilitate intramolecular interactions leading to in-active bis-

macrocycles. 

 

Figure 51 – Bis-macrocycles synthesised by  Bridger et al.
178a

 

A series of 14-membered bis-macrocycles containing alternative heteroatoms were synthesised by 

Bridger et al. in seven steps, macrocycles were connected through nitrogen atoms, see Figure 52.178e 

Precursors were afforded by reacting ethanedithiol and bromopropionitrile to form dithia-dinitrile, 

reduced nitrile groups were then protected with tosyl groups. Macrocyclisation was achieved by 

slow addition of ethylene glycol ditosylate to macrocycle precursor in the presence of Cs2CO3. 

Complete deprotection followed by reprotection of one amine group enabled reaction with α-α’-

dibromo-p-xylene. The remaining protecting group was removed with Na/Hg amalgam, to isolate 

bis-macrocycles featuring alternative heteroatoms in two of the nitrogen atom positions, see Figure 

52, L105-L106. Homo-cyclam based bis-macrocycle, L107-L108, see Figure 52, were synthesised differently 

and only one nitrogen atom was substituted. Firstly, the amine group in iminodipropionitrile was 

protected with diethyl chlorophosphate (Dep) prior to nitrile hydrogenation. The resulting amine 

was protected with tosyl and macrocyclisation achieved by reaction with 2-bromoethyl ether. 
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Selective deprotection of the Dep group was achieved using hydrogen bromide and acetic acid at RT. 

This facilitated reaction with α-α’-dibromo-p-xylene followed by a final deprotection to yield bis-

macrocycles L107-L108. Incorporation of sulfur, oxygen and carbon had a detrimental effect on anti-

HIV activity, see Figure 52. L105 had over 1500 times greater EC50, 6.84 µM, than AMD3100, EC50: 4.2 

nM, and high cytotoxicity, CC50: 6.8 µM. Replacing nitrogen atoms with oxygen atoms, L106, resulted 

in an inactive compound with low cytotoxicity. The optimum replacement was carbon, however anti-

HIV activity was still extremely low compared to AMD3100.  

 
Figure 52 – Bis-macrocycles containing alternative heteroatoms in place of one or more nitrogen atoms

178e
 

A prevalent feature in bis-macrocycle synthesis is the use of protecting groups, this feature has been 

utilised by Faulkner and Gunnlaugsson who isolated bis-cyclen macrocycles using tris-N-protected 

cyclen.178c, 178d Costa et al. synthesised meta- and para-xylyl linked bis-cyclen macrocycles using ethyl 

bromoacetate groups to protect six of the nitrogen atoms.181 Ester groups were hydrolysed to give 

bis-cyclen derivatives and coordinated to gadolinium(III).  

The advantage of rigidifying a macrocycle is that protecting groups are not required because there 

are only two points available for nucleophilic substitution, reaction at these points is controlled with 

molar excesses of reagents, and reduces the number of synthetic steps. Archibald and co-workers 

have synthesised bis-macrocycles containing structurally rigidifying bridges, L34, L35 and L36, see 

Figure 23 in section 1.2.3.7.67, 84-85 Synthesis of L34 was achieved by the route outlined in Figure 53. 

Cyclam, glyoxal cyclam and L34a were prepared according to literature methods.156, 182 Modified 

versions of methods used by Weisman and co-workers were followed to afford L34b and L34 in high 

yields of 76% and 77% respectively.61b, 154, 156, 183 Coordination of L34 to nickel(II) resulted in relatively 

high anti-HIV activity, in comparison to AMD3100.67 The restrictive CB forced the macrocycles into a 

cis-V configuration which bound to CXCR4 as demonstrated by Sadler et al.61b, 65a, 66, 167 Khan et al. 

synthesised L36 using the same methods as L34, see Figure 53, but with α-α’-dibromo-p-xylene.170 
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Figure 53 – Synthetic route to L

32
 as outlined by Smith et al.

67
 

Modified versions of procedures outlined by Kolinski and co-workers were used by Valks et al. to 

prepare L35.71b, 160a Glyoxal cyclam was reacted with α-α’dibromo-p-xylene before reduction with 

sodium borohydride to cleave the quaternary nitrogen to carbon bonds.71b Valks et al. found that L35, 

see section 1.2.3.7, exhibited lower anti-HIV activity than AMD3100, EC50:6.98 µM and EC50:0.011 

µM respectively. 

Bernier et al. made a series of CB cyclen bis-macrocycles by an alternative synthetic route to Smith 

et al.67, 81 A nitrogen atom in glyoxal cyclen, synthesised as reported in the literature,156 was alkylated 

with bromoacetate to isolate a mono-macrocycle quaternary salt.160a, 175a, 184 The bis-macrocycle 

quaternary salt was then isolated by reacting an excess of mono-macrocycle with either α-

α’dibromo-p-xylene or α-α’dibromo-m-xylene. Quaternary nitrogen-carbon bonds were then 

reduced with sodium borohydride. An additional step to afford bis-macrocycles L111 and L112, see 

Figure 54, deprotected the ester groups to carboxylic acid groups using NaBH4 in 95% EtOH.184a  

 
Figure 54 – Structures of bis-macrocycles synthesised by Bernier et al.

184a
 

3.2.3 Bis-Macrocycle Metal Complexes 

Coordination of transition metals into the macrocyclic cavity can significantly increase affinity for the 

CXCR4 receptor.56a The general synthetic procedure for metal coordination requires heating at reflux 

with a metal salt in a solvent. Wainwright, Hancock and co-workers first investigated SB macrocycles 

which favour trans-II configuration.60, 62, 143, 185 Weisman, Wong and co-workers explored CB 

macrocycles which take on a cis-V configuration.61a, 186 Many use complexation conditions outlined 
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by Wong et al. who synthesised the first CB macrocycle copper(II) complexes containing pendant 

arms, see Figure 55, in methanol or ethanol by heating them at reflux for 2 h before purification by 

recrystallisation.61b Pendant arms can help the kinetics of metal coordination by aiding the capture 

of a metal ion before the slow encapsulation stage, guiding it into the macrocyclic cavity. The 

encapsulation stage is slow because the macrocycle undergoes conformational changes to 

encompass the metal ion.187 Unlike other restricted macrocycle metal complexes presence of 

acetate pendant arms can result in a distorted octahedral geometry because the metal is completely 

enveloped in the macrocyclic cavity.61b For copper(II), the octahedral complex exhibited Jahn Teller 

distortion along the elongated O(1’)-Cu(2)-N(8’) bond whereby bond lengths were approximately 

2.31 Å for Cu-Oax bond and 2.23 Å for Cu-Nax bond, see Figure 55. This is significantly longer than 

equatorial bond lengths which were 2.00 Å for Cu-Oeq and 2.05 Å for Cu-Neq. 

 
Figure 55 – Distorted octahedral CB copper(II) complex coordinated to two pendant arms (reproduced from Wong et al.) 
61b

 

RamLi et al. investigated C-C linked bis-macrocycles containing a pendant arm, see Figure 56 as PET 

imaging agents for cancer.152 L113 was coordinated to 64Cu in a range of buffers from pH 3.0-8.0, a 2:1 

ratio of metal:ligand was used, and the reactions were heated at 37oC for 30 min. The pendant arm 

amine group of L114 could facilitate conjugation of antibodies to deliver targeted therapy to a cancer 

site. In all pH buffers tested coordination of 64Cu did not go to completion, the highest yield obtained 

was 68% at pHs≥4.0. A flexible structure may not be ideal because the complex is less stable than 

configurationally restricted macrocycles and may transchelate in vivo resulting in toxic side effects. 

71b, 175a, 184b, 188 

 
Figure 56 – C-C linked bis-macrocycles synthesised by RamLi et al.

152
 

Silversides et al. afforded SB mono-macrocycle copper(II) complexes by heating at reflux for 2 h 

before filtration and solvent removal to yield the product.160c Smith et al. coordinated nickel(II) to a 

SB mono-macrocycle by heating at 60oC for 30 min under an inert atmosphere and purifying via size 
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exclusion chromatography.67 CB bis-macrocycle nickel(II) complexes were also synthesised, by 

heating at 60oC overnight in DMF under an inert atmosphere. Longer reaction times are required 

because CB-macrocycles are highly basic and bind a proton in the macrocyclic cavity through 

hydrogen bonds with the nitrogen atoms.188 This proton competes with a metal ion for the cavity 

therefore more energy is required to remove it. The slower complexation can be observed by 

monitoring the colour of the reaction, SB-macrocycles will immediately turn blue on the addition of 

a copper salt which shows complexation has occurred.160c However, on examination of a CB-

macrocycle complexation the colour change is much slower.  

Archibald and co-workers synthesised a copper(II) complex of L36, see Figure 23 in section 1.2.3.7, 

and suggested that the increase in CXCR4 affinity and residence time, compared to the free ligand, 

originated from a stronger coordination bond, as opposed to weaker H-bonds.170 As particular 

configurations are potentially more biologically active it makes sense to add a bridge to restrict the 

macrocycle to the active cis-V configuration.66 A folded cis-V configuration is induced by an ethylene 

CB, when complexed to a metal ion nitrogen atoms occupy three equatorial sites and one axial site. 

This is different to trans-III, the most stable configuration, where nitrogen atoms occupy all four 

equatorial sites. This may explain the high activity observed with configurationally restricted 

copper(II) complexes because copper(II) interacts with an aspartate residue forming a shorter, 

stronger equatorial coordinate bond rather than a weaker axial bond, seen without a bridge.167, 170  

Crystal structures of CB macrocycle copper(II) complexes reported by Wong et al. showed five-

coordinate structures, a hydrogen bond is observed from one axial nitrogen atom to a second 

counter ion, 0.900 Å.61b Axial bond lengths for CB-cyclam copper(II) complex, ca. 1.96 Å, are shorter 

than equatorial bonds, ca. 2.10 Å.61b The structure, between an ideal square pyramid and trigonal 

bipyramidal, was best described as a distorted square pyramid. The apex of the distorted square 

pyramid geometry was a longer equatorial bond N(1)-Cu(1), in Figure 57, 2.138 Å. 

 
Figure 57 – Crystal structure of CB cyclam copper(II) complex bonding to perchlorate counterions (reproduced from 
Wong et al.)

61b
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3.3 SYNTHESIS OF BIS-MACROCYCLE LIGANDS 

The synthetic approach to novel bis-macrocycles was similar to that used by Bernier et al.164 

Synthesis of tetraazamacrocycles is well published, most likely due to their interesting properties 

such as basicity – they are proton sponges, redox behaviour and coordination chemistry, which is 

especially different when macrocycles are reinforced with an ethylene bridge.183 Bernier et al. 

synthesised an unsymmetrical di-substituted bridged cyclen to which a crown ether was attached, 

the bridge was finally removed to yield a novel bis-macrocycle.164  

3.3.1 Bis-Macrocycles Precursors 

Bis-macrocycles synthesised by our group have shown high affinity for the CXCR4 receptor, see 

Figure 23 in section 1.2.3.7.67, 71b, 81, 85 These macrocycles do not contain a group which allows 

additional conjugation. Attachment of pendant arms to bis-macrocycles provides functional groups 

to allow further conjugation to other molecules, such as fluorescent dyes or radiolabelled groups, 

and increases applicability of the compounds. A pendant arm can also enhance the compounds 

overall stability.189 Addition of a single pendant arm to bis-macrocycles shown in Figure 53 is not 

viable therefore a new synthetic route was devised to attain the desired compounds, see Scheme 6.  

 

Scheme 6 – Synthetic route to novel functionalised bis-macrocycles 
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Pendant arm functional groups were modified to enable subsequent conjugation, see Figure 58. Our 

group previously reported mono-macrocycles containing nitrobenzene, aniline and benzonitrile 

pendant arms.67, 102, 190 Compounds containing an aniline pendant arm are notably less reactive than 

other pendant arm functional groups because the nitrogen atom is bound directly to the aromatic 

ring, its lone pairs are involved in electron delocalisation which consequently decreases reactivity. 

Substituting an amine for a nitrile group introduces a carbon between the aromatic ring and 

nitrogen which, when reduced, ensures that the amine lone pair is not delocalised. Although, as the 

presence of the nitro group facilitates some alternative synthetic routes, the nitrobenzene pendant 

arm was still investigated, see Figure 58. Functional groups such as amines and azides facilitate 

conjugation of fluorescent dyes and radiolabelled groups which enable the synthesis of diagnostic 

agents for CXCR4 expressing tumours for use in optical and PET imaging.  

 

Figure 58 – Pendant arm functionalisation 

The work reported in chapter 2 outlines a successful route to isolate 9 based on a modified method 

by Le Baccon et al. therefore this method was applied for the synthesis of 5, 6, 7 and 8, see Scheme 

7, with the relevant pendant arm starting material.156 However, in all cases reacting glyoxal cyclen 

with excess pendant arm for 3 d led to the di-substituted product forming. In order to combat this, a 

molar equivalence of pendant arm was tested. Whilst MS and NMR indicated the products had 

formed they also showed a mixture of mono- and di-substituted macrocycles. As both quaternary 

salts were not readily soluble or easily purified a different procedure was tested to ensure a mono-

substituted product was obtained. The method reported by Del Mundo et al. in 2012 was modified 

and led to successful isolation of 5, 6, 7 and 8 with excellent yields ca. 90 % being achieved.161 

Glyoxal cyclen was reacted with an equimolar amount of pendant arm in a small quantity of dry THF. 

This method was advantageous because the reaction time was reduced to 24 h.  
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Scheme 7 – Synthesis of mono-macrocycle precursors 

5, 6, 7 and 8, see Scheme 7, were characterised by NMR, distinguished by peaks in the aromatic 

region and additional N-α-CH2 environments due to reduced symmetry within the molecule.  The 

yields of the mono-substituted macrocycles are comparable to similar work by Plutnar et al.,191 

100%, and Khan et al.,102 87%.  

3.3.2 Bis-Macrocycle Quaternary Salts 

Synthesis of bis-macrocycle quaternary salts, 22-27 see Scheme 8, was achieved using a modified 

method outlined by Bernier et al. and was similar to methods used for synthesising tris-

macrocycles,164 see chapter 2 section 2.4.1, with the exception that both precursors contained a 

pendant arm. Rationalisation for the long reaction time was to ensure the macrocycles reacted, 

because unlike Bernier et al. an excess of reactive macrocycle could not be used due to the difficult 

nature of purification. Furthermore the reaction was carried out at RT due to formation of side 

products at elevated temperatures discussed by Rohovec et al.192
 Methods for synthesising 

quaternary salts had to be adapted from those reported in the literature as there were not any 

methods reporting addition of a second functionalised macrocycle, highlighting the novelty of this 

work. Bencini et al. used MeCN to form a di-substituted glyoxal cyclen macrocycle which coincides 

with other literature methods whereby forming a multiply charged species primarily uses MeCN,90 

an example being the work by Silversides et al.154  
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Scheme 8 – Synthesis of bis-macrocycles quaternary salts 

When making symmetrical bis-macrocycles literature methods also use MeCN. What is more, the 

methylation of a mono-substituted single macrocycle to form the doubly charged macrocycle, as 

outlined by Silversides et al.,154 is carried out by suspending the macrocycle in MeCN and then 

adding methyl iodide. Rohovec et al. explored the synthesis of di-substituted glyoxal cyclen 

compounds and found that in some cases MeCN was not able to produce the di-substituted product 

and the addition of MeOH was required.192  One of those reactions was a di-substitution of a nitro 

functionalised macrocycle, the same as 6, however this problem was not observed in this work or by 

others in the literature.  

Two macrocycle suspensions were made with compounds 5 and either 6 or 7 in MeCN. Two 

analogous suspensions were made using DMF to provide comparative data. Reactions in DMF 

indicated that by-products and impurities were present, whereas reactions using MeCN gave pure 

22 and 23, see Scheme 8, indicating that MeCN is the solvent of choice for formation of 

unsymmetrical bis-macrocycles.  

The average yield was 66%, see Scheme 8, which is lower than reported literature methods of similar 

compounds.164 The lowest yield was obtained with ester functionalised bis-macrocycles, and could 

possibly be related to the fact that the ester is a bulkier functional group than the nitrile and nitro 

groups causing the reaction to be sterically hindered. Nonetheless, satisfactory yields of 60% and 

42% for 24 and 27, see Scheme 8, were achieved. Silversides et al. for instance achieved a 

quantitative yield for a di-substituted bridged-cyclam, see Figure 59, yet the second group attached 

was a methyl group.154 The methyl group is significantly smaller than compounds 5 or 9, see Scheme 

8, which could explain the lower yields of 24 and 27 if the reaction was sterically hindered. Lower 

yields were observed when bulkier groups were added, see L116 and L117 in Figure 59. 
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Figure 59 – Structure of di-substituted macrocycles from the literature
90, 154, 164 

An issue experienced during the synthesis of the bis-macrocycle quaternary salts was their poor 

solubility which subsequently caused difficulty when trying to obtain MS data. In all cases 22-27 

were clearly characterised by NMR due to additional peaks in the aromatic region and extra Haminal 

peaks at approximately 4 ppm in the 1H NMR spectrum.  As was observed in chapter 2, when the 

macrocycles were reduced their solubility significantly increased and full characterisation was more 

easily obtained. Impurity was noted for 27 following elemental analysis.   

3.3.3 Bis-Macrocycle Reductions 

Reduction of macrocycle quaternary salts is an established route to isolate final macrocyclic 

products.61a, 160a Reduction via NaBH4 in an ethanolic solution is slow ca. 14 days but affords a single, 

desired product and can be used to attain both SB and CB macrocycles effectively. An established 

procedure was followed for the reduction of 22-27,61a, 160a see Scheme 9, and no significant 

difference in yields was noted, yields of approximately 70% were achieved with the exception of 30 

where 45% was attained. These yields were less than those reported by Wong et al. and Silversides 

et al. whereby more than 80% was achieved.61b, 154 An explanation for the lower yields could be the 

smaller scale of the reactions.  

 
Scheme 9 – Reduction of bis-macrocycles with NaBH4 

Isolation of the desired products, 28, 29, 31 and 32, see Scheme 9, was confirmed by 13C NMR which 

showed the disappearance of the Caminal peaks, although slight impurity was introduced during the 
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reduction (~10 %) for 28, 29, 30, 31 and 32. The NMR data collected for 33 suggested that the 

expected product had not been isolated and HRMS identified an additional CH2 was present. The CH2 

was assigned to an ethyl group on the ester functional group instead of a methyl group.193 Normally 

transesterification requires a high temperature and catalysts although a recent publication suggests 

that transesterfication is possible especially with methyl esters at RT.193-194 Data confirmed that 

previous stages had afforded the desired product. Transesterification for 33 was facilitated by the 

long reaction time and confirmed by 1H NMR, an increase in peak intensity and shift from 3.77 ppm 

to 5.08 of the O-CH2 peak. Transesterification during reduction was not observed for 30 confirming it 

was successfully isolated. 

In summary, a range of bis-macrocycles have been effectively reduced using NaBH4, long reaction 

times are necessary due to the time required to form a CB. Overall, desired products were 

successfully isolated although an unexpected product was attained following reduction of 27.  

Future work could include optimising the yields of 30 and 28, potentially by performing more 

extraction cycles.  

3.3.4 Modification of Bis-Macrocycle Functional Groups 

Smith et al. reported an effective method to reduce nitrile groups on SB and CB macrocycles using 

LiAlH4 in THF and heating at reflux for 3 h, yields of more than 75% were achieved.67, 195 Following 

this method 28 and 31 were reduced to afford the methylamine products 34 and 35, see Scheme 10, 

in lower yields than reported in the literature for similar compounds.67, 195 Products were 

characterised by 13C NMR, showing absence of a nitrile peak, although impurities (<10%) were 

observed, HRMS confirmed isolation of 34 and 35. Differentiation between NH2 and NH proton 

peaks was determined by comparison of SM and product 1H NMR data and noting the integration 

when referenced against a known peak. 

 

Scheme 10 – Reduction of nitrile group with LiAlH4 

Our group previously reported hydrogenation of a nitro group on SB-cyclam using 5% palladium on 

calcium carbonate, poisoned with lead, in methanol stirred overnight under an atmosphere of 

hydrogen.102 An alternative reduction method was conducted by Kaye et al. in 1951 to reduce a 
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nitrobenzene derivative to the aniline deriviative,196 conditions and reagents were 10% palladium on 

activated charcoal in ethanol under a hydrogen atmosphere for 1 h. High yields, 80%-96%, were 

attained by Kaye et al. Sun et al. used similar conditions with the exception that ethanol was 

substituted for ethyl acetate and the solution was under an atmosphere of hydrogen for 9 h.197 This 

highlights the range of similar reported routes to reduce a nitrobenzene group. There are no reports 

in the literature reporting reduction of a nitro group on CB-macrocycles or SB-cyclen bearing a nitro 

pendant arm. The method to reduce 29 and 32 used a poisoned catalyst to control the extent of 

reduction and prevent debenzylation, see Scheme 11. 32 was successfully reduced after 4 h in 

ethanol and an almost quantitative yield was achieved. The distinctive shift of peaks in the aromatic 

region in 1H NMR, from ~8.20 ppm to ~7.30 ppm, is characteristic of a nitro reduction and confirmed 

isolation of 37, in addition to HRMS characterisation. Impurity was identified in elemental analysis of 

37 and assigned to excess solvent molecules associated with the macrocycle.  

 

Scheme 11 – Hydrogenation of nitro groups on 29 and 30 with hydrogen and Pd/C catalyst 

Following the success of 37 the same method was used to reduce 29 although data suggested 

debenzylation of the nitro-pendant arm. As conditions and reagents were identical to 37 a 

rationalisation for this is that the catalyst was insufficiently poisoned therefore reduction was too 

efficient to prevent debenzylation. Owing to this the reaction was repeated with a lower pressure 

supply of hydrogen, a hydrogen balloon, to prevent debenzylation. After 4 h the reaction was 

analysed and the characteristic 1H NMR aromatic peak shift was observed demonstrating the 

isolation of 36.  

Triazotization reactions are well documented in the literature with a wide variety of reagents being 

used.198 Triazotization reactions were conducted on 36 and 37 leading to the azide functionalised 

bis-macrocycles 38 and 39, see Scheme 12. Conversions of this type in the literature attain yields 

ranging from 15%-100% and are commonly conducted on simple aromatic molecules therefore 

potentially bulky bis-macrocycles may sterically hinder the reaction resulting in low yields. Griffin et 

al. achieved an 81% yield when converting (4-aminophenyl)methanol to (4-azidophenyl)methanol 

using HCl, sodium nitrite and sodium azide at 0-5oC.199 The same reaction and method was carried 
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out by Belkheira et al. but an almost quantitative yield was attained, indicating that reaction yields 

can vary.200 Other routes to synthesise azidobenzene deriviatives involve replacement of HCl with 

H2SO4, to give an 83% yield.201 A 6 h reaction with trifluoromethanesulfonyl azide, copper(II) sulfate 

in methanol, DCM and water, gave 100% and 15% yields,198, 202 and the use of tertiary-butylnitrite, 

trimethylsilylazide in MeCN at 0-20oC gave a  95% yield.203 

 

Scheme 12 – Triazotization of amine functionalised bis-macrocycles 

The most commonly used method with which highest yields were attained was the deciding factor 

when it came to selecting a method for triazotization of 36 and 37, HCl, sodium nitrite and sodium 

azide were used at 0-5oC. A low reaction temperature is required to isolate the desired product 

because at higher temperatures the diazonium salt decomposes and is given off as nitrogen gas 

leaving the aryl cation vulnerable to nucleophilic attack which can result in a mixture of products. 

Addition of sodium azide enables a controlled nucleophilic aromatic substitution to occur, the 

diazonium group is given off as nitrogen. The low yield of 38, 25%, could be attributed to loss of 

macrocycle in the aqueous layer during extraction because it was not basic enough. 38 and 39 were 

characterised by HRMS.  

3.3.5 Bis-Macrocycle Conjugation Reactions 

The term “click chemistry” was first coined by Kolb et al. to describe a group of selective,204 high 

yielding reactions which occur under mild conditions, for example at room temperature and in 

benign solvents such as water, using readily available starting materials and reagents, any by-

products should be non-toxic and easily removed. The most common “click chemistry” reaction, or 

“click” reaction, is the azide-alkyne cycloaddition reaction.205 The azide-alkyne 1,3-dipolar 

cycloaddition reaction was discovered in 1963 by Huisgen but was ignored because of the high 

temperatures and pressures required to drive the reaction.206 It was not until Kolb et al. employed 

copper(I) as a catalyst, see Figure 56, that the reaction received significant interest. The reaction 

schematic shown in Figure 56 results in the formation of 1,2,3-triazole and is commonly known as 

the CuAAC reaction which stands for copper(I) catalysed azide alkyne cycloaddition.205 Since then, its 
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use in the field of organic chemistry, medicinal chemistry and materials science has been exploited 

as a result of its lack of reactivity with natural biomolecules and its reliability.207  

 
Figure 60 – Components required to perform the azide-alkyne cycloaddition reaction as outlined by Kolb et al.

204
 

Click reactions, commonly described as “spring-loaded”, depend on highly energetic reagents or 

reactants.208 Other examples of click reactions are hetero Diels-Alder reactions, nuclophilic ring 

opening reactions such as epoxides and aziridines, and azide-phosphine coupling also known as the 

Staudinger ligation. In 2005, Himo et al. proposed a mechanism for the popular CuAAC reaction,209 

see Figure 57. The copper(I) catalyst reduces the activation barrier by 11 kcal/mol and rapidly drives 

the reaction forward with high selectivity.210 A range of copper(I) catalysts are available such as 

copper(I) iodide, copper(I) bromide and copper(II) sulfate which is reduced in situ with sodium 

ascorbate. What’s more the reaction is not limited to particular solvents, as displayed by Szíjjártó et 

al. and Aucagne et al.,211 but a high number of reactions use aqueous media.204  

 
Figure 61 – Proposed mechanism for CuAAC reaction

209
 

Preparation of a “click” generated cyclam fluorophore was achieved by Tamanini et al., see L118 in 

Figure 58.212 An alkyne functionalised cyclam ring was synthesised by reacting propargyl bromide 

with triboc-cyclam before reaction with 6-azido-2-ethyl-benzo[de]isoquinoline-1,3-dione, the azide 

functionalised fluorophore. The protecting groups were then removed to afford L118. The click 

reaction was carried out in THF/H2O (7:3) using copper(II) sulfate pentahydrate in combination with 
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the reducing agent sodium ascorbate at RT overnight under an atmosphere of nitrogen. The 

cycloaddition click reaction occurred smoothly and was high yielding, 82%. A different catalyst was 

used by Szíjjártó et al. who synthesised a series of cyclen lanthanide complexes, a selection of which 

are shown in Figure 58, L119 to L121. Placement of the clickable groups, either on the macrocycle or on 

the attached group, did not affect the reaction and high yields for L119 to L121, 98%, 96% and 90% 

respectively, were achieved. What’s more, a range of pendant arms and “clickable” groups were 

explored and in all cases reasonable yields were attained. All “click” reactions were carried out in a 

microwave at 100oC for 15 min, for L121, to 30 min, for L119 and L120. Unlike Tamanini et al., a slight 

excess, 0.1 excess, of coupling partner was used in the presence of copper(I) iodide catalyst, 5%. The 

group explored the reaction further by conjugating multiple macrocycles via their disclosed “click” 

cycloaddition reaction to afford L122, see Figure 58, but a low yield, 34%, was obtained. 

 

Figure 62 – “Click” generated macrocyclic imaging agents 
211a, 212

 

Incorporation of a functional group, which enables bioorthogonal chemistry, is highly advantageous 

because rapid reactions using mild conditions and reagents can effectively label a molecule with an 

imaging group. The term bioorthogonal chemistry was coined by Bertozzi and refers to chemistry 

reactions that can occur in vivo.213 The reactions should be rapid, selective, biologically and 

chemically inert and biocompatible. This area of chemistry is of particular interest because there is 

no requirement for a copper catalyst which can be problematic when handling macrocycles with 

excellent chelating properties. A number of bioorthogonal reactions were investigated to test 
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whether these copper-free click reactions were feasible, groups which facilitated the tetrazine 

ligation and the cyclooctyne strain promoted azide alkyne cycloaddition (SPAAC) reaction were 

tested.  

A test reaction was conducted on 39 to determine whether the bis-macrocycle would undergo a click 

reaction with a strained alkyne group tagged with a fluorescent dye, see Scheme 13. The SPAAC 

reaction was explored due to its high reactivity towards azides and stability. The rhodamine derived 

fluorescent dye was selected due to its high photostability and pH insensitivity. The reaction outlined 

by the manufactures, Click Chemistry Tools, was followed but briefly involved incubating the two 

reagents in a solution of MeOH for 1 h in the dark at RT. EtOH is a frequently used solvent but was 

not chosen because the dye was not soluble in it. The reaction was carried out on a half mg scale 

therefore NMR characterisation could not be obtained as the spectra would have been too weak. 

LRMS indicated that both starting materials were not present in the sample but the product was not 

identified.This reaction requires further investigation, although the failure of a click reaction with a 

macrocycle has been previously experienced in this work, see section 4.3.3 and 4.3.4, and in 

previous unpublished work within the group. 

 

Scheme 13 – Attempted conjugation of an azide functionalised bis-macrocycle to a fluorescent dye  

The addition of tetrazine to a macrocycle has not been previously reported but the group facilitates 

a different copper-free click selective reaction with trans-cyclooctene, TCO. Conjugation reactions to 

form 41 and 42, see Scheme 14, were carried out using tetrazine-PEG4-NHS in DMSO and extremely 

small quantities of 34 and 35, 60 µg, in PBS buffer as outlined by the manufacturers of the tetrazine 
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reagent. The reaction involved incubating the reagents for 1 h at RT before quenching the reaction 

with tris-HCl and incubating for a further 5 min. The products were purified through desalting 

columns packed with Sephadex PD-10. Once again characterisation was limited due to the small 

scale of the reaction but MS data for 41 and 42 revealed weak mass ion peaks suggesting that the 

reaction did not go to completion so these reactions require further investigation but SM peaks were 

not observed so 41 and 42 may not have flown very well in the MS instrument.  

 
Scheme 14 – Conjugation of amine functionalised bis-macrocycle to tetrazine-PEG-NHS 

An alternative method to incorporate an imaging group onto the macrocycle is the conjugation of 35 

with DOTAGA-anhydride, see Scheme 15. The resulting product will not undergo bioorthogonal 

reactions but it does allow the incorporation of 68Ga which can be used in PET imaging.  
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Scheme 15 – Attempted Conjugation of amine functionalised bis-macrocycle to DOTAGA-anhydride 

The modified method reported by Sunil et al. was followed,214 the reaction time was increased to 

ensure the reaction went to completion due to the large steric hindrance created by joining the two 

bulky starting materials. Isolation of 43 was not clearly characterised by NMR; 1H NMR did not 

contain the carboxylic acid protons and the potential amide proton was lower than expected. MS 

data confirmed that 35 was not isolated. As the mono-macrocycle reaction, 75 see Figure 63 and 

chapter 4 section 4.3.5, was successful a justification for the reaction failure could be that 35 is 

bulkier than 75 hence steric hindrance is disfavouring the reaction. On the other hand, the test 

reaction was conducted with a SB macrocycle whereas 35 is CB, this suggests that the folded CB 

shape could be hindering the reaction, although perhaps the larger 14-membered cyclam ring, of 75, 

is more suited to assisting the reaction than 12-membered cyclen, 35, the longer cyclam carbon 

chain may facilitate enough movement to favour the reaction with DOTAGA-anhydride. This reaction 

requires further investigation. 

 
Figure 63 – Structure of 75, discussed in section 4.3.5. 
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3.4 SYNTHESIS OF BIS-MACROCYCLE METAL COMPLEXES 

3.4.1 Metal Chelation 

Molecules 28 – 37 and 39, see Figure 64, were coordinated to copper(II) and zinc(II) acetate. The 

acetate salt was chosen because it is known to have no negative effect on solubility. Further to this, 

acetate salts have no toxicity effects, our group has previously shown that hexafluorophosphate 

salts of similar compounds can exhibit high toxicity in vivo. Another reason for choosing the acetate 

salt for all complexes was to ensure that any differences observed between macrocycles in the 

biological evaluation were due to the macrocycle structure only and not as a result of an alternative 

metal counter ion.  

 
Figure 64 – Structures of bis-macrorcycle copper(II) and zinc(II) complexes 

Due to time constraints bis-macrocycles were only coordinated to zinc(II) and copper(II), see Figure 

64, although coordination to nickel(II) provides an attractive avenue for future work. NMR 

characterisation of zinc(II) complexes confirmed successful isolation of all products by the presence 

of the acetate methyl peaks and distinctive carbonyl peak in the 13C NMR spectra. Isolation is 

confirmed because un-coordinated metal salts would have been removed during purification via size 

exclusion chromatography (Sephadex LH20) therefore the presence of these peaks in NMR confirm 

that these counter ions are associated with the macrocycle due to incorporation of a metal ion into 

the macrocyclic cavity.  
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Due to reduced flexibility of CB macrocycles longer reaction times were used for metal complexation 

to guarantee metal ion encapsulation in both SB and CB macrocycles. Overall, high yields were 

obtained (45-91%) with the exception of [Cu229]4+, see Figure 64, which is likely to have a lower yield 

due to the use of an old Sephadex column, this problem was also observed in previous work, see 

chapter 2 section 2.4.4. In general, higher yields were obtained for macrocycles containing a 

terminal SB-cyclam macrocycle, although as the purification process can cause loss of up to 30 % of 

product this may just be a coincidence and is a likely explanation for the range of yields obtained 

(28% - 91%). Solvent molecules were noted in the elemental analysis for all complexes however 

crystallography data often depicts the association of solvent molecules within the unit cell, high 

impurity was noted in [Cu228]4+, [Cu230]4+, [Cu236]4+ and [Zn236]4+ but this may be as a result of 

insufficient drying. Carbonyl peaks in [Zn230]4+ and [Zn233]4+ were assigned in 13C NMR by noting the 

position of the ester carbonyl peak in prior steps and comparing this with metal complex 13C NMR 

data, the acetate carbonyl peak was lower field in both cases. Due to time constraints the azide 

functionalised bis-SB-cyclen-CB-cyclen macrocycle zinc(II) and copper(II) complexes were not 

synthesised but it would be interesting to synthesise these complexes to ascertain their similarity in 

affinity to the complexes of 29 and 36.  

3.4.2 Conjugation Reactions of Bis-Macrocycle Metal Complexes 

Zinc(II) and copper(II) complexes of 39 were conjugated to carboxyrhodamine 110 

dibenzocyclooctyl, see Scheme 16,  as outlined in section 3.3.5. Isolation of [Cu240]4+and [Zn240]4+ 

was not confirmed by MS, although an unidentified peak at 1082.6 could be a fragment of [Zn240]4+. 

Presence of dye SM was observed in the MS of [Zn240]4+ so if the reaction did isolate the desired 

product it contained a mixture of SM and product. No SM peaks were observed in the MS of  

[Cu240]4+ but neither were product mass ions, it is again possible that the complexes did not fly very 

well in the MS instrument but further work would be required to confirm that these compounds can 

be synthesised. 
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Scheme 16 – Attempted conjugation of amine functionalised bis-macrocycle metal complexes to tetrazine-PEG-NHS 

Metal complexes of 34 and 35 were conjugated to tetrazine-PEG-NHS, see Scheme 17, using the 

same methods as 41, see section 3.3.5. Characterisation by MS suggested [Cu241]4+, [Cu242]4+ and 

[Zn242]4+had been isolated, but only weak peaks were observed so the reaction may not have gone 

to completion, although the compounds may not have flown very well as noted for 41 and 42. Loss 

of acetate counterions and zinc(II) ions were observed for [Zn241]4+ and may be as a result of 

decomposition during the MS analysis. Further investigation into these reactions is required. 

 

Scheme 17 – Conjugation of amine functionalised bis-macrocycle metal complexes to tetrazine-PEG-NHS 
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3.5 CONCLUSIONS 

This chapter outlines the synthesis of a novel collection of N-functionalised bis-macrocycles for 

different imaging applications. Zinc(II) and copper(II) complexes have also been synthesised and the 

biological profile of these complexes was determined and will be discussed in chapter 5 section 

5.3.5. Unsymmetrical, configurationally restricted bis-macrocycles may improve interaction with the 

CXCR4 receptor based on findings by Bridger et al. who identified that symmetry was not a 

requirement for high anti-HIV activity.79 A novel multi-step synthetic route led to isolation of bis-

macrocycles containing both SB and CB macrocycles linked by a para-substituted linker group, 

overall high yields were obtained for 28-33. The terminal linker group was functionalised with nitro, 

nitrile, amine, azide and ester groups and conjugation to imaging groups for use in PET imaging or 

optical imaging was explored. Synthesis of macrocycles containing an azide group, 38 and 39, or an 

ester group, 30 and 33, has not been previously reported. 
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3.6 FUTURE WORK 

In order to complete the series of bis-macrocycles it would be worth synthesising zinc(II) and 

copper(II) complexes of azide functionalised macrocycle 38. These complexes, in conjunction with 

[Zn239]4+ and [Cu239]4+, could then be tested in a series of copper-free click reactions to determine 

whether they could be labelled with 18F. The complexes could then be tested in vivo as PET imaging 

agents once in vitro parameters of cold (19F) derivatives were ascertained.  

The series of bis-macrocycles synthesised in this chapter were not coordinated to nickel(II) therefore 

it would be interesting to determine whether high affinity was observed for these complexes and 

whether the affinity follows the trends of the tris-macrocycles biological activity profile. 

A more in depth investigation into the synthesis of 40 should be conducted in order to determine 

whether an azide functionalised macrocycle successfully undergoes SPAAC reaction as the initial 

findings were not conclusive. Furthermore, copper-free click reaction precursor, 42, requires a more 

detailed evaluation to ascertain whether the tetrazine group was successfully isolated. Once 42 has 

been synthesised in high yield its ability to facilitate selective copper-free click reaction with trans-

cyclooctene, TCO, could be explored. This provides an additional route to radiolabel macrocycles 

with 18F which would be attached to the TCO group. 

Conjugation of DOTAGA-anhydride to 35 requires optimisation because the experimental method 

established for mono-macrocycle 75, see chapter 4 section 4.3.5, did not successfully translate to 

bis-macrocycle, 35. Once optimised 43 could be radiolabelled with 68Ga(III) following conventional 

methods. Future studies involving conjugation of multiple bis-macrocycles to the DOTAGA analogue 

could be completed, see Figure 65. Extra macrocycles could improve affinity as Sano et al. 

experienced increased affinity when multiple CXCR4 targeting peptide groups were bound to 

DOTA.215 This idea could be taken further by substituting one acetate arm on DOTAGA-anhydride, for 

another acid anhydride group, only two acetate arms are needed for 68Ga encapsulation, this would 

enable conjugation to another bis-macrocycle. It would be interesting to see what difference, one to 

four bis-macrocycles made to the compounds affinity. 

Once these macrocyclic compounds had been isolated they could be conjugated to an imaging group 

and a biological evaluation could be undertaken to determine if this additional steric bulk has any 

effect on the ability of the macrocycle to interact with the CXCR4 receptor.  
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Figure 65 – Potential routes to improve the affinity of DOTAGA conjugated bis-macrocycles 
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4.1 SYNTHETIC STRATEGY 

Novel synthetic routes to isolate previously unreported pendant arms were explored. These pendant 

arms were attached to mono-macrocycles to obtain a series of novel configurationally restricted CB 

and SB mono-macrocycles. The ability of these macrocycles to successfully undergo click reactions 

was subsequently investigated. Alternative pendant arms bearing different functional groups were 

also studied for conjugation to imaging groups. Conjugation to such groups enables the use of mono-

macrocycles in medical imaging to identify CXCR4 expression. Mono-macrocyclic copper(II) and 

zinc(II) complexes of SB macrocycles were also explored. Mono-macrocycles were synthesised as 

part of a model system whereby successful synthetic schemes would be extrapolated to bis-

macrocycles which have demonstrated higher affinity for the CXCR4 receptor. This chapter discloses 

a wide range of test reactions using mono-macrocycles due to their ease of synthesis and therefore 

potential to obtain a large amount of data rapidly.  

4.2 PREVIOUS STRATEGIES 

In recent years many mono-macrocycles have been synthesised for a wide range of applications such 

as chemical synthesis, as active catalysts for alkene oxidation, materials with optical and electronic 

properties but there has also been an extensive amount of work conducted into biological 

applications.68 Gano et al. synthesised novel tetraazamacrocycles complexed with 153Sm and 166Ho in 

order to develop bone metastasis targeting agents, shown in Figure 66.69 Cao et al. explored 

tetraazamacrocycles as HIF prolyl hydroxylase 3 (PHD3) inhibitors for diseases requiring the up-

regulation of HIF related genes, this was accomplished through chelating iron(II) generating 

structures.70 It would be interesting to see what activity all these compounds had for the CXCR4 

receptor. 

 
Figure 66 – Tetraazamacroycles synthesised by Gano et al.

69
  

One of the most commonly investigated mono-macrocycles for CXCR4 antagonism is cyclam. Cyclam 

is a 14-membered ring and was one of the earliest azamacrocycles tested as an anti-HIV agent.18 Its 

activity originated from its ability to target and block the CXCR4 receptor. An impurity in one cyclam 

batch led to the development of the FDA approved bis-macrocycle AMD3100. Quantum chemistry 

docking studies revealed that cyclam binds to aspartate residues through three hydrogen bonds. 

This differs from zinc(II) bound cyclam which was found to bind with one strong coordinate bond 
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and one hydrogen bond providing an explanation as to why metal complexes show enhanced 

binding.168 Like other multi-ring macrocycles mono-macrocycles can be C-functionalised or N-

functionalised.  

Archibald and co-workers have investigated both C-functionalised and N-functionalised 

macrocycles.67, 71b, 81, 102, 160c, 190, 216 Archibald and co-workers have been at the forefront of research 

into reinforced mono-macrocycles which has resulted in the synthesis of a range of functionalised 

mono-macrocycles enabling conjugation to molecules such as fluorescent dyes and radiolabelled 

groups. 

4.2.1 C-Functionalised Mono-Macrocycles 

In the mid 1990’s Edlin et al. reported the C-functionalisation of cyclen using an iron(III) template, 

see Figure 67.217 The iron(III) template led to the easy isolation of a series of C-functionalised cyclen 

macrocycles whereas the use of nickel(II) and chromium(II) chloride templates resulted in moisture 

sensitive intermediate products and de-metalation to isolate the macrocycle proved difficult. The 

use of iron(III) as a template was preferred because during sodium borohydride reduction of the 

diimine intermediate the iron(III) centre was also reduced which resulted in successful de-

metalation. The group incorporated N-functionalisation into the mono-macrocycles and investigated 

the photophysical properties of europium(III) and terbium(III) complexes. 

 
Figure 67 – Cyclen C-functionalised and N-functionalised macrocycles by Edlin et al.

217
 

Archibald and co-workers reported the synthesis of a mono-macrocycle bearing a nitro 

functionalised pendant arm on the 6-C position as well as N-functionalisation using a butanedione 

template,190b  see Figure 68. They also synthesised a mono-macrocycle containing a 4-nitrobenzyl 

pendant arm at the 6-C position in addition to benzyl pendant arms on one or two adjacent nitrogen 

atoms. The synthetic route to C-functionalised macrocycles was very different to standard N-

functionalised macrocycle synthesis and involved cyclising the macrocycle ring with 2-(4-

nitrobenzyl)-1,3-dibromopropane and a butanedione derived bisaminal to yield the bridged 

macrocycle, L128 shown in Figure 68. The bridge facilitated the selective addition of benzyl pendant 

arms to nitrogen atoms and was then removed to afford L129 and L130, see Figure 68. The application 

of these molecules was as a bifunctional chelator, BFC. Further work by Archibald and co-workers 
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led to the synthesis of a configurationally restricted C-functionalised and N-functionalised mono-

macrocycle, L131, for use as a BFC.190a  

 

Figure 68 – C-functionalised and N-functionalised macrocycles synthesised by Archibald and co-workers
190

 

Boschetti et al. investigated C-functionalised mono-macrocycles as BFCs.218 The benefit of C- 

functionalisation is that the C-functionalised group can be modified as required but the amine 

groups remain available for further conjugation to other coordinating groups. The 12-14 membered 

C-functionalised mono-macrocycles, L132-L137, were isolated following the bisaminal route using a 

butanedione template and are shown in Figure 69. The group is currently exploring the N-

functionalisation of this series of macrocycles. 

 
Figure 69 – C-functionalised mono-macrocycles by Boschetti et al.

218
 

C-functionalised dioxocyclam macrocycles, see Figure 70, have been investigated by multiple groups 

due to their interesting metal complexing characteristics.71a, 219 Due to the loss of two amide protons, 

during metal complexation, metal binding was highly pH sensitive. This property provides a novel 

application for macrocycles as pH indicators. 

 
Figure 70 – Dioxocyclam C-functionalised macrocycles

71a, 219
 

4.2.2 N-Functionalised Mono-Macrocycles 

There is a vast amount of research reporting N-functionalised macrocycles which is not possible to 

summarise here. A selection of rigidified mono-macrocycles bearing at least one pendant arm will be 
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discussed to give an idea of the scope of research conducted. Rigidified macrocycles provide 

selective reaction sights which allow controlled addition of coordinating groups.  

Archibald and co-workers have reported many examples of reinforced mono-macrocycles following 

initial steps taken by Wainwright and Hancock,60, 62 to isolate SB macrocycles, and Weisman and 

Wong, to isolate CB macrocycles.61a Quaternisation of one of the four tertiary amines in bridged 

cyclam with an alkyl halide containing pendant arm resulted in the synthesis of this precursor. Smith 

et al. synthesised side-bridged macrocycles, see L142 and L144 in Figure 71, functionalised with either a 

nitrile or amine containing pendant arm, L142 and L143, by simply reducing the macrocyclic precursor 

in an ethanolic solution of sodium borohydride.67 Silversides et al. synthesised a series of CB mono-

macrocycles, see L144, L145 and L146 in Figure 71, for use as BFCs derived from a mono-substituted 

mono-macrocycle quaternary salt precursor.154 Silversides et al. went on to quaternerise a second 

tertiary amine on the adjacent group affording the desired product in approximately 85% yield. 

Subsequently, reduction with sodium borohydride led to the isolation of the CB macrocycles 

outlined in Figure 71, L147 to L150. Biological studies have shown these types of compounds to 

selectively bind to the CXCR4 receptor. These macrocycles are highly attractive as they facilitate 

conjugation to further groups which improve CXCR4 affinity and can increase the number of 

applications. 

 

Figure 71 – Mono-macrocycles synthesised by Archibald and co-workers 

Plutnar et al. synthesised a series of unsymmetrical mono-macrocycle copper(II) complexes, L151-L154 

with the aim to develop a radiolabelled BFC for in vivo applications, see Figure 72.191 The synthetic 

route to attain the SB cyclam with a nitro functionalised pendant arm was outlined previously by our 

group.102 An unexpected product L151 was synthesised by reacting BrCH2COOH with 5-(4-nitrobenzyl)-

side-bridged cyclam.191  Plutnar et al. noted that the reaction occurred at N1 either because the 

twisted boat piperazine conformation means that the nitrogen atom cannot participate in hydrogen 

bonding thus is available for substitution or that the nitrogen’s lone pair is pointing outwards as the 

piperazine is in the chair conformation. It was found that increasing the polarity of the solvent led to 
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reaction at N8 and the isolation of L152. Compounds L153 and L154 were synthesised via Mannich-type 

reactions in low yields of 27% and 12% respectively. The thermodynamic stability constants of 

[CuL151]2+ were ten times higher than L153, however the overall values were lower than expected for 

constrained tetraazamacrocycles. It was recommended that the macrocycles could be used for 

copper(II) radiolabelling, although no remarks were made on the binding affinity these compounds 

would have for the target. The findings detailed by Plutnar et al. are important should further 

conjugation to SB-macrocycles be conducted as they outline specific conditions for reaction at 

particular nitrogen atoms. 

 
Figure 72 – Plutnar et al.’s N-functionalised mono-macrocycles

191
 

Weisman, Wong and co-workers have published a series of CB cyclen and cyclam macrocycles with 

phosphate and carbonyl containing pendant arms as BFCs.171, 220 Wong and co-workers synthesised 

L155 and L156, see Figure 73, recently and determined that the corresponding 64Cu complexes showed 

encouraging kinetic inertness both in vitro and in vivo.171 These two compounds were the first 

examples of CB-cyclam analogues that could be radiolabelled with 64Cu without the need for harsh 

conditions. The radiochemistry reactions were conducted at RT in 0.4 M ammonium acetate buffer, 

pH 6.5, and involved shaking for 10 min with 64CuCl2 in 2 M HCl. These findings were significant 

because these conditions provide a rapid route to a highly stable PET imaging agent which means 

that a greater portion of the half-life can be spent completing multiple tests on the patient. The 

study is of high relevance to this work and incorporation of 64Cu into a macrocycle using similar 

conditions is reported in chapter 6 section 0. 

Weisman and co-workers synthesised a series of CB cyclen and cyclam macrocycles, see L157 and L158 

in Figure 73, and evaluated their potential as BFCs.220 The longer alkyl chains in L157 and L158 did not 

negatively impact the stability of the copper(II) complexes however poor clearance of the complexes 

in vivo was noted. This is important to consider when designing novel PET imaging agents as rapid 

clearance is a desirable property. 
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Figure 73 – Structures of CB mono-macrocycles synthesised by Weisman, Wong and co-workers

171, 220
  

4.3 SYNTHESIS OF FUNCTIONALISED MONO-MACROCYCLES 

Mono-macrocycles have been synthesised by several groups, as described in section 4.2, and shown 

affinity for the CXCR4 receptor. Mono-macrocycles provide an ideal starting point for the 

development of new synthetic strategies to afford new endeavours due to their ease and speed of 

synthesis compared to bis-macrocycles.  

The synthesis of novel mono-macrocycles will be outlined in this chapter. Mono-macrocycles were 

synthesised and utilised as model systems for bis-macrocycles, the synthesis of which is discussed in 

chapter 3 section 3.3. A model system was chosen because a series of novel reactions could be 

evaluated rapidly. Mono-macrocycles are also relevant because they can be conjugated to other 

groups which enhance their applications as well as strengthen their interaction with the CXCR4 

receptor through conjugation to a high affinity group. 

The schematic shown in Figure 8 highlights the overall aims of the chapter and the large variety of 

synthetic routes explored. In order to isolate functionalised mono-macrocycles, precursors 

containing desirable functional groups were synthesised. The synthetic route to glyoxal cyclam and 

glyoxal cyclen has been discussed earlier in chapter 2 section 2.4.1 therefore this discussion will 

focus on the synthetic routes after these steps as well as the synthesis of macrocycle pendant arms 

which resulted in the isolation of a series of novel mono-macrocycles. 
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Figure 74 – Schematic of synthetic routes explored incorporating mono-macrocycles  

4.3.1 Synthesis of Pendant Arms 

Whilst there are an abundance of click chemistry reactions, as discussed in section 3.3.5, the 

commonly used Cu(I) catalysed  azide alkyne Huisgen cycloaddition was selected. The pendant arm 

was synthesised separately because it meant purification was a lot less problematic as macrocycles 

are difficult to purify once they contain a bridge. It also meant that the data was much less 

complicated and easier to interpret which meant isolation of the desired product was quicker. Once 

functionalised the pendant arm was reacted with the macrocycle and the established synthetic route 

to isolate a SB and CB macrocycle was followed. 

In order to develop macrocycles able to undergo click reactions the incorporation of an azide and 

alkyne group onto the pendant arm was investigated as part of this work. The advantage of 

synthesising both variations was that comparisons could be made during click reactions and any 

differences could be ascertained. The starting point for both pendant arms was α-α’-dibromo-p-

xylene because it is a readily available reagent and would isolate the product in one synthetic step, 

although varying degrees of success were experienced during the synthesis of the pendant arms.  
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The attempted synthesis of an azide containing pendant arm is outlined in Scheme 18. Small azide 

compounds can be explosive but a general rule outlined by Bräse et al. states that if the 

carbon:nitrogen rule is followed then azide compounds can safely be isolated and handled.221 If the 

sum of carbon and oxygen atoms divided by the number of nitrogen atoms is equal to or more than 

three then the compound is seen as safe. If the number of azide nitrogens is higher than the total 

number of carbon and oxygen atoms then the compound is very likely to be explosive.  

The first synthetic route to synthesise 47 began by reacting α-α’-dibromo-p-xylene with a molar 

equivalent of sodium azide in dry DMF. A mixture of products was expected (47 and 47b) and thin 

layer chromatography (TLC) was used to determine whether the products could be separated. 

Unfortunately, the products had the same Rf values and therefore could not be separated. 

Nonetheless, the Staudinger reaction and the ninhydrin stain provided evidence that the reaction 

had yielded the desired product.  

 
Scheme 18 – Attempted synthesis of an azide containing pendant arm  

Consequently, an alternative synthetic route was tested which began with the reduction of methyl-

4-(bromomethyl)benzoate with LiAlH4 to afford compound 48 in 33% yield, see Scheme 18. 48, was 

characterised by NMR and MS.  

Nucleophilic substitution of the bromide to an azide using sodium azide was subsequently 

conducted to obtain 50. The reaction was tried in two different solvent systems the first used water, 

a method obtained from Ju et al.,222 and the second method with DMF. The second method was 

disclosed by multiple researchers, Luehr et al.,223 Maury et al. and Lee et al., who all obtained almost 

quantitative yields.224 However, neither reaction resulted in the desired product being isolated. It 

would be worth testing conditions and solvents, such as THF and DMSO used by other groups, in the 

future. An alternative rectification could be increasing the heat to drive the reaction. As the product 

was not isolated the final bromination step with PBr3 could not proceed.  

The alkyne functionalised pendant arm was synthesised according to the synthetic route shown in 

Scheme 19. The reaction of propargyl alcohol with α-α’-dibromo-p-xylene to yield compound 45 has 
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not been reported, although its reaction with benzyl bromide has been reported.225 Adapting the 

method outlined by Farran et al.,225 a 1.1 molar excess of α-α’-dibromo-p-xylene was reacted with 

propargyl alcohol in dry DMF. Analysis concluded that only the di-alkyne product formed, so the 

synthesis was repeated using a two molar excess of α-α’-dibromo-p-xylene, however only the di-

alkyne product was isolated. The second attempt produced a greater quantity of material it was just 

unfortunate it was not the desired product. Due to the consistent acquirement of the di-alkyne 

product an alternative route was investigated.  

 

Scheme 19 – Synthetic routes to an alkyne functionalised pendant arm 

The second route began with a Williamson-ether reaction with propargylbromide and methyl-4-

hydroxylbenzoate to form methyl-4-(prop-2-yn-yloxy)benzoate (46) in almost quantitative yield, see 

Scheme 19, a literature value was not available for comparison. Compound 46 was characterised by 

HRMS and elemental analysis proved the product was pure. 49 was successfully synthesised by 

reduction with lithium aluminium hydride in dry THF. The 1H-NMR revealed a trace of starting 

material which was removed by prep-TLC to yield 49 in 86% yield. The final stage of the reaction 

scheme was a bromination reaction with phosphorus tribromide in dry DCM to afford 51 via a 

modified version of the method by Streitwieser et al.226 A crude yield of 4.34 g was obtained, 

however the reaction contained starting material so plug column chromatography was carried out. 

This reduced the yield to 46% which was low compared with literature yields for the equivalent 

benzyl bromide reaction of around 80%.226 A longer reaction time may have been required to drive 

the reaction to completion. TLC indicated that only a small amount of the starting material was 

present therefore some product may have remained with the starting material and not all travelled 

down the column. CHN data confirmed the impurity of 51 (<10%). A solution to this would be to 

carry out full column chromatography, but this is more time consuming and an increase in yield may 

not be guaranteed, it is nonetheless a route worth pursuing.  

4.3.2 Synthesis of Alkyne Functionalised Mono-Macrocycle 

Following the successful formation of the alkyne functionalised pendant arm 51, a series of test 

reactions were completed to determine whether CB and SB alkyne functionalised macrocycles could 
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be isolated. In the interest of time, the test reactions were conducted with mono-macrocycles 

glyoxal cyclam (2) and glyoxal cyclen (3), the synthesis of which is shown in Scheme 20. 

Quaternisation of a tertiary amine was achieved by reacting 2 or 3 with a molar equivalence or 2x 

excess of 51 respectively. The reaction time to isolate 57 was significantly shorter than for 58 to 

prevent the formation of the disubstituted product as observed in other work, see chapter 3 section 

3.3.1. Impurity was noted in the elemental analysis of 57, which is likely to have been due to impure 

starting material, 51. Excellent yields of 75% and 100% were achieved for 57 and 58 respectively and 

both were characterised. Yields reported in the literature for mono-substituted bridged cyclen 

macrocycles varied between 40% -100%.161, 192, 227 Isolation of 58 was initially tested on a smaller 

scale whereby a yield of 77% was attained. A quantitative yield was attained on a larger scale, 

comparable to similar reported literature values,191 therefore this scale may be favoured. 

 
Scheme 20 – Synthesis of SB and CB alkyne functionalised mono-macrocycles 

Reduction of 57 and 58 was carried out according to established literature methods67, 102, 160a, 191 with 

sodium borohydride to produce the characterised SB macrocycles 64 and 65 in excellent yields of 

82% and 84% respectively. 13C NMR confirmed isolation of the products due to disappearance of the 

distinctive Caminal peaks. Impurity was noted in 65 and is most likely due to salt contamination, 

removed by a desalting Sephadex LH20 column after metal complexation. 65 was coordinated to 

copper(II) in methanol to isolate [Cu65]2+, see Scheme 21, in excellent yield and characterised by 

HRMS and elemental analysis. 
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Scheme 21 – Coordination of SB alkyne functionalised mono-macrocycles to copper(II) 

Alkylation of the N8 tertiary amine with methyl iodide led to the CB macrocycle precursors 62 and 

63, completed as described by Silversides et al.154 A large excess of methyl iodide and a long reaction 

time of 10 d, was used to ensure methylation. The compound was characterised and shown to be 

pure. Reduction of 62 with NaBH4 in an ethanolic solution, as outlined previously in chapter 2 section 

2.4.3, was successful and the isolation of 70 was confirmed by HRMS and NMR.  

The 1H and 13C NMR spectra of 63 revealed an absence of peaks in the aromatic region. This was 

firstly attributed to the NMR sample being too weak; however loss of an aromatic pendant arm was 

confirmed upon increasing sample concentration. Loss of an aromatic group during alkylation was a 

phenomenon that has never been reported previously for macrocycles and the addition of a methyl 

group to form a CB macrocycle is a well-established method. The massive excess of methyl iodide 

results in dimethyl glyoxal cyclam following pendant arm displacement. One explanation for this 

observation is that the propargyl oxo group is facilitating removal of the pendant arm and relates to 

the stability and electron density associated with terminal alkynes. Alkyne pendant arm loss has 

been experienced with porphyrins in unpublished work and caused an aliphatic alkyne chain to be 

cleaved under mild conditions.228 Compared with other alkynes, terminal alkynes are the least 

stable, have high electron density and they are quite acidic but alkyne addition reactions are slow. 

However, the long 10 d reaction with readily available iodide ions and the drive to become more 

stable may have caused the unexpected product. Conversely, 62, see Scheme 20, was sucessfuly 

isolated and characterised, therefore the larger cyclam ring may play a role. This area of work 

requires further investigation in order to achieve a CB cyclam macrocycle functionalised with an 

alkyne pendant arm. Bryden found that replacing propargyl bromide with 4-bromo-1-butyne 

prevented the removal of the alkyne chain in subsequent reactions because it hindered 

resonance.228  In light of this, a new synthetic route to synthesise 52 was attempted, see Scheme 22.  

 

Scheme 22 – Atempted alternative synthesis of an alkyne functionalised pendant arm and macrocycle 
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52 was synthesised by the same method as 46, however after 24 h the desired product was not 

isolated. The reaction time was increased but despite this the product was not isolated. 

Rationalisation for this could be that the temperature was not high enough to drive the reaction, 

switching to a solvent with a higher boiling point may resolve this. In an attempt to functionalise a 

macrocycle with an alkyne, 4-bromo-1-butyne was reacted directly with glyoxal cyclam (3) as 

described by Archibald and co-workers to attain 61, see Scheme 22.154 Due to the lack of precipitate 

after 3 d the reaction was to reacted for a further 10 d as outlined by Le Baccon et al.156 A negligible 

amount of precipitate had formed but the long reaction time afforded the di-substituted product. 

The absence of precipitate was observed by Silversides et al. who conducted a similar reaction with 

tert-butyl bromoacetate and glyoxal cyclam.160c The alkyl pendant arm appears to react faster than 

the standard aromatic pendant arms because Silversides et al.‘s achieved a 93% yield following 

removal of solvent in vacuo after 16 h at RT,160c as opposed to filtration of product precipitate after 3 

d. It would be recommended to repeat this reaction using Silversides et al.’s method in the future. 

An alternative reaction scheme was devised using well reported literature methods, see Scheme 23. 

Tosyl chloride was reacted with 3-butyne-1-ol in DCM in the presence of TEA to afford 53 in 72% 

yield. Distinct alkyne peaks in 13C NMR and additional alkyl peaks confirmed isolation. The modified 

method by Battenberg et al. led to 54, heating the solution at reflux for 16 h attained a yield 

comparable to the literature.229 An aldehyde proton and low field CH2-C=O protons in place of a high 

field methyl proton peak in 1H NMR confirmed the isolation of 54. The presence of a carbonyl peak 

in place of a methyl peak in the 13C NMR supported this. Characterisation by MS and NMR confirmed 

reduction of the carbonyl with NaBH4 to obtain 55, as outlined by Battenberg et al.229 Elemental 

analysis was not obtained as traces of SM remained therefore the product was acknowledged as 

impure, purification was to be conducted at the final step via column chromatography. The final 

bromination step with PBr3 to afford 56 was not achieved due to experimental error. Due to time 

constraints the repetition of 56 was not pursued, this would be an ideal avenue for future work.  

 

Scheme 23 – Novel synthesis of an alkyne functionalised pendant arm 
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4.3.3 Click Reactions with Alkyne Functionalised Macrocycles 

The SB cyclam macrocycle functionalised with an alkyne pendant arm (65) was reacted with azide 

functionalised compounds, see Scheme 24 and Scheme 25. A copper(I) catalysed click reaction using 

copper(II) sulfate pentahydrate was selected as these conditions had been optimised for porphyrins 

83 and 84, synthesised by Francesca Bryden. The copper(II) ion was reduced in situ by sodium-L-

ascorbate to afford the copper(I) catalyst. Conjugation of 83 to 65 was conducted at 45oC in a 

microwave for 20 min but TLC revealed the reaction was unsucessful. Microwave reactions are 

advantageous because microwaves facilitate quick and efficient heating which has been extensively 

reported in the literature to enhance the speed of reactions.202, 222, 230 As the overall aim of this study 

was to attach a radiolabelled group to the macrocycle quickly it was essential that the reaction be 

rapid due to the short lived half-lives of radioisotopes. 

 
 

Scheme 24 – Donated Compounds: 83 and 84 were synthesised by Dr Francesca Bryden, compound 85 was synthesised 
by Dr Louis Allott  
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Scheme 25 – Click reactions with 1-(4-(prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (65) 

To test whether an increase in temperature would drive the click reaction an alternative porphyrin, 

84, which could tolerate higher temperatures, was tested. Porphyrin (84) and macrocycle (65) were 

heated to 80oC for 40 min in the microwave but the desired product was not isolated. A possible 

explanation for the failure of the click reactions could be related to the macrocycle. It seemed highly 

likely that the macrocycle was chelating copper(II) ions quicker than the sodium-L-ascorbate could 

reduce them therefore no catalyst was generated to drive the reaction. On the other hand, Tamanini 

et al. successfully “clicked” a fluorophore to a non-complexed cyclam, using a lower molar ratio of 

catalyst and reducing agent than click reagents, and made no mention of copper(II) chelation 

affecting the reaction. Therefore, the macrocycle rigidity, enforced by the ethylene bridge, may be 

responsible for the failure of the click reaction. In order to test this theory [Cu65]2+ was substituted 

into reactions in place of 65 and the click reactions were repeated but were also unsuccessful. This 

suggests that the catalyst may not be hindering the click reaction. The attempted synthesis of 79 

generated a deep red product and was attributed to a transmetalation reaction, porphyrin is green 

when coordinated to zinc(II) ion but deep red with copper(II). The strong chelating abilities of 65 

must have been responsible. This observation is extremely unusual as it is well reported that 

copper(II) coordinated, reinforced macrocycles show high stability even in physiological conditions 

when zinc(II) ions are available so it is hard to rationalise. If a CB macrocycle had been tested it 

would have been interesting to see if this more robust structure could have prevented the 

transmetalation reaction and provides opportunity for future investigation.  
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The unsuccessful click reaction could be due to steric bulk of 65 and 83/84 causing the reaction to be 

sterically hindered. This hypothesis was tested by reacting [Cu65]2+ with a smaller azide 

functionalised compound, 85, synthesised by Dr Louis Allott. Conditions reported by Szíjjártó et al. 

were followed and are the only reported click reactions with macrocycles.211a A fresh batch of Cu(I)I 

was used to catalyse the reaction, specifically chosen to rule out any problems caused by oxidised 

catalyst which is common with old reagent due to exposure to light and moisture. No reactions 

involving Cu(I)I were successful and copper(I) catalysed click reactions were not explored further.  

4.3.4 Synthesis of Alternatively Functionalised Mono-Macrocycles 

Nucleophillic aromatic substitution has generated high interest for the synthesis of 18F-labelled 

molecules because of the excellent availability of [18F]fluoride from cyclotrons. The only report of 

[18F]fluorinated macrocycles was by Oltmanns et al., whilst there have been many groups 

radiolabeling macrocycles the majority have utilised their excellent chelating ability to encapsulate 

positron emitting radioisotopes such as 68Ga and 64Cu.105, 231 Oltmanns et al. generated the PET image 

shown in Figure 75 with their [18F]fluorinated Zn2bis-cyclen compound which shows significant 

uptake of macrocycle in the tumour in comparison to the control.105 This research proved that the 

development of [18F]fluorinated macrocycles was viable and that they have strong potential as PET 

imaging agents for in vivo studies.  

 

Figure 75 – PET images of [
18

F]-fluorinated Zn2bis-cyclen
105

 
a) 1 hour coronal PET image of a rat with a bilaterally transplanted Dunning prostate adenocarcinoma 6 d after 50 Gy 
radiation therapy, the irradiated tumour is indicated by the arrow. b,c,d) 1 hour PET image of a mouse with HelaMatu 
tumors (arrows). b,c) two days after treatment with taxol, b) transaxial slice, c) coronal slice. d) transaxial slice of the 
untreated control after two days. 

The frequently reported method of [18F]fluorination via nucleophilic aromatic substitution, SNAr, was 

investigated, see Figure 76.232 Aromatic rings, activated by electron withdrawing groups, EWG, such 
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as nitrile, nitro and halides at the ortho or para position, are often used in SNAr in combination with 

good leaving groups, for example nitro or halide.232a Good radiochemical yields, RCYs, with isotopic 

exchange, 18F/19F, and substitution of nitro have been reported.233 [18F]fluoride is produced by 

irradiating enriched [18O]water, via the 18O(p,n)18F nuclear reaction.234 [18F]fluoride ions are 

subsequently trapped on an anion-exchange resin cartridge and eluted with Kryptofix solution, K222 

shown in Figure 76, potassium carbonate or caesium carbonate in water or acetonitrile. Solvent is 

removed under vacuum for 10 min by azeotropic drying at 110oC with a stream of nitrogen. Once 

completely dry the desired precursor dissolved in reaction solvent is added and the mixture is 

heated for a short period of time, for example 50-70oC for 5-15 min. HPLC is normally used to 

confirm the reaction outcome and purify the product. 

 

Figure 76 – Fluorination pathways via nucleophilic aromatic substitution 

Using the published method by Khan et al. quaternerisation of the N1 tertiary amine in glyoxal 

cyclam with 1-bromomethyl-4-nitro-benzene led to isolation of 59 in almost quantitative yield.102 

Full characterisation of 59 confirmed that the desired product had been attained which allowed the 

next synthetic step to be carried out, although impurity was noted in the elemental analysis. An 

overview of the synthesis is shown in Scheme 26. 

 

Scheme 26 – Attempted synthetic route to the fluorinated SB mono-macrocycle, 72 

The reduction method outlined by Khan et al. was followed to obtain 66 in 97% yield,102 which was 

significantly higher than Khan et al.‘s yield, ca. 56%, and similar to Plutnar et al., ca. 95%.102, 191 The 

method involved heating an ethanolic solution of NaBH4 and macrocycle at reflux for 2 h before 

quenching the reaction with HCl and isolating the product with a basic work up. Disappearance of 

Caminal peaks in the 13C NMR confirmed isolation of 66. Elemental analysis indicated that 66 was 

impure (>10%). 

Multiple fluorination reactions with 66 were conducted in the microwave, see Table 3. This route to 

introduce a fluoride, using 19F as a model for incorporation of radioisotope 18F, into the macrocycle is 

highly advantageous as it removes the need for copper(I) catalysts which had previously caused 
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problems, see section 4.3.3. Potassium fluoride and TBAF were selected because they are commonly 

used as [18F]fluorinating agents in the literature.230a, 234-235 None of the reactions led to the successful 

isolation of 72. Test number 3, see Table 3, was conducted for a shorter period of time because 

previous work noted that multi-ring macrocycles degraded when heated at 130oC for 30 min.236 

Whilst this series of test reactions were conducted on mono-macrocycles it was seen as logical to 

only investigate optimum conditions that could then be extrapolated to desired multi-ring 

macrocycles. Even under the harsh conditions outlined in Table 3 the desired product was not 

obtained. These unsuccessful findings were supported by the work of Shen et al. who conducted 18F-

fluorination reaction on nitrobenzene and obtained an extremely low 1% RCY.232a Whilst this was the 

first report of a fluorination reaction without the presence of an EWG in the ortho or para position it 

is certainly not an optimised radiochemistry reaction. A significantly greater RCY, ca. 84%, was 

achieved with the introduction of an electron withdrawing carbonyl group, in the ortho position by 

Shen et al.232a This work suggests that the pendant arm requires the presence of an EWG to viably 

radiolabel a macrocycle with 18F. 

Test Number Reagent Solvent Temperature / oC Time / min 

1 

KF 

MeCN 

85 30 

2 100 30 

3 130 15 

4 
DMSO 

130 10 

5 130 15 

6 

TBAF 

THF/MeCN 100 5 

7 
THF/DMSO 

130 10 

8 160 10 

Table 3 – Reagents, solvents, temperatures and times tested to fluorinate 66 – Attempted  

Another synthetic pathway investigated the incorporation of an azide group directly to a macrocycle, 

see Scheme 27. Test reactions were conducted on mono-macrocycles as they were quicker to make 

than bis-macrocycles.  

 
Scheme 27 – Synthesis of azide functionalised macrocycle, 69 
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The nitro-group was reduced using the same method outlined for the bis-macrocycles in section 

3.3.4. Modified methods from the literature by Kaye et al. and Sun et al. using 10% Pd/C to catalyse 

the hydrogenation reaction resulted in the isolation of 68 in good yield.196-197 The distinguishing high 

field shift of the aromatic peaks in the 1H NMR spectrum confirmed the reduction of the nitro group. 

The triazotization reaction is discussed in detail in chapter 3 section 3.3.4 but Griffin et al.’s and 

Belkheira et al.‘s modified methods were followed.199-200 The low yield obtained may be the 

optimum yield possible because across a range of reaction scales and macrocycle types the yield was 

reproducible. Optimisation may be achieved with more concentrated solutions, but the low yield 

could be due to loss during the reaction work up. Despite this, azide functionalised macrocycles had 

been successfully isolated which provided proof of concept for direct azide incorporation for use in 

rapid copper-free click reactions. 

4.3.5 Conjugation reactions 

An additional macrocycle functionality, incorporating a carboxylate group, was explored for reaction 

with amines attached to fluorescent dyes. Our group has previously synthesised 60, see Scheme 28, 

but the method is not reported in the literature. A modified method by Silversides et al. was 

followed to yield the characterised product in excellent yield, 13% higher than the yield reported by 

Silversides et al., 76%.154 Reduction of 60 has not previously been reported but modified literature 

methods by Khan et al., Plutnar et al. along with a patent held by our group were used to produce 

the desired product (67) with NaBH4 in 99% yield.102, 162, 191  

 

Scheme 28 – Synthesis of ester functionalised macrocycle, 67 

Disappearance of the Caminal peaks in the 13C NMR confirmed the successful production of 67 

although the presence of water was noted in the 1H NMR therefore the product was dried under 

high vacuum to remove it. Interestingly the transesterification noted with the ester functionalised 

bis-macrocycles, see section 3.3.3, was not observed for 67 which strengthens the argument that a 

long reaction time facilitates transesterification. Hydrolysis of the ester group was conducted using 
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aqueous NaOH to produce the sodium salt, this was converted to the desired carboxylic acid by 

treatment with hydrochloric acid although the crude product could not be purified by 

recrystallisation due to lack of solubility of the product.  

Another approach to utilise the ester functionalised macrocycle was investigated. An amide group 

was synthesised by reacting 67 with excess ethylene diamine, see Scheme 28, to enable conjugation 

of a fluorescent dye for an optical imaging application. The longer chain provided by ethylene 

diamine could reduce steric hindrance generated by a bulky dye group. In addition to this, the spacer 

group may prevent interference with macrocycle interactions with the CXCR4 receptor as noted by 

Khan et al.102  Khan et al. observed that a copper(II) complexed mono-macrocycle affected the 

photophysical properties of the fluorescent dye when directly conjugated to the macrocycle pendant 

arm.102 MS revealed that a dimer of 77 had formed even though a four times excess of ethylene 

diamine was used to prevent this from occurring. A larger excess of ethylene diamine may prevent 

the dimer from forming, but its high boiling point ca. 116°C makes it difficult to remove.  It may be 

better to protect one of the amine groups and deprotect it after reaction with the macrocycle. This 

investigation was taken no further but avenues for future development are apparent. 

The successful amine functionalisation of a SB mono-macrocycle inspired conjugation of 68 to 

DOTAGA anhydride for application in PET imaging with the incorporation of 68Ga as shown in Scheme 

29. Test reactions were initiated by the synthesis of 75 following the method by Lopez-Prados.237 

Whilst isolation of the product was confirmed by HRMS a mixture of products was revealed which 

suggested that the procedure required optimisation however this test reaction was conducted 

primarily to ascertain the viability of the reaction. As purification of rigidified macrocycles can be 

complex it would be ideal to develop a reaction that goes to completion.  However, due to the mass 

difference of the product and SM, size exclusion chromatography may be a viable purification 

method if a quantitative reaction could not be achieved. An alternative method was outlined by 

Collman et al. who reacted glutaric anhydride with aniline in DCM in the presence of triethylamine 

and achieved an 88% yield after 4 h.238  
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Scheme 29 – Attempted synthesis of gallium(III) conjugated mono-macrocycle 

A second attempt to synthesise 75 was carried out in dry THF with TEA following a modified method 

outlined by Fumio et al., similar to the method outlined by Ito et al.239 Ito et al. conducted 

condensation reactions of acid anhydrides with primary amines and achieved yields of 59%-98%.239b 

Isolation of 75 was confirmed by MS but the peak was very weak. The acid anhydride group on 

DOTAGA anhydride is moisture sensitive and may have degraded over time hindering the reaction. 

Another route taken to isolate the DOTAGA conjugated macrocycle was via the zinc(II) complex of 

68, isolated using the literature method reported by our group.71b Subsequently, the zinc(II) complex 

was reacted with DOTAGA anhydride following the same procedure as for 75 but isolation of the 

product was not confirmed therefore incorporation of gallium(III) could not be studied. The 

synthesis of 75 requires optimisation which could be achieved by changing solvents, Collman et al. 

replaced THF with DCM to achieve the desired product in high yields.238  
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4.4 CONCLUSIONS 

In conclusion, a novel route to synthesise a pendant arm capable of undergoing click chemistry has 

been developed (51). The alkyne pendant arm was achieved in good yield and was successfully 

conjugated to SB-cyclam (65), SB-cyclen (64) and CB-cyclen (70), although synthesis of a CB-cyclam 

(63) derivative was unsuccessful. The synthesis of a separate azide pendant arm was not successful 

(47) in isolating the desired product but this would be meaningful to revisit. The N:C ratio calculation 

((number of carbon atoms + number of oxygen atoms)/number of nitrogen atoms ≥ 3)221
 generates 

a value that implies the product is unlikely to be explosive. On the other hand, the alkyne pendant 

arm does not pose any explosive potential so it may be more advantageous to pursue this route. 

Nonetheless, functionalisation of an azide pendant arm was achieved through hydrogenation of a 

nitro group followed by triazotisation which overcomes any explosive potential due to the larger N:C 

ratio (69). This synthesis provided a relatively quick pathway to generate good yields of macrocycles 

able to conjugate to a variety of different molecules enabling additional applications. The synthetic 

routes discussed resulted in the isolation of alkyne and azide functionalised macrocycles which are 

readily available for subsequent reactions. Unfortunately, all copper(I) catalysed reactions, 73, 74, 

78-80, with the alkyne functionalised macrocycle were unsuccessful but it would be worth 

investigating alternative copper-free click reactions.  

The nucleophilic aromatic substitution of the nitro group (72) on a mono-macrocycle was explored 

as a means of fluorination to expand the application of macrocycles as PET imaging agents, but lack 

of an EWG on the aromatic ring prevented these reactions being successful. An alternative route to 

incorporate a PET radioisotope was explored through the conjugation of DOTAGA anhydride to an 

amine functionalised macrocycle (75), whilst the product was isolated the reaction requires 

optimisation to drive the reaction to completion. Efforts to utilise an ester functionalised macrocycle 

(71, 77) proved ineffective however, these test reactions provided insight as to the direction that 

future work could explore. 
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4.5 FUTURE WORK 

This chapter contains a wide range of test reactions conducted to expand the scope of macrocycle 

functionality. In many cases there were not specific literature protocols available which meant that 

many novel synthetic routes had to be devised. As a result of this there were many cases of non-

optimised reactions therefore the opportunities for development are vast, a selection of the 

potential routes for progression will be discussed but this is certainly not a comprehensive list. 

4.5.1 Pendant Arm Development 

There were multiple stages of pendant arm development that did not achieve the desired product so 

there are a number of areas for development. The synthesis of an azide containing pendant arm 

compound number 47 was unsuccessful so it would be worth repeating the nucleophilic substitution 

step for the azide in place of the bromide, 50. Routes to achieve this could include substituting the 

solvent and driving the reaction by heating it.  

Nucleophilic aromatic substitution of 70 did not work because there was not an EWG activating the 

aromatic ring, development of a pendant arm that incorporates this vital group could facilitate the 

reaction. Scheme 30 outlines some potential synthetic routes to devise a pendant arm capable of 

reacting successfully to produce a fluorinated pendant arm. Test reactions would be conducted with 

the pendant arm attached to mono-macrocycles first before proceeding to analogous bis-

macrocycles. This proposed scheme offers an efficient solution to overcome the fluorination 

problems encountered in this work. 

 

Scheme 30 – Proposed synthetic route to fluorinated pendant arms containing EWG in ortho or para position 

4.5.2 Alkyne Functionalised CB Cyclam 

Due to the interesting displacement of the pendant arm observed with 63 it would be advantageous 

to repeat the synthetic scheme outlined below, see Scheme 31, to determine whether a longer alkyl 
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chain between the aromatic group and the alkyne would hinder resonance and prevent pendant arm 

cleavage for the alkyne functionalised CB cyclam. Another reaction to repeat would be the synthesis 

of 61 as it provides a quick route to functionalising the macrocycle with an alkyne, though the 

method by Silversides et al. should be followed because a similar product to 61 was synthesised 

which did not precipitate out of solution.160c It would be logical to follow the different work up 

disclosed by Silversides et al. to isolate 61 as it does not precipitate out of solution.  

 

Scheme 31 – Synthesis to alkyne functionalised CB-cyclam 

4.5.3 Conjugation Reactions 

The conjugation of ethylene diamine to 67 is strongly worth further investigation because it would 

require very little work to successfully isolate 77 as the conditions would only need fine-tuning. A 

potential plan would be to BOC protect one amine group controlled by molar ratios. The resultant 

product could then be reacted with 67 before deprotection with HCl to yield the desired product. It 

would be interesting to investigate a range of chain lengths using the same synthetic routes so that, 

once labelled with fluorescent dye, the photophysical and biological properties could be evaluated 

to see if a longer chain length has an impact on these properties. The macrocycles would require 

copper(II) complexation beforehand as it is the paramagnetic metal ions that cause the quenching of 

photophysical properties. 

A final recommendation for future work would be to repeat the conjugation of DOTAGA anhydride 

to 68 because this would then provide an additional route to radiolabelling a macrocycle with a well-

established, stable, PET imaging group. In order to do this a fresh batch of DOTAGA anhydride should 

be used and a range of solvents and time scales should be studied to ascertain the optimum 

conditions for the reaction. Once this was established the incorporation of the zinc(II) ion could be 

tested which would then produce a molecule ready for radiolabelling with 68Ga.  
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5.1. STRATEGY 

This aims of this chapter are to explore the ability of novel compounds synthesised in chapters 2 and 

3 to act as CXCR4 antagonists. Bis-macrocycles and tris-macrocycles were evaluated to assess how 

effectively they interacted with the CXCR4 receptor. Optimisation of the macrocycles was achieved 

through structural configuration by introducing an ethylene bridge into the macrocyclic cavity to 

generate CB and SB macrocycles known to constrict macrocycles to a single configuration. 

Configurational restriction in macrocycles has previously exhibited high biological activity. Free-

ligands, metal-free macrocycles, along with corresponding copper(II), zinc(II) and, in the case of the 

tris-macrocycles, nickel(II) coordinated macrocycles were initially evaluated before further assays 

were conducted with the metal complexes. A range of biological assays were used to determine this 

and data will be presented from displacement assays, anti-HIV assays, cytotoxicity assays and 

calcium signalling studies. The clinically licenced drug AMD3100 was used for comparison in anti-HIV 

assays, cytotoxicity assays and calcium signalling studies. From this data the effect of structure on 

potency will be evaluated. This chapter also aims to investigate the best SPR method for screening 

novel CXCR4 antagonists. A range of tested SPR methods will be presented as well as sensorgrams 

generated from these experiments. 

5.2. PREVIOUS STUDIES 

5.2.1. Biological Assays 

In comparison to the quantity of work exploring the design and synthesis of macrocyclic ligands, 

there is a limited volume of work in the literature discussing the ability of these ligands to act as 

CXCR4 antagonists. The majority of reports evaluate macrocycle anti-HIV activity rather than anti-

metastatic activity. 

The forerunners in this field are De Clercq and co-workers who first analysed the anti-HIV activity of 

a collection of bis-macrocycles in 1992, see Figure 77 and Table 4.240 Subsequently conducting an in 

depth bis-macrocycle study into the structure and affinity relationship in MT-4 cells shortly after.79 It 

was concluded that anti-HIV potency was dependant on the linker group connecting 12-14 

membered macrocycles. Slight differences in structure also had an effect on the cytotoxicity. Some 

examples of the structures and results from De Clercq and co-workers are shown in Figure 77 and 

Table 4. The data strongly implied that an ortho-substituted xylyl linker is detrimental to the potency 

of bis-cyclam, the optimum linker being the para-substitution. 12- and 13-membered macrocycles 

however showed the highest potency with a meta-substitution although the toxicity of the 12- 

membered compounds was greater than other macrocycles tested, see Table 4.  
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Compound IC50 HIV-1(IIIB) (µM) CC50 (µM) 

JM1498 399 1248 

JM1657 0.144 319 

JM2763 0.248 >622 

 EC50 (µM)  

L161 0.075 20 

L162 0.322 55 

L163 0.041 >184 

L164 0.167 >208 

L165 0.034 >421 

L166 1.357 >168 

AMD3100 0.004 >421 
Table 4 – Anti-HIV potency of selected tetraazamacrocycles by De Clercq and co-workers, JM1498, 1657, 2763 values 

from De Clercq 1992
240

, L
161

-L
166

 and AMD3100 values from Bridger 1995.
79

 

 
Figure 77 – Some 12-14 membered tetraazamacrocycles structures as described by De Clercq and co-workers

79, 240-241
 

A study by Bridger et al., discussed in section 3.2.2, investigated the affect that incorporating a 

pyridine and pyrazine linker into bis-cyclam had on the anti-HIV activity in MT-4 cells.79 It was 

concluded that whilst the linker nitrogen atom facilitated an interaction with the adjacent 

macrocycle it impeded anti-HIV activity by altering the macrocycle into a shape not as suited to 

binding to the target. Anti-HIV activity was found to depend greatly on the substitution pattern of 

the linker group with 2,4- pyridyl substitution, L101 see Figure 51 section 3.2.2, showing low potency 

and high toxicity. Optimum pyridine linkers were 2,6- and 3,5-, L102 and L103
,
 which showed 

comparable anti-HIV activity, see Figure 51 section 3.2.2.  

More recently, De Clercq and co-workers investigated the structure:activity relationship further and 

concluded that not all nitrogen atoms in AMD3100 were required for high anti-HIV potency.242 This 

led to the development and evaluation of analogues containing one macrocycle; selected structures 

can be seen in Figure 78. Replacing one cyclam with benzylamine significantly reduced potency, its 
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EC50 value was 100 fold higher than AMD3100. Ortho and para amino-phenyl substituents, L167 and 

L168 see Figure 78, decreased potency to EC50 values of 1.825 µM compared to 0.717 µM respectively 

and L167 showed high toxicity with a CC50 value of 24 µM. Changing the aromatic group for 2-

pyridine, AMD3645, resulted in a significantly increased anti-HIV activity of 9 nM. Replacing both 

macrocycles with the optimised group, L169 see Figure 78, resulted in very poor activity suggesting 

that the presence of the ring is of great importance. To ascertain which parts of the structure were 

vital each amine group was replaced individually. Substituting the amine in L170 for CH, L171 see Figure 

78, decreased activity 40 fold indicating that the hydrogen bond acceptor is crucial for activity. A 

series of potent compounds had been synthesised with superior or comparable activity to 

AMD3100; optimum features for antiviral inhibition and oral administration had been recognised. 

 
Figure 78 – Selected structures of AMD3100 analogues by Bridger et al.

242
 

Archibald and co-workers have incorporated configurational restriction into mono- and bis-

macrocycles and evaluated the affect this had on CXCR4 inhibition.67, 71b, 81, 170 Anti-HIV activity assays 

on AMD3100 and L35, see Figure 23 in section 1.2.3.7, showed that restricting the macrocycle with a 

SB significantly decreased anti-HIV activity due to the reduction in possible H-bonding interactions. 

On complexation to certain transition metals the antagonistic ability and anti-HIV potency was 

greater than AMD3100, this difference was greater when zinc(II) was incorporated. Ni2[L35] exhibited 

around half the IC50 concentration than AMD3100 and Zn2[L35], see Table 5,  achieved approximately 

4 fold greater anti-HIV activity than AMD3100 and Zn2AMD3100 when tested in MT-4 cells infected 
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with HIV-1(IIIB). Rigidifying the macrocycle structure of L34, see Figure 23 in section 1.2.3.7, ensured 

that the copper(II) complex would favour metal coordination bonds with oxygen atoms from the 

carboxylate groups on the aspartate residue of the CXCR4 receptor. The cross-bridged copper(II) 

complex showed 2.5 fold greater activity than AMD3100 when tested on HIV-1(IIIB) infected MT-4 

cells. It was concluded that the increase in activity originated from the coordinate bonds forming 

with the copper(II) complex as opposed to weaker hydrogen bonds as observed in AMD3100. 

However, the increase also related to the optimisation of the structure by configuration because 

simply complexing AMD3100 to copper(II) leads to a decrease in activity. This trend was also 

observed in zinc(II) complexes and validates the strategy of configurational restriction in addition to 

highlighting the importance of metal incorporation. The six fold increase in anti-HIV activity from SB 

Cu2[L35] to CB Cu2[L35], see Table 5, suggests that the CB configuration could be optimum for binding. 

The SB complex is confined to the trans-II configuration whereas the CB is forced into the folded cis-

V configuration. This is because the incorporation of the bridge prevents the macrocycle from 

switching between configurations. Restriction of the configuration facilitates coordinate bond 

formation leading to enhanced potency. 

 

Figure 79 – Structures of ligands synthesised by Archibald and co-workers.
67

  

Compound IC50 HIV-1(IIIB) (µM) EC50 HIV-1(IIIB) (µM) CC50 (µM) 

Ni[L172] 8.32 N/A N/A 

L35 N/A 6.980 >225 

Zn2[L35] N/A 0.0025 60.6 

Cu2[L35] N/A 0.026 >150 

Ni2[L
35

] 0.014 0.074 N/A 

Cu2[L34] N/A 0.004 N/A 

Ni2[L34] 0.194 0.398 N/A 

AMD3100 0.031 0.011 >225 

Zn2AMD3100 N/A 0.008 >225 

Cu2AMD3100 N/A 0.047 >225 
Table 5 – Biological evaluation of configurationally restricted macrocycles and their metal complexes by Archibald and 
co-workers

67, 71b, 81, 170
  

Tanaka et al. synthesied a collection of bis-macrocycles as discussed earlier,79-80, 178a see section 

1.2.3.6.  The percentage inhibition against [125I]CXCL12, and IC50  were determined for the free ligand 

as well as the corresponding zinc(II) and copper(II) complexes. It was concluded that the most active 

compounds were Zn2[L173] and Zn2[L174], see Figure 80, with IC50 values of 11 nM and 8.3 nM 

respectively and these were comparable to AMD3100 and Zn2AMD3100 IC50 values of 11 nM and 8 
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nM respectively. The high potency of Zn2[L173] and Zn2[L174] validates the strategy of evaluating 

unsymmetrical bis-macrocycles, furthermore, potency may be enhanced by configurational 

restriction. 

 
Figure 80 – Most active compounds as established by Tanaka et al.

80
 

5.2.2. Surface Plasmon Resonance (SPR) 

There are many different methods used to generate SPR biosensor data although the amount of 

literature outlining GPCRs in SPR is rather limited work. The study of GPCRs with SPR has 

encountered numerous problems mainly because the receptor requires a lipophilic environment to 

maintain its natural conformation. In order to help with solubility detergents are often used, 

however this alters the receptor conformation which could change how ligands bind.243 A further 

problem is that the process of purification and reconstitution of membrane proteins is time 

consuming and complex. To overcome this issue some ligand binding SPR assays are conducted on 

intact cells, however in general there is a limited amount of work in the literature about GPCRs SPR 

procedures.243-244 The advantage of SPR biosensor assays is that a label is not required which 

removes possible interference which may alter binding to the receptor.245 One group to conduct SPR 

assays on membrane receptors was Mizuguchi et al. who used SA sensor chips to immobilise a 

biotinylated spacer group followed by amine coupling to capture cells.246 Whilst they successfully 

generated ligand-receptor binding interactions the sensorgrams fluctuated significantly more than 

when the extracellular domain of the receptor was used. This suggested that using intact cells was 

not ideal to produce reproducible, accurate kinetic data for instance.   

An alternative method to study GPCRs is with virus particles. Hoffman et al. exploited the retrovirus 

characteristic of incorporating proteins on the cell surface during budding.244 The group investigated 

HIV co-receptors CCR5 and CXCR4. The group were able to produce cells that expressed more than 

100,000 CCR5 and CXCR4 receptors. What’s more, the receptors were in their natural conformation 

and the retroviral pseudotypes were universally the same size, stable and purified easily providing 

benefits over the use of detergents. Conclusively, virus particles were immobilised and produced a 

response of around 6000 RU ensuring that analyte binding, in this case specific antibodies, could 

generate responses of many hundreds of RU so that reliable kinetic data could be generated. A more 
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recent publication of virus particle use in SPR biosensor assays was by Vega et al. The group 

investigated binding between CXCL12 and CXCR4 with lentiviral particles X4LP.243 The group 

commented on the ease that virus particles can be purified and immobilised on the sensor chip 

surface and that CXCR4 expressing virus particles showed specific binding to CXCL12 compared to 

other chemokines, as shown in Figure 81 A. The group showed an expected reduction in CXCL12 

binding following treatment with AMD3100, Figure 81 B indicating that virus cells behaved in a 

similar fashion to normal cells.  

 
Figure 81 - Sensorgram showing specific binding of CXCR4 to CXCL12 against other chemokines with virus particles (A), 
Effect on binding in the presence of AMD3100 (B), reproduced from Vega at al.

243
 

Vega et al. went on to develop a virus particle method which allowed urine samples from 

rheumatoid arthritis patients to be analysed by SPR directly without sample preparation.247 

Rheumatoid arthritis patients have high levels of CXC12 in synovial fluid and plasma so the group 

investigated whether SPR could provide a sensitive and reproducible diagnosis tool for autoimmune 

disorders. The method used CXCR4 lentiviral particles, as previously outlined,243 and the urine was 

injected over the chip. The results showed higher levels of CXCL12 in the patients with rheumatoid 

arthritis compared to healthy patients. Ultimately, this proof of concept highlights that SPR 

biosensor assays could have many applications in disease diagnosis.  

An alternative SPR biosensor method was conducted by Stenlund et al. who investigated the 

immobilisation of GPCRs on an L1 sensor chip by first immobilising a 1D4 antibody and then 

capturing the receptor.248 Stenlund et al. chose CXCR4 and CCR5 receptors to develop a model 

system and aimed to solve the problems previously associated with direct receptor immobilisation. 

The method, visualised in Figure 82, provided a better-orientated-antibody-surface by aldehyde 

coupling whereby an immobilisation of 10000 RU was achieved (1). Subsequently, the detergent 

solubilised receptors were captured by a peptide tag recognised by the antibody (2). Responses of 

just under 4000 RU were achieved. A mixture of lipid and detergent micelles were then injected so a 

lipid bilayer could form (3). The detergent was removed by washing with buffer (4). The surface was 

then tested by injecting conformational dependant antibodies which indicated the receptor was in 
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its natural conformation (5) which then allows ligands binding interactions to be carried out (6). The 

captured CXCR4 was shown to bind CXCL12 reproducibly and without non-specific binding to the 

reference flow cell. In conclusion, Stenlund et al. provided evidence that the reconstitution of a 

GPCR to a sensor chip surface does not have to be overly complex and has the potential to produce 

valuable data.  

 
Figure 82 - Stenlund et al.’s capture and reconstitution method, reproduced from Stenlund et al.

248
 

Further work using the 1D4 antibody to capture the peptide tag was performed by Navratilova et al. 

who investigated the receptors CXCR4 and CCR5.245 They obtained a CXCR4 receptor capture of 

2000-2300 RU on a CM4 sensor chip, which was almost half that achieved by Stenlund et al.,248 

although the difference in sensor chip, coupling chemistry and different detergent and lipid mixture 

could account for this difference. The group did not experience binding to the reference cell and the 

response attained was still high thus reliable data was generated. CXCR4 conformation dependant 

antibodies, solubilised in the same detergent-lipid mix as the receptor, showed significant binding. 

Though when solubilised in a detergent known to disrupt the receptor structure, Triton X-100, the 

binding of the conformation dependant antibodies drastically dropped. Results for the CCR5 

receptor where somewhat different; both the detergent-lipid mix and Triton X-100 antibody 

solutions showed comparably low binding. This shows how sensitive the receptors are and how 

accurate the conformation dependant antibodies are at detecting those changes. By changing the 

detergent mix for the CCR5 receptor the group found that binding increased. They concluded that 

the right lipids and detergents resulted in the natural receptor environment ensuring the natural 

conformation was stable across a long time period.249 The group disclosed a protocol for high 

throughput screening of GPCRs in 2011 mainly focusing on CCR5.250  

Briefly, another SPR biosensor assay utilising detergents and lipids to explore GPCR interactions was 

Rich et al. who published work on detergent stabilised GPCRs on an NTA sensor chip assessing b1 

adrenergic and A2A adenosine G-protein-coupled receptor antagonist kinetics.251 In conclusion, it 

can be seen that ensuring the receptor activity is high is essential for ligand binding assays and there 
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is not a single detergent-lipid mixture for all GPCRs. Nonetheless, once the conditions were 

determined the use of detergents and lipids in SPR biosensor assays produces possibly superior 

results compared to other SPR biosensor methods. High and reproducible responses allow valuable 

and accurate kinetic data to be ascertained. Now that their use has been simplified the capture 

procedure could be applied to many other GPCRs. 

5.3. BIOLOGICAL ASSAYS 

Biological assays were used to determine the affinity of macrocycles for the CXCR4 receptor as well 

as potency in cell lines known to express high levels of the receptor. 

5.3.1. Displacement Assay 

Displacement assays were used to initially screen the macrocycles before more in depth assays were 

conducted. The assay was carried out using cultured Jurkat cells which overexpress the CXCR4 

receptor, normally cells express about 10,000 copies of the CXCR4 receptor whereas Jurkat cells 

express 140,000 copies. The macrocycle competes for the CXCR4 receptor against a CXCR4 specific 

mAb containing a fluorescent label; the label is detected and a percentage of inhibition is generated. 

A high percentage corresponds to low displacement of macrocycle by the mAb and means that the 

macrocycle has competed efficiently for the CXCR4 receptor. A high fluorescence reading results in a 

low percentage because a high degree of mAb has displaced the macrocycle from the CXCR4 

receptor. The assay involves incubating the macrocycle with Jurkat cells first before excess 

macrocycle is removed and mAb added. A second incubation is conducted and the excess mAb is 

then removed. Analysis via flow cytometry detects the amount of fluorescently labelled mAb there is 

bound to each cell, of which 10,000 are counted per sample, and from this data inhibition 

percentages can be calculated. Negative and positive controls are used to establish the assay limits. 

The negative control contains a mAb that will not bind to the CXCR4 receptor and contains zero 

fluorescence; the positive control contains only CXCR4 specific mAb producing a reading for 100 % 

fluorescence. 

5.3.2. Anti-HIV Assay 

Anti-HIV assays are used to determine the ability of a compound to prevent infection of HIV.  All 

assays were conducted by BD Biosciences Europe, Erembodegem, Belgium. Different cell cultures 

can be used but the main ones are U87.CD4.CXCR4, a human glioblastoma cell line cell line 

transfected with high levels of CXCR4 receptor, and MT-4 cells,  a human T cell leukaemia cell line. 

An AMD3100 resistant MT-4 cell line is also available and provides a tougher test for macrocycles as 

the Asp residues normally used for binding are altered. The assay determines anti-HIV activity and 

cytoxicity measurements by assessing the viability of the cells against different concentrations of 
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macrocycles in cells that have or have not been infected with HIV-1, HIV-2 or SIV.252 The X4 virus 

strain was used because it replicates through the CXCR4 receptor as opposed to CCR5. The process 

involves culturing the cells for 5 d and quantifying the number of viable cells using the tetrazolium-

based colourimetric method outlined by Pauwels et al.122, 253 The cells were infected with HIV as 

described by Schols et al.254  

5.3.3. Calcium Signalling Assay 

Calcium signalling studies determine whether the macrocycles are having an antagonistic or 

agonistic effect utilising the calcium(II) flux downstream effect. On activation of CXCR4 by its ligand 

CXCL12 many downstream effects occur, one of which is the flux in intracellular calcium(II). 

Calcium(II) signalling studies investigate how effectively macrocycles are blocking the natural 

signalling. All assays were conducted by BD Biosciences Europe, Erembodegem, Belgium. A series of 

concentrations of macrocycle are incubated with CXCR4 expressing U87.CD4.CXCR4 cells and on 

addition of CXCL12 the amount of calcium(II) release should be lower than normal because the 

receptors are blocked. A calcium sensitive fluorescent label is used to quantify the amount of 

calcium(II) released and a lower fluorescence relates to a lower calcium(II) flux. IC50 values were 

generated from this data which is defined as the concentration required to block half of the 

calcium(II) flux.255 

5.3.4. Tris-Macrocycles as CXCR4 Antagonists 

The collection of tris-macrocycles synthesised in chapter 2 were assessed as CXCR4 antagonists 

initially using the displacement assay, this data is summarised in Table 6. The first point to note 

regarding the percentage inhibitions is that free ligands, non-metal containing macrocycles, are 

significantly poorer at competing for the receptor than the metal complexes. This validates the 

strategy to incorporate a metal ion into the macrocyclic cavities. Furthermore, in general metal 

complexes of 20, 17 and 16 do not compete for the receptor as effectively as those of 18, 21 and 19, 

this is especially the case for the nickel(II) complexes. When this trend is related to the macrocycle 

structure a higher percentage inhibition is seen when the terminal macrocycles are SB cyclam, 18, 21 

and 19, as opposed to SB cyclen, 20, 17 and 16. The central macrocycle does not appear to have too 

much of an impact on inhibition, copper(II) and zinc(II) complexes of 20, 17 and 16 exhibted more 

than 80 %. A lower inhibition is seen for Cu3[21], 52 %, which can be rationalised by the 

configuration of the metal complex. The absence of a bridge in the central macrocycle results in a 

more flexible structure which may lead to a poorer configuration for binding forming. Studies into 

tetra-methyl cyclam first row transition metal complexes, which the macrocycle strongly resembles, 

imply the configuration to be trans-IV which is not ideal for binding.166 As copper(II) complexes 
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experience Jahn Teller distortion, in the trans-IV configuration, the equatorial site is elongated, 

making interaction with the carboxylate group on the receptor surface longer and weaker, therefore 

the macrocycle is easily displaced. An explanation for the lower inhibition percentages of nickel(II) 

complexes of 20, 17 and 16, 39%, 56%, 69% respectively, may be that the terminal SB cyclen 

macrocycles do not facilitate optimum binding, this finding coincides with the literature because 

para-linked SB cyclen macrocycles show lower activity which may be due to their poor ability to 

compete for the receptor.170 Low inhibition values of nickel(II) complexes have also been observed in 

our group with bis-macrocycles.81 Evidence suggests that a cis-V configuration is the optimum 

configuration for binding to aspartate residues on the surface of CXCR4.256 It was concluded from 

this that the macrocycles providing optimum inhibition were the metal complexes of 18 and 19, 

whereby 100% inhibition was achieved. However, displacement assay data is not as reliable as 

calcium(II) signalling data so precise conclusions cannot be drawn from this data alone.  

The most potent anti-HIV metal complexes were Zn3[19], Zn3[21] and Zn3[18] which showed up to 13 

fold greater affinity than AMD3100 (IC50: 1.86, 2.16 and 0.86 nM respectively vs. 11.93 nM). The 

general trend of anti-HIV activity in terms of the metal complexes was zinc(II)>nickel(II)>copper(II). A 

rational for the highly potent zinc(II) complexes could be that zinc(II) forms stronger interactions 

with the receptor in comparison to copper(II) and nickel(II). A reason for this is that a d10 metal ion 

exhibits more flexibility in preferences of coordination. The copper(II) complexes showed lower 

affinity than AMD3100, but some of the nickel(II) complexes exhibited greater affinity such as Ni3[21] 

with an IC50 of 7.79 nM which was 1.5 fold better than AMD3100. The higher potency of the metal 

complexes of “unsymmetrical” macrocycle 18 compared to “symmetrical” tris-macrocycles 19 and 

16 has been observed in the literature,80 although interestingly the opposite macrocycle 

arrangement seen in 17 is significantly less potent. This may be because the bulk of the binding 

interactions are facilitated by SB cyclen, cyclen has been identified as showing inferior affinity 

compared to cyclam.79 Poorer anti-HIV activity was observed for all tris-macrocycle metal complexes 

bearing terminal SB-cyclen macrocycles, 16, 17 and 20. All complexes were less toxic than AMD3100.  

Calcium(II) signalling studies were conducted on the metal complexes of 19 and 21. The metal 

complexes trend in potency observed in the anti-HIV activity data was repeated in this assay, 

zinc(II)>nickel(II)>copper(II). Zn3[19] and Zn3[21] were the most potent complexes, IC50: 2.90 and 

1.55 nM, roughly three to six fold greater than AMD3100, IC50: 9.94 nM.  
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Sample 
Av

a
 % inhibition Anti-HIV activity IC50

b
/nM 

Cytotoxcity 
CC50

c
/µM 

Calcium signalling 
IC50

b
/nM 

Jurkat U87.CD4.CXCR4, 
*
MT-4 U87.CD4.CXCR4 U87.CD4.CXCR4 

16 27    

Cu3[16] 100 140 - - 

Ni3[16] 69 713 - - 

Zn3[16] 100 533 - - 

17 7    

Cu3[17] 84 729 - - 

Ni3[17] 56 368 - - 

Zn3[17] 93 392
*
 26

*
 771

*
 

18 12    

Cu3[18] 100 28 - - 

Ni3[18] 100 8 - - 

Zn3[18] 100 1 - - 

CuZn2[18] 100 21
*
 8

*
 9

*
 

19 32    

Cu3[19] 100 1420 27 1,932 

Ni3[19] 100 12 17 8 

Zn3[19] 100 2 34 3 

20 23    

Cu3[20] 99 387
*
 32

*
 187

*
 

Ni3[20] 39 736
*
 5

*
 1130

*
 

Zn3[20] 92 297
*
 35

*
 506

*
 

21 33    

Cu3[21] 52 - - - 

Ni3[21] 100 8 31 21 

Zn3[21] 100 20 11 2 

AMD3100  12 2 10 

Table 6 – Summary of biological assay data generated for tris-macrocycles and metal complexes  
a
 Experiments were run in either duplicate or triplicate and the results averaged. 

b
 Concentration required to reduce the 

level of Ca
2+

 ions observed during a ‘normal’ signalling process by 50% (IC50) in U87.CD4.CXCR4 cells. 
c
 Concentration 

required to reduce cell viability by 50% (CC50) in U87.CD4.CXCR4 cells. – Represents compounds awaiting data. 

The difference in potency between the metal complexes of 21 and 19 may be explained by their 

overall shapes. The long, straight shape of 21 may cover more of the receptor surface preventing 

CXCL12 from binding better than the folded shape of 19. In conclusion, zinc(II) tris-macrocycles were 

seen to perform the best as CXCR4 antagonists with multiple macrocycles outperforming AMD3100. 

The most active anti-HIV agent was Zn3[18] which showed 13-fold better activity and lower toxicity 

than AMD3100.  

5.3.5. Bis-Macrocycles as CXCR4 Antagonists 

Zinc(II) and copper(II) coordinated bis-macrocycles were evaluated as CXCR4 antagonists, along with 

the corresponding free ligand in displacement assays against a CXCR4 specific mAb. A summary of 

the findings from these assays are shown in Table 7. Free ligands, 28 - 39, show significantly lower 

percentage inhibition than all the metal complexes. In general, free ligands containing two bridged 
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cyclen macrocycles showed lower inhibition than bis-macrocycles containing a bridged cyclam 

macrocycle. 29, 37 and 39 showed more than 50% inhibition and were significantly better at 

inhibiting CXCR4 than any tris-macrocycle free ligands, 16-21 see section 5.3.4. Functional groups 

appeared to impact percentage inhibition for the free ligands with a general trend being: -N3>-NH2>-

CH2NH2=NO2>-COOMe>-CN, an anomaly in this trend is 29(-NO2) which shows higher inhibition. Our 

group has observed higher inhibition from an amine functionalised macrocycle,67 but this was not 

seen. Inhibition of CXCR4 by copper(II) and zinc(II) complexes of bis-macrocycles 28-39 were 

comparable, all showed more than 90% inhibition see Table 7 and suggests that terminal functional 

groups or ring size had no impact on inhibition and does not agree with macrocycle complex trends 

in the literature which show zinc(II) complexes as superior to copper(II) complexes.67, 71b, 81, 195  

Inhibition data does not indicate whether macrocycles are efficient CXCR4 antagonists therefore 

additional assays are conducted to determine this. Zinc(II) complexes are significantly more active 

than copper complexes in general, see Table 7, these findings are supported by the literature.67, 71b, 

81, 195 The most potent bis-macrocyclic metal complexes were [Zn232]4+, [Zn237]4+ and [Zn239]4+, all 

showed lower IC50 values than AMD3100, 3 nM, 10 nM and 10 nM vs 12 nM respectively. These 

complexes all contained a terminal SB-cyclam macrocycle and a central CB-cyclen macrocycle 

suggesting this is the optimum structure for CXCR4 interaction. 
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Sample 

Av
a
 % 

inhibition 
Anti-HIV activity 

IC50
b
/nM 

Cytotoxcity Calcium signalling 
IC50

b
/µM CC50

c
/µM 

Jurkat 
*
U87.CD4.CXCR4 

MT-4 
U87.CD4.CXCR4 U87.CD4.CXCR4 

28 0 
   

Cu2[28] - 2569 46 1.5 

Zn2[28] - 734 43 1.1 

31 23       

Cu2[31] 100 447 42 0.8 

Zn2[31] - 961 11 0.3 

29 53 
   

Cu2[29] - 1003
*
 - - 

Zn2[29] - 500
*
 - - 

32 29 
   

Cu2[32] 96 34
*
 - - 

Zn2[32] 100 3
*
 - - 

30 8 
   

Cu2[30] 100 436 67 0.2 

Zn2[30] 92 365 35 0.1 

33 28 
   

Cu2[33] 98 67 >96 0.1 

Zn2[33] 96 48 >96 0.1 

34 14 
   

Cu2[34] 98 459 50 0.6 

Zn2[34] 100 274 63 1.0 

35 29 
   

Cu2[35] 100 525 54 1.0 

Zn2[35] - 59 32 0.1 

36 22 
     

Cu2[36] 98 290 44 0.1 

Zn2[36] - 1030 42 0.1 

37 54 
     

Cu2[37] 96 322 56 0.2 

Zn2[37] 94 10 50 0.1 

38 39 
     

Zn2[38] - 50 37 0.1 

39 58 
    

Cu2[39] 100 78 52 0.8 

Zn2[39] - 10 39 0.1 

AMD3100 
 

12 2 0.1 

Table 7 - Summary of biological assay data generated for bis-macrocycles and metal complexes  
a
 Experiments were run in either duplicate or triplicate and the results averaged. 

b
 Concentration required to reduce the 

level of Ca
2+

 ions observed during a ‘normal’ signalling process by 50% (IC50) in U87.CD4.CXCR4 cells. 
c
 Concentration 

required to reduce cell viability by 50% (CC50) in U87.CD4.CXCR4 cells. – Represents compounds awaiting data. 
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5.4. SPR METHOD DEVELOPMENT 

In order to obtain the optimum SPR method a range of methods were tested. Important factors for 

changing the method were reproducibility and the sensorgram level of response. 

5.4.1 Intact Cell Immobilisation 

This method involved immobilising whole cells onto the surface of a CM5 chip via aldehyde coupling. 

The cells used were Jurkat cells, a human leukaemia cell line, which over expresses the CXCR4 

receptor by 14 fold compared to normal cells. There has been one publication whereby Jurkat cells 

were used in SPR. Jin et al. clarified the ability of SPR to identify specific interactions between Jurkat 

cells and certain mAb immobilised on the sensor chip surface.257 Since then very little work has 

incorporated intact cells into SPR methods, one example though is Mizuguchi et al. who used 

epidermal carcinoma A431 cells overexpressing their receptor of choice,  epidermal growth factor 

receptor (EGFR) to investigate receptor interactions.246 A significant difference between this work 

and that of Mizuguchi et al. was that they immobilised the receptor ligand onto the surface of the 

sensor chip and analysed binding between the ligand and the intact cells as opposed to directly 

attaching the cells to the chip and observing the interactions with the ligand. An interesting finding 

was that there was more fluctuation in the sensorgrams when using intact cells as opposed to 

isolated extracellular domains of the EGFR. 

In this work, Jurkat cells were cultured and once the cell line was established the cells were washed 

and re-suspended in PBS/10 mM sodium acetate buffer pH 4.0 (1:1). The surface of the sensor chip 

was activated before introduction of the cells and the assay ran at 37oC. Slow flow rates were used 

when injecting cells because the diffusion rates are slower so it takes longer to interact with the 

immobilised ligand.258  On all occasions Jurkat cells were immobilised, however, whilst conditions 

remained the same the response varied significantly between experiments. On one occasion 

approximately 10,000 RU was reached but on another approximately half that was reached. This is 

shown in the sensorgram below in Figure 83. It was concluded that the experiment was not 

reproducible and so the method was altered even though a high response was achieved.  
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Figure 83 - Sensorgram of immobilised Jurkat cells on CM5 sensor chip 

5.4.2 Intact Cell Capture 

The intact cell capture method involved immobilising a CXCR4 specific monoclonal antibody to the 

surface of a CM5 sensor chip via amine coupling followed by capture of the Jurkat cells. The use of 

an immobilised mAb to capture the item of interest is well documented in the literature for many 

applications but the use with GPCRs is limited due to the lipophilic nature of the protein.245, 248  

Optimum conditions for antibody binding were ascertained by carrying out an immobilisation pH 

scouting assay which tested antibody binding over a range of pHs. The precise nature of antibody 

binding can be seen in Figure 84 which shows the optimum pH for binding was 4.5. Following sensor 

chip surface activation by EDC and NHS the target for antibody immobilisation of 10,000 RU was 

reached on both the reference and test FCs. Compared to mAb immobilisation examples from the 

literature,248, the mAB surface density was excellent. A comparable density of 10,000 RU was 

achieved with mAb 1D4 on an L1 sensor chip,248 though a lower density of 7000 RU was achieved by 

Navratilova et al. on a CM4 chip.259 However, as the CM4 chip has a lower amount of 

carboxymethylated dextran strands on the surface than the CM5 this would explain the 

difference.259 Cell capture was conducted at 37oC to ensure the cells were exposed to conditions as 

mild as possible. The flow rate was very slow to enable the cells chance to bind to the antibody.  

Whilst the sensorgram indicated cell capture the response was low, Figure 85 A, a more important 

feature it showed was that the baseline was unstable. This can be concluded because the baseline is 

not flat.  As a result of this, the temperature was reduced to room temperature and the experiment 

was repeated. The response achieved for cell capture remained low, though the baseline was very 

stable as can be seen in Figure 85 B. Cell capture was repeated three times but the response did not 

significantly improve. Conclusively, cell capture was not high enough for valuable data to be 

generated therefore an alternative approach was investigated. Levels of capture described in the 
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literature whereby binding data was generated ranges from 2000-3000 RU which is considerably 

higher than that achieved in this work.248-249 

 
Figure 84 - Immobilisation pH scouting for mAb in 10 mM acetate buffer at a range of pHs 

 
Figure 85 - Sensorgrams showing cell capture at 37

o
C (A) and at RT (B) by immobilised mAb 
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5.4.3 Receptor Capture 

The literature focuses heavily on using C-terminal linear C9 peptide (TETSQVAPA) tags to capture 

GPCRs which is recognised by the 1D4 mAb. This work investigated the use of alternately tagged 

receptors focusing specifically on the GST tagged CXCR4 receptor which would be captured by an 

anti-GST antibody.  

Immobilisation of the anti-GST antibody via amine coupling was straight forward with high mAb 

surface densities being attained. The values of approximately 7000 RU were slightly less than the 

expected value outlined by the capture kit manufactures.260 However the stated value of 7500 RU 

was observed with a CM5 sensor chip therefore a lower density is predicted for the CM4 sensor chip 

as mentioned in section 5.4.2. The CXCR4 receptor was reconstituted in a buffer that had shown 

promising results with the capture of C-terminal linear C9 peptide tagged CXCR4 receptor.245 Initially 

a low capture density of around 800 RU was observed which is much lower than the accepted 

literature values,248-249 but this was overcome by increasing the contact time whereby an excellent 

density of 1800 RU was achieved. However, on testing the surface with a conformation specific 

CXCR4 mAb no binding was observed. Thus, believing that the lack of binding was due to the lipids 

and detergents not correctly supporting the receptor into the correct conformation an alternative 

buffer was investigated. This buffer was taken from a different group who had achieved success with 

analysing binding interactions of CXCR4.248 Instead of having a mixture of detergents and lipids in the 

buffer only one detergent is present. An injection of lipid and detergent solution immediately after 

receptor injection stabilises the receptor into the correct conformation. The capture density of 

CXCR4 receptor was approximately 700 RU which was significantly less than Stenlund et al., but the 

different sensor chip is likely to be responsible for this. Following the lipid/detergent injection no 

binding was observed to the sensor chip surface which was a major problem as it meant that the 

receptor was not being stabilised into its natural conformation, although this issue could be due to 

machine differences. The instrument used by Stenlund et al. enables a subsequent injection 

instantaneously however the instrument used in this work inputs a 60 s wait command in between 

injections and cannot be over ridden. This small difference may have caused the problem. In an 

attempt to increase the capture density the length of contact time was increased from 600 s to 900 s 

and this yielded a density of 669 RU. Nonetheless, no increase in response was observed following 

the injection of lipd/detergent therefore no binding was able to be seen either. Consequently, no 

binding data between novel CXCR4 antagonists and the CXCR4 receptor were able to be generated. 



138 
 

5.4.4 Biotinylated macrocycle binding assay 

The binding of a biotinylated bis-macrocycle to a streptavidin coated sensor chip was analysed.  

Compounds 81 and 82, see Figure 86, were synthesised and kindly donated by Dr Rachel Smith. 

Previous flow cytometry data on 82 had produced inconsistent binding data therefore to confirm 

that the macrocycle was not interfering with the biotin-streptavidin binding an SPR method was 

developed. As the biotin-streptavidin bond is the strongest non-covalent interaction known the 

surface could not be regenerated so this was the reason for the layout of the experiment. 81 was 

injected first to establish the response of zero binding on both FCs. This was followed by either 82 or 

the positive control. The response was divided by the molecular weights of the compounds to 

generate binding per molecule. It was established that 82 bound to streptavidin to the same extent 

as the positive control thus the macrocycle was not affecting binding to streptavidin. 

6  
7   

Figure 86 – Donated compounds 81 and 82 synthesised by Dr Rachel Smith and the commercially available positive 
control: (5-([(N-(Biotinoyl)amino)hexanoyl]-amino)pentylamine trifluoroacetate salt 
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5.5. CONCLUSIONS 

A range of synthesised tris- and bis-macrocycles was biologically evaluated in a number of assays 

with the aim to determine the optimum structure for CXCR4 antagonism. The macrocycles and their 

metal complexes presented in chapter 2 and 3 were tested through displacement assays, anti-HIV 

assays, cytotoxicity assays and calcium(II) signalling assays.  

Tris-macrocycles have the potential to display more interactions with the CXCR4 receptor than bis- 

or mono-macrocycles due to the third macrocycle which could lead to a longer residence time on 

the receptor which is preferable for use in therapeutic applications. A novel collection of tris-

macrocycle metal complexes all exhibited micromolar affinity with most complexes being potent at a 

nanomolar concentration. Both the free ligands and metal complexes showed a measurable 

inhibitory percentage although the metal complexes were significantly higher. Overall, the metal 

complexes of 20, 17 and 16 did not compete for the receptor as well as those of 18, 21 and 19, in 

particular the nickel(II) complexes. Higher inhibition percentage was seen when SB cyclam was in the 

terminal position, as for 18, 21 and 19. Lower inhibition percentages were seen for the nickel(II) 

complexes of 20, 17 and 16, 39%, 56%, 69% respectively. The macrocycles which showed optimum 

inhibition were the metal complexes of 18 and 19 whereby 100% inhibition was achieved by all. The 

most potent anti-HIV tris-macrocycle metal complexes were Zn3[19], Zn3[21] and Zn3[18] which were 

up to 13 fold more potent than AMD3100 (IC50: 1.86, 2.16 and 0.86 nM respectively vs. 11.93 nM). 

The general trend of anti-HIV activity in terms of the metal complexes was 

zinc(II)>nickel(II)>copper(II). Copper(II) complexes showed lower affinity than AMD3100, but Ni3[21], 

IC50 of 7.79 nM, exhibited 1.5 fold greater affinity than AMD3100. Higher potency was observed in 

the metal complexes of “unsymmetrical” macrocycle 18. All complexes were less toxic than 

AMD3100. Calcium(II) signalling studies conducted on metal complexes of 19 and 21 revealed that 

Zn3[19] and Zn3[21] were the most potent complexes, IC50: 2.90 nM and 1.55 nM, and were 

approximately three to six fold greater than AMD3100, IC50: 9.94 nM.  In conclusion, zinc(II) tris-

macrocycles were seen to perform the best as CXCR4 antagonists and multiple tris-macrocycles 

outperformed AMD3100.  

Functionalised bis-macrocycles could potentially be used in different imaging applications depending 

on the imaging group attached. A variety of functionalities were evaluated to assess whether this 

would have an impact on the pharmacological properties of the macrocycle. Zinc(II) and copper(II) 

coordinated bis-macrocycles, 28-39, were evaluated as CXCR4 antagonists. Free ligands 28-39 

showed significantly lower percentage inhibition than all the metal complexes, and generally those 

consisting of two bridged cyclen macrocycles showed lower inhibition than bridged cyclam 
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containing bis macrocycles. 29, 37 and 39 showed more than 50% inhibition and were significantly 

better at inhibiting CXCR4 than tris-macrocycle free ligands, 16-21. Functional groups made a 

difference to percentage inhibition for the free ligands a general trend, regardless of macrocycle ring 

size, was -N3>-NH2>-CH2NH2=NO2>-COOMe>-CN. More than 90% inhibition of CXCR4 was achieved 

with copper(II) and zinc(II) complexes of bis-macrocycles 28-39 and suggests that terminal functional 

groups or ring size did not affect inhibition. This finding does not agree with macrocycle complex 

trends in the literature which show zinc(II) complexes as superior to copper(II) complexes.67, 71b, 81, 195  

[Zn232]4+ showed more than three times greater anti-HIV activity than AMD3100 and was identified 

as the most potent compound. The findings imply that the optimum bis-macrocyclic metal complex 

contained a terminal SB-cyclam and a central CB-cyclen. Further studies need conducting to support 

this hypothesis. 

The aim of the SPR method development was to use the kinetic data generated from SPR 

experiments to determine which application the antagonists were most suitable for either as 

imaging agents for cancer diagnosis or therapeutic agents for CXCR4 metastatic cancers. Whilst 

many methods and modifications were tested this outcome was not achieved. High levels of 

receptor capture were achieved which strongly suggests that GST capture is a valid method for 

further development. The use of lyophilised CXCR4 receptor may have been the cause of the 

problems because the E- coli cells used to produce the receptor may not have been able to correctly 

fold the protein into its active conformation. The use of lysed receptor, as used by Stenlund et al. 

and Navratilova et al. may have been the key to their successful method because the differing 

capture method is unlikely to have been the cause of the problem as GST capture is a frequently 

used method that does not interfere with capture.245, 248 Future developments for the method would 

be to use freshly lysed GST-tagged-CXCR4 receptor transfected cells on the lipophilic L1 sensor chip. 

This may overcome the problem with lipid association as well as ensure the receptor remains in its 

active conformation.  
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5.6. FUTURE WORK 

Detailed biological evaluation of leading compounds, Zn3[19], Zn3[21] and [Zn232]4+ should be 

conducted in order to establish which residues on the binding cleft of CXCR the macrocycles are 

interacting with and can be achieved through mutagenesis studies as outlined by Gerlach et al.56a, 57a 

The findings from this study would be especially interesting for tris-macrocycles as key binding 

residues are currently only hypothesised. Further biological studies that could be conducted are 

downstream signalling assays to ascertain whether downstream effects are inhibited and whether 

receptor internalisation via endosomal compartments is initiated by macrocycle binding, as 

observed in previous work within the group.195  

A series of SPR experiments were conducted in this work but the binding kinetics of the synthesised 

macrocycles were unable to be ascertained. In order to develop a route to accomplish this, the work 

in this chapter suggests that, a fresh production of CXCR4 receptor directly from cultured cells would 

lead to a successful method being developed. In the literature, a C9 tagged CXCR4 receptor 

expressing Cf2Th dog thymocyte cell line was created by Babcock et al.261 The C9 tagged CXCR4 

receptor was separated from the remainder of the cell by Navratilova et al. and incorporated onto 

the surface on a CM4 sensor chip via capture by immobilised 1D4 Ab which recognises the C9 tag.245, 

249 It would be interesting to see whether a GST tagged CXCR4 receptor could be produced in a 

similar way to be recognised by an anti-GST Ab immobilised onto the surface of a sensor chip. The 

development of this would lead to a novel method which could be applied to other GPCRs such as 

CCR5 to evaluate anti-HIV agents. This method would hopefully overcome the drawbacks of the 

methods discussed in this work as it would ensure that the receptor remained folded in its active 

conformation by solubilisation in correct buffer. A suitable buffer to use could be a 20mM Tris (pH 

7.0) buffer supplemented with 0.1M (NH4)2SO4, 10% glycerol, 1 protease inhibitor tablet per 50mL 

buffer and approximately 1% lipid/detergent mixture outlined by Navratilova et al.249 
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6.1 SYNTHETIC STRATERGY 

This chapter reports the synthesis of radiolabelled tris-macrocycle zinc(II) complexes which have 

potential applications as PET imaging agents. Two high affinity configurationally restricted tris-

macrocycles reported in chapter 2 section 2.4.4 were coordinated to 64Cu(II) via transmetalation.  

6.2 PREVIOUS STRATEGIES 

6.2.1 Nuclear CXCR4 Imaging Agents 

6.2.1.1 Positron Emission Tomography (PET) 

As mentioned briefly in section 1.3.2, PET is an imaging technique which measures the tissue 

concentration of a radiotracer to generate images of biological processes in vivo.262 PET is superior 

compared to other techniques such as MRI, X-ray and ultrasound as they cannot provide information 

on metabolic or molecular events which PET can.235 A disadvantage of PET is the short half-lives of 

the radioisotopes commonly used, which mean that radiolabelling of target biological sites must by 

rapid. However, a strong advantage of PET is that an image can be generated quickly, the complete 

process can take between 5-10 min, therefore multiple PET investigations can be conducted on a 

patient. In addition to this, the atomic weight of PET radioisotopes tends to be low, for example C, N, 

O, F, therefore the “label” does not interfere with the biological process whereas a bulky fluorescent 

label might. 

PET predominantly differs from SPECT due to its use of positron emitting radioisotopes as opposed 

to single-photon emitters.108-109 A PET image is generated by the detection of two 511 keV gamma 

rays emitted following positron decay.262a When the nucleus of a positron-emitting isotope decays it 

emits a positron which travels a short distance, of between 0.5-2.0 cm, until it collides with an 

electron in the nearby tissue and undergoes positron annihilation. 235, 262a This causes the release of 

two gamma rays at approximately 180o to each other which are detected by the gamma-ray 

detectors surrounding the patient. As the rays are emitted at around 180o the isotope decay can be 

traced back along the line connecting the two detectors, termed the line of coincidence, see Figure 

87. Ideally, when a patient is injected with a radiotracer the material would be shown to move 

rapidly around the blood stream until it accumulates in the desired tissue. This accumulation would 

then be seen as a more intense portion of the image in comparison to other tissue.108-109  
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Figure 87 - Diagram showing coincidence detection in PET when two gamma rays are emitted, reproduced from Aarsvold 
et al.

108
 

6.2.1.2 Single Photon Emission Computed Tomography (SPECT) 

SPECT is more widely used than PET, this could be because SPECT radiotracers are easier to make 

and obtaining an image is cheaper because the radiotracers and equipment cost less than for PET.108 

In addition to this, SPECT isotopes have longer half-lives and a greater range of isotopes and tracer 

compounds are available. Despite this, a better image is generally obtained with PET as it’s more 

sensitive because the site of decay and point of annihilation can be identified. More recently, PET is 

gaining popularity and is the preferred technique in research. 

SPECT uses a radiotracer labelled with a single-photon emitter, in other words a radioisotope that 

emits one gamma-ray photon with each radioactive decay event.108 The amount of radiotracer that 

can be administered is limited due to safety therefore gamma-ray emission is quite low. 

Consequently, gathering data can be time consuming; a SPECT cardiac study takes 15-20 minutes as 

opposed to an X-ray CT which can be done in seconds.  

A collimator is used to create an image in SPECT, see Figure 88. An image is created by selecting the 

gamma-rays travelling in the direction that the channels are orientated. The other rays are either 

blocked or completely miss the collimator. Successful gamma rays will strike the scintillator which 

then utilises the high energy from the rays to produce numerous optical wavelength photons. 

Photomultiplier tubes (PMT) detect the photons and computers subsequently decipher the data and 

organise it into a histogram which portrays the object as a projection image.108 
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Figure 88 - A collimator forming an image of an object, reproduced from Aarsvold et al.

108
 

6.2.1.3 Radioisotopes 

The first thing to consider when imaging a target area is that you need a radiopharmaceutical that 

will interact with the body, accumulate in the desired location and produce a valuable image. A 

radiopharmaceutical has two components: the tracer, to target the specific area of the body, and the 

radioactive label, the part that is used to generate an image.108 There are two types of radioactive 

labels: positron emitters and single-photon emitters. Positron emitters are used in PET, the most 

common are 18F, 82Rb, 11C, 15O and 13N. Single-photon emitters are those used in SPECT, the most 

widespread ones are 99mTc, 201Tl, 123I, 111In and 67Ga. Table 8 shows the half-lives of the commonly 

used isotopes. Many radioisotopes are made using a cyclotron by bombarding the chosen substance 

with beams of protons. An alternative method is through isotope generators the method in which 

68Ga and 99mTc are produced. The positron emitting isotope is extracted from another specific 

decaying isotope, in the case of 68Ga, decaying 68Ge is used.  

Positron Emitters    

Isotope Half-Life (t1/2)  Single Photon Emitters 

11
C 20.4 min Isotope Half-Life (t1/2) 

13
N 9.96 min  

67
Ga 78.3 h 

15
O 124 s  

99m
Tc 6.02 h 

18
F 110 min  

111
In 2.83 d 

82
Rb 1.25 min  

201
Tl 68 min 

68
Ga 68 min  

123
I 13.2 h 

64
Cu 12.7 h    

Table 8  - Half-life values of some frequently used radioisotopes
108

 

An advantage of using radioactive tracers is that they can efficiently target particular processes 

which allow valuable information to be acquired.108 This is useful as there are multiple processes 
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involved in cancer progression and PET is a versatile technique when it comes to oncology. One of 

the applications is characterising the tumour, detailing what type it is, what quantity it uptakes, and 

the location of the tumour. PET can be used to determine all these factors as well as deliver targeted 

tumour therapies. Fluorodeoxyglucose or 18F-FDG, is the most commonly used PET 

radiopharmaceutical used for characterising a tumour. 18F is often used to replace a hydrogen atom 

or hydroxyl group.262a 18F-FDG is an analogue of glucose whereby 18F replaces one of the hydroxyl 

groups.108-109 FDG gets taken up by the cells like standard glucose, however once inside the cell FDG 

cannot be metabolised like glucose due to the ‘missing’ OH group so it gets trapped and the 

concentration builds in correlation with the cell’s glucose metabolic rate. An image is then formed 

showing the cell’s glucose metabolism which is especially useful for cancer imaging as tumour cells 

have higher glucose uptake than normal cells and therefore show up as brighter sections on a PET 

image. FDG is regularly used in clinical applications. There are many other PET radiopharmaceuticals 

but very few are in use clinically.108 

6.2.1.4 Nuclear Imaging Agents 

The use of macrocycles as PET imaging agents has been a popular area of research in recent years. 

Jacobson et al. first radiolabelled AMD3100 using 64Cu and tested it in C57BL/6 mice.263 High uptake 

was observed in the liver (41%), and immune related organs (37%) (spleen (13%), bone marrow 

(14%) and lymph nodes (10%) after 1 h. After 2 h there was very little difference in accumulation 

except in the liver which increased to 47%. Nimmagabba et al. showed the potential for 

radiolabelled AMD3100 by demonstrating that different levels of CXCR4 expression could be 

differentiated.112  The ability of 64Cu-AMD3100 to visualise metastasis was also validated, see Figure 

89. The accumulation in the liver and immune system was rationalised by target-specific binding as 

CXCR4 is expressed there. However, transchelation of 64Cu from AMD3100 results in higher 

accumulation in the liver and increased liver uptake can also be attributed to the positive charge 

carried by AMD3100. These results have been confirmed by other groups.112, 175b, 264 A limitation of 

AMD3100 as a PET imaging agent is that its structure does not easily facilitate radiolabelling with 

18F.112  An alternative macrocycle that has shown higher selectivity in PET imaging is AMD3465, see 

Figure 90.265 Furthermore, the pyridine group could allow the addition of alternative radioisotopes. 

An example which uses an alternative radioisotope is M508Cl, the non-macrocyclic analogue of 

AMD3100. M508Cl was radiolabelled with 18F to produce 18F-M508F, see Figure 90.266 Radiolabelling 

caused the IC50 to significantly increase by more than 200 fold, 185 nM compared to 0.8 nM 

suggesting that optimisation of this compound is required.  
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Figure 89 – PET/CT of CXCR4 expression in lung metastasis with 

64
Cu-AMD3100 (A and B) and histogram showing the 

surface expression of CXCR4 in various cell lines (C)
112

 

99mTc has been incorporated into AMD3100 for imaging Hep-G2 cell line tumours in BALB/C nude 

mice.267 A high radiochemical yield was achieved for 99mTc-AMD3100 of 99 %. High radiochemical 

purity of 98 % after 1 h and 99 % after 6 h was recorded using TLPC. SPECT imaging demonstrated 

that 99mTc-AMD3100 was taken up by the tumour 1 h prior to injection. High accumulation of 99mTc-

AMD3100 was observed in organs expressing CXCR4 such as the liver and kidney. 

 
Figure 90 – Structures of CXCR4 nuclear imaging agents 

The 64Cu-radiolabelling of many mono-macrocycles has been explored some of these are shown in 

Figure 91.175b, 184b, 268 Frequently used radiochemistry conditions, see Table 9, generally show that 

macrocycles without a bridge require lower temperatures and shorter reaction times for high purity 
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64Cu-complexation to occur. SB-cyclam showed 90% conversion at RT after just 20 min, however 

more rigid CB-macrocycles required significantly higher temperatures, commonly 75oC, for 

quantitative conversion. Reaction times for CB-macrocycles were not excessively higher than other 

radiochemistry reactions, an exception being Sun et al. whereby a 4 h reaction time was used to 

isolate 64-Cu CB-TE2A.184b The majority of reactions shown in Table 9 resulted in high purity, ≥95%, 

but two reactions involving L177 and CB-TE2A, see Figure 91, both CB macrocycles, produced lower 

purity values of 76% and 87% respectively. High purity, >95%, of CB-TE2A was subsequently achieved 

upon increasing the reaction time. Introduction of a 30 min pre-incubation period, followed by 

heating for a further 30 min at 75oC lead to high purity (ca. 100%) CB-macrocycles, CB-DO2A and 

CBTE2A, see Figure 91. 

 

Figure 91 – Structures of ligands radiolabelled with 
64

Cu 

The preferred solvent for conducting 64Cu radiolabelling reactions was EtOH; aqueous buffers such 

as ammonium acetate are also reported with the favoured pH being 5.5 but this is seen to vary 

between macrocycles. Sun et al. tested reactions using carriers to assist the radiolabelling of L175, CB-

TE2A, L176 and L177, see Figure 91.184b Carriers are used to correct method performance in specific 

samples and contain known amounts of an isotope that will behave similarly to the radioactive one, 
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in this case 63Cu. The group found that high RC purity was achieved for L175, L176 and L177 regardless of 

whether a carrier was added. RC purity was significantly higher on addition of a carrier to CB-TE2A, 

going from 76% to >95%, see Table 9. Two species were observed prior to the addition of a carrier at 

a ratio of 3:1, but this converted to the single 64Cu-CB-TE2A species with carrier. The group also 

explored the stabilities of the complexes in rat serum.184b All complexes, 64Cu-L175, 64Cu-CB-TE2A, 

64Cu-L176 and 64Cu-L177, showed no decomposition after 24 h. 

Jones-Wilson et al. outlined the thermodynamic stability constants of a series of Cu(II) macrocycles: 

cyclen, cyclam, SB-cyclam, DOTA, TETA and DO2A, see Figure 91.175b Cu(II)cyclam exhibited the 

highest log K, 28.1, whereas Cu(II)DO2A produced the lowest stability constant, 18.9. 175b, 268a-c The 

trend in stability constants were: Cu(II)cyclam>Cu(II)SB-cyclam>cyclen>DOTA>TETA>DO2A. 64Cu-SB-

cyclam showed the slowest clearance and 64Cu-TETA the fastest, 64Cu-DOTA cleared the liver and 

kidneys faster than 64Cu-cyclen.  

Boswell et al. studied the stability of 64Cu-CB-TE2A and 64Cu-CB-DO2A, see Figure 91, and found that 

the size of the macrocycle ring significantly impacts the in vivo stability.268d  The addition of the CB 

vastly improved the complexes in vivo stability, but 64Cu-CB-TETA was found to be more stable than 

64Cu-CB-DO2A. 64Cu-CB-DO2A was more resistant to transchelation compared with 64Cu-DOTA. After 

20 h 64Cu-CB-TE2A was 24% dissociated in the liver and this was substantially better than 64Cu-TETA 

which showed more than 90% dissociation after 20 h. On the other hand, dissociation of 64Cu from 

TETA-OC was not observed in the work conducted by Bass et al.268e 
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Macrocycle Reagents 
Temperature 

/ oC 
Time / 

min 
RC 

purity 
Reference 

Cyclen 
20 mM water, pH 5.5 RT 10 

98 Jones-Wilson 
et al.175b Cyclam 97 

L175 EtOH (10 mM ligand), 5 µL 1 
M NaOH (in EtOH) 

75 60 
99 

Sun et al.184b 

CB-TE2A 

76 

EtOH (10 mM ligand) Cu(II)/L: 
1:100 to 1:1 

75 240 >95 

0.1M ammonium citrate, pH 
6.5, Cu(II)/L: 1:100 to 1:1 

75 240 >95 

Cs2CO3, EtOH (30 min pre-
incubation) 

75 30 
100 Boswell et 

al.175a CB-DO2A 100 

L176 EtOH (10 mM ligand) 55 90 99 
Sun et al.184b 

L177 EtOH (5 mM ligand) 55 30 87 

TETA 20 mM water, pH 5.5 

RT 

30 100 Jones-Wilson 
et al.175b DOTA 30 mM water, pH 5.5 45 95 

DO2A 10 mM water, pH 5.5 60 100 

SB-cyclam 5 mM water, pH 6.4 20 90 

TETA 0.1M ammonium acetate (5 
mM ligand), pH 6.5 

75 30 
100 Boswell et 

al.175a DOTA 100 

TETA-OC 0.1 M ammonium acetate (~7 
µM ligand), pH 5.5 

RT 60 >95 
Bass et al.268e 

Table 9 – Reaction conditions for radiolabelling macrocycles with 
64

Cu 
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6.3 SYNTHESIS OF 64Cu(II) RADIOLABELLED 1,7-BIS-[4-[[1,4,8,11-TETRAAZABICYCLO[10.2.2]HEXADE 

CANE]METHYL]BENZYL]-1,4,7,10-TETRAAZABICYCLO[5.5.2]DODECANE ZINC(II) ACETATE 

[CuZn318]6+ AND 1,8-BIS-[4-[[1,4,8,11-

TETRAAZABICYCLO[10.2.2]HEXADECANE]METHYL]BENZYL]-1,4,8,11-TETRAAZABICYCLO 

[6.6.2]HEXADECANE [CuZn319]6+ 

6.3.1 Cold Copper(II) Isotope Test Reaction 

64Cu is an attractive radioisotope due to its long half-life of 12.7 h, its increased use has called for the 

development of stable chelators, vital for in vivo applications.175a Macrocycles have renowned 

chelating abilities and have seen significant application in this field. The high stability of macrocycles 

compared to acyclic chelating agents has ensured extensive investigation with a variety of 

radioisotopes. The kinetic inertness of bridged macrocycles, in acidic media and physiological 

conditions, makes these chelators even more attractive.184b Structurally reinforced macrocycles 

bearing an ethylene bridge has resulted in optimal ligand design due to increased stability; bridged 

cyclam has shown more than 8 orders of magnitude higher kinetic stability compared to its non-

bridged counterpart.188, 269 Transchelation of 64Cu from 64Cu-labeled chelators during in vivo 

metabolism to 32 kDa proteins has been observed with the non-bridged macrocycle 64Cu-TETA-OC, 

see Figure 92.268e Due to the stable nature of bridged macrocycles this is less likely to happen.175, 220, 

270  

 
Figure 92 – Structure of non-bridged macrocycle 

64
Cu-TETA-OC which causes loss of 

64
Cu in vivo

268e
 

Transmetalation was chosen as the route to introduce the radioisotope 64Cu(II) as it was the easiest 

and meant the macrocycle did not require prior functionalisation. The tris-macrocycles, [Zn318]6+ and 

[Zn319]6+ see Figure 94, were selected for radiolabelling based on their high affinity at inhibiting the 

CXCR4 receptor in the displacement assay, see section 5.3.4. Radiolabelled, configurationally 

restricted macrocycles are likely to induce less toxic side effects than [64Cu-AMD3100]2+, through loss 

of 64Cu(II), due to the increased stability of these complexes, which is crucial for in vivo delivery of 

64Cu for PET imaging.71b, 175a, 184b, 188 Boswell et al. reported that 64Cu-CB-TE2A was the most stable 

complex when compared to other 64Cu-radiolabelled non-restricted macrocycles; H4-TETA and H4-

DOTA, see Figure 93.175a Woodard et al. recently reported two 64Cu(II)-CB-cyclam macrocycles RAD1-

24 and RAD1-52, very similar structurally to AMD3465, see Figure 93.271 The PET images revealed the 

mono-macrocycles showed specific uptake in CXCR4-expressing U87-subcutaneous brain tumour 
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xenografts, however when competed with AMD3465, uptake decreased by 85%-90% which suggests 

that the compounds bind in a similar manner to AMD3465. High accumulation of radioactivity was 

observed in the liver and kidneys for both compounds. 

 
Figure 93 – Structures of mono-macrocycles radiolabelled by Boswell et al.

175a
 and Woodard et al. 

271
 

Copper(II) should effectively undergo transmetalation with zinc(II) because the binding constant for 

[Zn-cyclam]2+ is 11 orders of magnitude lower than that of [Cu-cyclam]2+ thus the formation of [Cu-

cyclam]2+ is thermodynamically favoured.72 Furthermore, the stability of copper(II) cyclam is higher 

than zinc(II) and the rate of complexation to cyclam is faster for copper(II) than zinc(II).71a, 82a, 272 

Displacement of zinc(II) by copper(II) was observed by Paisey et al., initially zinc(II) bound to cyclam –

when both metal ions were added to a solution of cyclam, however copper(II) displaced zinc(II) 

slowly at RT and 37oC.82a In this work, the cold copper(II) complex was synthesised by reacting 

[Zn318]6+ with a molar equivalence of copper(II)acetate monohydrate and heating at 60oC for 2 

hours. This time was chosen as it was the standard literature procedure for incorporating a metal ion 

into a SB macrocycle.61b, 160c A molar equivalence was used because only one zinc(II) ion was to be 

replaced. The copper(II) ion most probably substituted one of the zinc(II) ions in the terminal SB-

cyclam because higher energy is required to remove a metal ion from a CB-cyclam cavity as the 

structure is extremely stable.63b Furthermore, the flexibility of the CB structure is less than the SB 

therefore the SB is easier to introduce a metal ion into. On addition of the copper(II) acetate 

monohydrate methanolic solution the tris-macrocycle solution immediately turned deep blue. 

[CuZn218]6+ was purified by size exclusion chromatography using Sephadex LH20 to yield the blue 

product in 49% yield. The complexes, see Figure 94, were eluted in 95:5 water:MeOH on ‘neutral 

alumina sheets’ saturated with NaCl as a test for radiochemistry to monitor the progress of the 

reaction. These unusual conditions were selected as they enabled the macrocycle complex to travel 
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on the TLC plate and neutralised the charge of the macrocycle complex. The concentration of 

copper-64 ions is so low that it will be statistically impossible to replace more than one zinc centre.  

 
Figure 94 – Structure of radiolabelled tris-macrocycles [Zn318]

6+
 and [Zn319]

6+ 
 

A displacement assay was conducted to test whether the substitution of one zinc(II) metal ion for a 

copper(II) ion in [Zn318]6+ had any negative effect on percentage inhibition as zinc(II) coordinated 

cyclam is known to show higher affinity towards the CXCR4 receptor than the corresponding 

copper(II) complex.74 It can be seen in Table 10 that there is a significant difference between the 

free-ligand percentage of inhibition and the metal complexes, whereby the metal complexes show a 

stronger affinity for the CXCR4 receptor, this trend has been observed by Gerlach et al. and 

Woodard et al.56a, 271 Importantly, the introduction of the copper(II) ion in place of a single zinc(II) ion 

has no negative effect on inhibition.  

Sample Average % inhibition 

18 12 

Cu3[18] 100 

Zn3[18] 100 

CuZn2[18] 100 
Table 10 – Percentage inhibition values of L

19
 and its metal complexes 

6.3.2 Radiolabelling of [Zn318]6+ and [Zn319]6+ 

Following the successful cold transmetalation reaction of [Zn318], radioactive transmetalation was 

explored. Woodard et al. afforded their radiolabelled CB-cyclam analogues by dissolving the 

macrocycle in water, adding 0.1 M sodium acetate pH 8.0 before addition of [64Cu]Cu(II)Cl2 in HCl 

and heating at 95oC for 1 h.271 This differed from the method outlined by Jacobson et al. who began 

by converting [64Cu]CuCl2 to [64Cu]Cu(II)(CH3CO2)2 by adding 0.4 M ammonium acetate buffer, pH 5.5, 

the buffer addition facilitated anion exchange.263 The [64Cu]Cu(II)(CH3CO2)2 solution was added to 
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AMD3100 dissolved in 0.4 M ammonium acetate buffer pH 5.5 and stirred for 1 h at RT. Boswell et 

al. used a similar method to synthesise 64Cu-SB-TE1A1P, see Figure 95, except [64Cu]Cu(II)Cl2 was 

added directly to the macrocycle in ammonium acetate buffer pH 7.5.273 The method used in this 

work was comparable to Jacobson et al. although heat was introduced due to the transmetalation 

aspect of the reaction.  

 
Figure 95 – Structure of SB-TE1A1P radiolabelled with 

64
Cu(II)

273
 

64CuZn2[18] and 64CuZn2[19] were synthesised by making a solution of macrocycle and 0.4 M 

ammonium acetate buffer pH 5.5. This was added to a [64Cu]Cu(II)Cl2 solution, earlier incubated at 

60oC with 0.4 M ammonium acetate buffer pH 5.5, heated at 90oC and the conversion of Zn3[18] and 

Zn3[19] to 64CuZn2[18] and 64CuZn2[19] was monitored via radio-TLC. HPLC was attempted but the 

sample smeared extensively down the column and interpretation was not possible, therefore true 

RCYs could not be calculated. The chromatograms obtained from the radio-TLCs, see Figure 97 for 

64CuZn2[18] and 64CuZn2[19], see Figure 98, show the transmetalation of the zinc(II) complexes to the 

corresponding radiolabelled complex generated at each time point measured. The radiolabelled 

macrocycles were eluted with 95:5 water:MeOH, saturated with NaOH, which allowed reaction 

progress to be monitored. The chromatograms taken after 15 min were slightly noisy due to the 

reaction solution on the radio-TLC plates being too weak, this issue was overcome in subsequent 

chromatograms. The radio-TLC taken after 30 min for 64CuZn2[18], see Figure 96, was anomalous as 

it depicted a significant decrease in the percentage converted to 64CuZn2[18] and does not follow the 

overall trend in data as shown in Figure 99. The noise observed in the chromatogram indicates that 

insufficient reaction solution was added to the radio-TLC plate.  
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Figure 96 – Anomalous chromatogram of 

64
CuZn2[18] at 30 min from a single run 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 min 
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Figure 97 – Chromatograms of radio-TLCs of 
64

CuZn2[18] over time from a single run 

15 min 

45 min 

60 min 

75 min 
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Figure 98 – Chromatograms of radio-TLCs of 

64
CuZn2[19] over time from a single run 

15 min 

30 min 

75 min 
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The chromatograms show that after just 15 minutes a considerable amount of 64Cu was incorporated 

into the macrocyclic cavities of 64CuZn2[18] and 64CuZn2[19], 77% and 86% respectively see Figure 99. 

It was noted that conversion to 64CuZn2[19] was initially quicker than 64CuZn2[18]. A general trend 

observed for both macrocycle complexes was an increase in 64Cu(II) incorporation over the course of 

the reaction, 75 min, see Figure 99. This was most obvious for 64CuZn2[18] where a 25% increase in 

64Cu incorporation was seen over 75 min. For 64CuZn2[19], it would be interesting to explore the level 

of 64Cu incorporation achieved with a reaction time of less than 15 min as incorporation plateaus 

after 15 min. As a high percentage of 64Cu incorporation was observed after a short length of time 

64CuZn2[19] may be the better PET imaging agent. After 75 min full incorporation of 64Cu was 

observed for 64CuZn2[18]. Complete conversion to 64CuZn2[19] was not achieved but a yield of almost 

93% was still acceptable. Whilst 75 min is a relatively long radiochemical reaction time the long half-

life of 64Cu(II), 12.7 h, provides more flexibility with regard to reaction times.108 Considering the 

structures of the macrocycles were relatively similar, the only difference being the central 

macrocycle, the behaviour during radiolabelling was somewhat dissimilar. 64CuZn2[19] consists of 

three bridged cyclam rings whereas 64CuZn2[19] consists of two terminal bridged cyclam rings and 

one central bridged cyclen ring. The presence of the bridged cyclen ring appears to enable a high 

amount of 64Cu incorporation quickly, whilst the central cyclam ring causes the same level of 64Cu 

incorporation almost 45 min later. These are only preliminary results and more work and 

replications are required before accurate conclusions can be made, although it was an interesting 

observation to note.  

 
Figure 99 – Conversion of Zn3[18/19] to 

64
CuZn2[18/19] over time 

The result after 30 min for 
64

CuZn2[18] is anomalous  

As a result of the true RCY not being able to be ascertained, crude RCYs were calculated. The crude-

RCY was 79 % for 64CuZn2[18] whilst a lower crude-RCY of 62 % was achieved for 64CuZn2[19]. This 
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suggests that whilst 64CuZn2[19] could potentially be radiolabelled quicker the best PET images 

would be generated with 64CuZn2[19]. Rationalisation for this is specific activity because there would 

be a greater number of radiolabelled macrocycles to interact with the receptor as a higher 

percentage of macrocycle can be radiolabelled. In conclusion, important steps have been made in 

the quest to radiolabel targeted macrocyclic ligands and data suggests that 64CuZn2[18] and 

64CuZn2[19] were successfully isolated but optimisation is needed.  

6.3.3 Calculating the partition coefficient (LogP) 

The partition coefficient (LogP) is a term used to describe how hydrophilic or hydrophobic a 

compound is.274 As poor absorption and pharmacokinetics are the main reasons for drug candidates 

failing to progress in the drug development process, obtaining the physiochemical and 

pharmacokinetic drug properties as early as possible is highly advantageous.275 Poor absorption is 

noted when drugs have a LogP of more than 5, solubility is known to be the limiting factor in terms 

of the absorption process which transports drugs across the gastrointestinal membrane in oral 

drugs.  

LogP values were calculated for 64CuZn2[18] and 64CuZn2[19] to determine whether these 

macrocycles were hydrophilic or hydrophobic as this provides an insight into how the macrocycles 

will behave in vivo.274-275 The general trend in LogP values of successfully launched oral drugs 

between 1965 and 2007 were between 1.5 to 3.5,276 what’s more between 1937 and 1997 the LogP 

value of drugs has not significantly changed. A rationalisation for this is that when lipophilicity is too 

high, observed in compounds with high LogP values, the chances of non-specific binding, toxicity, 

poor solubility and metabolic clearance are higher and these facts have long been established.274-275, 

277 There has been a general decline in the number of drugs released which have a molecular weight 

of less than 350 Da.276a A driving factor for this is that new biological targets are “less druggable” and 

require larger molecules to achieve high affinity binding, an example being antagonists for GPCRs. 

This contradicts the predictions of the rule of 5.278  

The rule of 5 was originally outlined by Lipinksi in 1997 and is a well-accepted method for predicting 

likely drug candidates that will have desirable absorption and permeability properties.278  The rules 

state that drugs should be less than 500 Da in molecular weight, have a LogP of less than 5, have less 

than 5 H-bond donors and less than 10 H-bond acceptors. One well known exception to this rule is 

AMD3100 which has a molecular weight of 794.46 Da, which is well above the general trend for 

successful drugs. However, the difference between standard drugs and AMD3100 is that it is 

administered via injection into subcutaneous tissue rather than given orally. This difference may 

provide the reason for the success of AMD3100 which breaks multiple ‘rule of 5’ guidelines. It also 
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provides strong evidence that other larger molecules which do not adhere to the rule of 5 can be 

developed as successful drugs. The LogP values for 64CuZn2[18] and 64CuZn2[19] were calculated by 

making a solution of 0.5 MBq macrocycle solution in 1 mL PBS:octanol 50:50. This mixture was then 

shaken for 5 min on a VV3 Vortex Mixer at 25oC before being centrifuged for 5 min at 12,000 RPM at 

25oC. A small portion of each layer was taken and added to PBS, in triplicate, to give a final volume of 

1 mL; 50 µL of the octanol layer and 5 µL of the PBS layer was taken. A larger volume of octanol was 

taken so that the instrument could detect a high enough reading of radioactivity because the 

hydrophilic nature of 64CuZn2[18] and 64CuZn2[18] meant that the majority of the sample would be in 

the aqueous layer, this higher value was taken into account when calculating the LogP values. The 

LogP values obtained for 64CuZn2[18] and 64CuZn2[19] were -3.69 and -2.2 respectively. The LogP of 

[64Cu]AMD3100 was 0.52 which is much higher than the LogP values of 64CuZn2[18] and 

64CuZn2[19].112 These low values suggest that the macrocycles would not be suitable to image CXCR4 

expression beyond the blood-brain barrier because they are too hydrophilic. It would be beneficial 

to repeat the process of calculating LogP for 64CuZn2[19] as the PBS radioactivity readings varied 

widely so a more accurate LogP value can be generated. Nonetheless, [64Cu]AMD3100 showed 

strong potential as a PET imaging agent therefore with the more optimal 64CuZn2[18] and 64CuZn2[19] 

structures it would be worth investigating these compounds further.  
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6.4 CONCLUSIONS 

Two tris-macrocycles, Zn3[18] and Zn3[19], have been radiolabelled with 64Cu via transmetalation to 

produce potential PET imaging agents to diagnose CXCR4 expressing cancers. These structurally 

rigidified complexes potentially offer ideal properties for PET imaging by preventing toxic side effects 

from 64Cu transchelation in vivo, observed in non-bridged complexes, due to their enhanced stability. 

71b, 175a, 184b, 188 LogP values for 64CuZn2[18] and 64CuZn2[19] were calculated and indicate that the 

macrocycles are more hydrophilic than [64Cu]AMD3100. Nevertheless, based on the findings of 

[64Cu]AMD3100, these compounds could be used to diagnose metastases which show increased 

accumulation of radioactivity.112 
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6.5 FUTURE WORK 

Whilst it is anticipated that the rigidified 64CuZn2[18] and 64CuZn2[19] would be more stable than 

[64Cu]AMD3100 a scope for further development would be to conduct stability tests and compare 

the findings with [64Cu]AMD3100 to validate whether this predication is true.71b, 175a, 184b, 188 

Preliminary work into developing the first radiolabelled tris-macrocycles has been conducted, in 

order to expand on these foundations it would be logical to carry out additional runs to clarify 

anomalies, such as the sudden drop in 64Cu incorporation in 64CuZn2[18] after 30 min and the 

variations in radioactivity readings during the LogP calculations.  

Radiochemistry disclosed in this chapter was accomplished for the most active tris-macrocycles and 

it would be interesting to investigate the properties of other tris-macrocycles synthesised in chapter 

2. Once a range of tris-macrocycles had been radiolabelled stronger conclusions could then be made 

about the optimum structure for a PET imaging agent. An additional option to explore is the 

incorporation of a 64Cu metal ion into the novel bis-macrocycles disclosed in chapter 3. The bis-

macrocycles also offer the flexibility to include other radioisotopes such as 68Ga if DOTA anhydride 

was successfully bound, or 18F incorporation through click chemistry. 

Finally, a long term goal would be to test the compounds in vivo to see whether positively charged 

macrocycles show a high accumulation in the liver and slow clearance as reported by Jones-Wilson 

et al.175b This could be overcome by incorporating a group onto the macrocycle to create an overall 

neutral or negative charge to determine whether this leads to clearance 24 h after injection.175b, 219a. 

A route to neutralising the tris-macrocycle metal complexes could be to incorporate a charge 

modifying group. A negatively charged group, such as a carboxylate group, could be attached to tris-

macrocycles through C-functionalisation. Across the three macrocycles there is ample opportunity 

for C-functionalisation, the entire synthetic route would have to be re-structured to encompass this, 

but a fantastic opportunity to expand the initial findings of this chapter is provided.  

A different method of achieving neutrality could be to include acetate arms onto pendant arms for 

coordination with the metal centre. Wong et al. synthesised a copper(II) coordinated CB-mono-

macrocycle which contained two acetate groups to further increase the kinetic stability of the 

complex and to fully coordinate the copper(II) ion which neutralised the 2+ charge.61b, 184b Although, 

a neutral charge induced by acetate arms within the macrocycle structure could prevent interaction 

of metal ions with the surface of the CXCR4 receptor and have drastic effects on affinity. An 

alternative proposal would be to have two macrocycles linked with a para-xylyl linker and a third 

macrocycle linked with a different pendant arm which would contain one acetate group for bi-

dentate interaction with the 64Cu ion. This would lead to a reduced overall charge as well as a highly 
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stable imaging agent that could still interact strongly with the CXCR4 receptor through the zinc 

bound macrocycles. The synthetic route to these tris-macrocycles would need to be investigated and 

a novel pendant arm would need synthesising. A potential idea for the pendant arm is proposed in 

Figure 100. The ideal group for interaction with the metal ion would be an acetate group, although 

this would need protecting when initially reacting the linker group with the macrocycle. Potentially, 

an ester group would be best suited which could then be reduced to produce the acetate group. The 

exact carbon chain length would need to be optimised to ensure the acetate group could reach the 

metal ion because the tris-macrocycle structure is quite rigid and movement of the linker group to 

interact with the metal ion would be hindered. Prior to any radiochemistry the affinity of the 

distinctly different tris-macrocycles would need to be evaluated to assess whether the bulkier linker 

arm would have negative impact on affinity. A drop in affinity due to bulkier linker groups has been 

observed for non-reinforced bis-macrocycles.74, 79  

 
Figure 100 – Potential linker group for novel tris-macrocycles 
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7.1 CONCLUSIONS 

7.1.1 Overview 

This work highlights the synthesis of highly stable metal-containing multi-ring macrocycles for use as 

CXCR4 expressing cancer diagnosis and therapeutic agents. Macrocycles have been extensively used 

as chelating agents in the literature however transmetallation and toxicity has sometimes restricted 

their clinical application. The structural reinforcement present in the compounds discussed in this 

work can counteract this limitation. The development of PET imaging agents has received a lot of 

interest in recent years for a wide range of applications. The incorporation of 64Cu(II) into the 

macrocycle cavity is attractive due to the long half-life of the radioisotope allowing longer 

radiochemistry reaction and purification times, and more importantly longer timescales for imaging 

studies to allow full clearance of the tracer from the bloodstream. 

 A further attractive option for new CXCR4 imaging agents is the use of 18F as it is the most 

commonly used radioisotope for PET imaging and hence the clinical infrastructure is already 

available. The development of therapeutic agents for CXCR4 expressing cancers has also received 

considerable attention as a result of its connection to metastasis which is responsible for the 

majority of deaths in cancer patients. The well-reported strong interaction between macrocyclic 

ligands and the CXCR4 receptor has attracted many research groups and led to the development of 

novel CXCR4 antagonists. This work reported in this thesis outlines the synthesis of novel tris- and 

bis-macrocycles which were structurally reinforced and coordinated to transition metals to provide 

optimum interactions with the CXCR4 receptor. A series of novel tris- and bis-macrocycles and their 

metal complexes were biologically evaluated to determine their capability as CXCR4 antagonists for 

the diagnosis and therapy of CXCR4 expressing cancers. A set of novel SPR experiments were 

conducted in order to develop a method to determine macrocycle residence time on the CXCR4 

receptor. Two high affinity, tris-macrocycle zinc(II) coordinated  CXCR4 antagonists synthesised in 

this work were radiolabelled with 64Cu(II) to produce a potential PET imaging agent for CXCR4 

expressing cancer diagnosis. This work outlines progress towards the production of high affinity 

compounds for use in clinical applications. 

7.1.2 Main Achievements 

The successful synthesis of novel configurationally-restricted, linear tris-macrocycles has been 

completed. Configurational restriction to obtain SB and CB macrocycles was achieved by the 

introduction of an ethyl bridge between adjacent or opposite nitrogen atoms in the macrocycle 

respectively. Macrocycles were linked with two para-xylyl linkers previously reported to result in 

higher anti-HIV activity than meta or para substitutions in bis-macrocycles.79 The coordination of the 
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SB-cyclen, SB-cyclam, CB-cyclen, CB-cyclam and TMC containing tris-macrocycles, 16-21, to 

copper(II), nickel(II) and zinc(II) metal ions was carried out to enhance macrocycle interaction with 

the CXCR4 receptor by the formation of coordinate bonds as opposed to weaker hydrogen bonds.56a 

The synthesis of unsymmetrical tris-macrocycles has not been reported previously. Tris-macrocycles 

could potentially interact with multiple aspartate residues on the CXCR4 receptor thus enhancing 

the interaction with the CXCR4 receptor. Their ability to act as CXCR4 antagonists was evaluated 

through a number of biological assays such as displacement assays and calcium(II) signalling assays. 

The series of tris-macrocycle metal complexes synthesised all exhibited micromolar affinity with all 

but one complex being potent at nanomolar concentrations. Both the free ligands and metal 

complexes showed a measurable inhibitory response although the metal complexes were 

significantly higher. The most potent anti-HIV tris-macrocycle metal complexes were Zn3[19], Zn3[21] 

and Zn3[18] which were significantly more potent than AMD3100 (IC50: 1.9, 2.2 and 0.9 nM 

respectively vs. 12 nM). The general trend of anti-HIV activity in terms of the metal complexes was 

zinc(II)>nickel(II)>copper(II). Calcium(II) signalling studies revealed that Zn3[19] and Zn3[21] were the 

most potent complexes, IC50: 2.90 and 1.55 nM respectively, and were up to six fold better at 

preventing calcium(II) flux than AMD3100, IC50: 9.94 nM.  All tris-macrocycles exhibited low toxicity 

and zinc(II) coordinated tris-macrocycles were seen to be the most potent CXCR4 antagonists with 

multiple tris-macrocycles outperforming AMD3100.  

Two high affinity tris-macrocycles, Zn3[18] and Zn3[19], have been radiolabelled with 64Cu via 

transmetalation to produce potential PET imaging agents to diagnose CXCR4 expressing cancers. 

These structurally rigidified complexes potentially offer ideal properties for PET imaging without the 

toxic side effects in vivo caused by free 64Cu ions.71b, 175a, 184b, 188 Transmetalation was achieved by 

heating the macrocycle in ammonium acetate buffer with 64Cu(II)Cl2 for up to 75 min at 90oC to yield 

crude-RCY of more than 60 %. LogP values for 64CuZn2[18] and 64CuZn2[19] were calculated and 

indicated that the macrocycles were more hydrophobic than [64Cu]AMD3100..112  

A novel route to synthesise a series of bis-macrocycles, 28-39, containing a terminal pendant arm for 

functionalisation has been outlined. The synthesis of the novel N-functionalised bis-macrocycles 

provides the opportunity for applications in different imaging applications. The bis-macrocycles were 

isolated by reacting equimolar amounts of mono-substituted mono-macrocycle quaternary salts 

together before a lengthy (10 d) reduction with NaBH4 to ascertain 28-33 in good yields (>45%). The 

terminal linker group was functionalised with nitro, nitrile, amine, azide and ester groups and the 

conjugation of imaging groups for use in PET imaging or optical imaging was explored. The synthesis 

of a macrocycle containing an azide group or an ester group has not been previously reported. 
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Zinc(II) and copper(II) complexes of the bis-macrocycles were synthesised to improve the interaction 

with the CXCR4 receptor and the biological profile of these complexes in vitro was determined. As 

symmetry is not required for high affinity these compounds may show improved interaction with the 

CXCR4 receptor.79 Displacement assays showed that the free-ligands were significantly poorer (0% - 

54% inhibition) at competing for the CXCR4 receptor, against a CXCR4 specific mAb, compared to the 

metal complexes which all showed >92% inhibition. The unusually high inhibition percentage 

generated by 37 is likely due to its amine functionalised pendant arm which provides an extra group 

to interact with the CXCR4 receptor. Poorer inhibition was generally observed for bis-macrocycles 

containing two bridged-cyclen macrocycles. Anti-HIV activity data revealed that Zn2[32] was highly 

potent and more than three times more active than AMD3100. Further data is required to evaluate 

the remaining bis-macrocycle metal complexes completely.  

Mono-macrocycles were utilised in a series of test reactions to determine how well functionalised 

groups could undergo conjugation reactions. Mono-macrocycles were selected due to the ease and 

speed at which they could be synthesised. The development of a novel pendant arm capable of 

undergoing click chemistry has been outlined. The alkyne pendant arm was achieved in good yield 

and was successfully conjugated to SB-cyclam, SB-cyclen and CB-cyclen. The functionalization of an 

azide pendant arm was achieved through hydrogenation of a nitro-group followed by triazotisation 

on SB-cyclam. This route was relatively quick and high yielding generating azido bearing macrocycles 

which could conjugate to a variety of different molecules through click reactions. This area requires 

subsequent investigation as all copper(I) catalysed reactions with the alkyne and nitro functionalised 

macrocycle were unsuccessful which meant that  PET radioisotopes could not be conjugated to the 

macrocycles. An alternative route to incorporate a PET radioisotope was explored through the 

conjugation of DOTAGA anhydride to an amine functionalised mono-macrocycle however, whilst the 

product was isolated the reaction required optimisation to drive the reaction to completion. Efforts 

to utilise an ester functionalised macrocycle proved ineffective however, these test reactions 

provided insight as to the direction of subsequent work. 

7.1.3 Overall Achievements in Relation to the Field 

This work has focused on the development of high affinity CXCR4 antagonists for use as diagnostic 

and therapeutic agents in CXCR4 expressing cancers. Multiple novel mono-, bis- and tris-macrocycles 

have been synthesised. Mono- and bis-macrocycles bearing pendant arms have been functionalised 

in order to diversify the potential conjugatable groups. The bis- and tris- macrocycles have been 

optimised for CXCR4 receptor interaction through structural reinforcement to restrict the 

macrocycles to more active configurations as well as coordination to metal ions to create stronger 



168 
 

bonds with the receptor surface. These features have resulted in the production of a series of highly 

potent compounds. 

An effective and reproducible synthetic route to yield novel SB-and CB-containing tris-macrocycles 

has been outlined in this work. This work reports a number of tris-macrocycle metal complexes that 

show nanomolar and sub-nanomolar anti-HIV activity which is a significant advancement in the 

development of a macrocycle with diagnostic and therapeutic applications and this extent of activity 

has not been previously reported by similar compounds in this field. This work reports the successful 

transmetalation of 64Cu(II) into a tris-macrocycle to produce novel multi-metal containing 

compounds which can be applied to PET imaging. 

The development of a novel SPR method for the calculation of macrocycle-CXCR4 receptor residence 

time proved challenging, however important progress has been made and subsequent work should 

lead to a successful method. 

Significant steps towards a macrocycle capable of undergoing click reactions have been outlined in 

this work through functionalisation of pendant arms on mono- and bis-macrocycles. A number of 

novel unsymmetrical, configurationally restricted bis-macrocycles have been synthesised by a 

reliable and efficient route which greatly expands the number of reinforced bis-macrocycles 

reported in the literature. This work reports the first known example of an azide functionalised bis-

macrocycle which avoids a synthetic route involving the handling of likely-explosive pendant arms. 

The azide functionalisation enables conjugation to a range of imaging groups which improve its 

applicability. Functionalisation of the bis-macrocycles with an amine group could enable the 

subsequent addition of fluorescent dye or DOTAGA-anhydride. Conjugation of bis-macrocycles to 

DOTAGA-anhydride was troublesome but initial progress has been made with mono-macrocycles 

towards a unique 68Ga(III) radiolabelled bis-macrocycle for use in PET imaging. The collection of bis-

macrocycles were coordinated to metal ions and the consequent complexes exhibited strong affinity 

for the CXCR4 receptor which also revealed that the terminal pendant arm did not have a 

detrimental impact. Furthermore, the different pendant arm functional groups did not interfere with 

the bis-macrocycles interaction with the CXCR4 receptor. 

This work outlines the synthesis of a range of multi-ring macrocycles that disclose the importance of 

configurational restriction in combination with metal ion coordination in the development of high 

affinity CXCR4 antagonists. This work highlights the ease at which slight structural modifications can 

convert the macrocycle from a therapeutic agent to a diagnostic agent and pinpoints the 

adaptability of multi-ring macrocycles to desired applications. Incorporating a terminal pendant arm 



169 
 

increases the functionality of the bis-macrocycles and provides a large scope of potential 

applications. The development of CXCR4 diagnostic agents is a relatively new concept, the targeting 

of CXCR4 for therapy has been an area of interest for a number of years therefore the design of 

multi-functional and high affinity compounds is attractive. This work demonstrates a significant 

advancement in the synthesis of novel bis-macrocycles and reports the first reinforced tris-

macrocycles to be applied as CXCR4 expressing cancer diagnosis and therapeutic agents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



170 
 

7.2 FUTURE WORK 

7.2.1 Short-Term Goals 

A more in depth study to determine which aspartate residues the tris-macrocycle metal complexes 

interact with would be useful to acknowledge, specifically to determine ‘new’ aspartate residues 

were involved resulting in the high affinity observed. This could be achieved through mutagenesis 

studies as conducted previously by Gerlach et al. to ascertain how cyclam, AMD3100 and its metal 

complexes interacted with the receptor.56a It would also be beneficial to determine the crystal 

structures of the macrocycles to confirm their metal-complex structure instead of hypothesising 

based on similar structures.   

It would be beneficial to repeat the method used to obtain 15 for the other tris-macrocycle 

quaternary salts to ascertain whether these alternate conditions, anhydrous DMF at RT for 14 d, 

would lead to higher yields.  

In order to improve the characterisation of the tris-macrocycle metal complexes it would be 

favourable to synthesise all the chloride metal complexes which would enable better elemental 

analysis as the product would precipitate out of solution as a solid and consequently improve the 

attained yield as less product would be lost through purification. 

Whilst it is anticipated that the rigidified 64CuZn2[18] and 64CuZn2[19] would be more stable than 

[64Cu]AMD3100 a scope for further development would be to conduct stability tests and compare 

the findings with [64Cu]AMD3100 to validate whether this predication is true.71b, 175a, 184b, 188 As a few 

of the results contain anomalies, such as sudden drop in 64Cu incorporation in 64CuZn2[18] after 30 

min and the variations in radioactivity readings during the LogP calculations, it would be strongly 

advised to repeat these experiments to rule out these issues and clarify the findings.  

The radiochemistry in this work was limited to two tris-macrocycles therefore it would be interesting 

to radiolabel other tris-macrocycles. Once a range of tris-macrocycles had been radiolabelled 

stronger generalisations could then be made about the optimum structure for a PET imaging agent.  

To complete the series of bis-macrocycles the zinc(II) and copper(II) complexes of azide 

functionalised bis-SB-cyclen-CB-cyclen macrocycle could be synthesised. Copper-free click reactions 

with these complexes, [Zn239]4+ and [Cu239]4+, could be conducted to determine whether they could 

be labelled with 18F for use as PET imaging agents. The incorporation of 64Cu into the novel bis-

macrocycles could also be tested using the same method as for the tris-macrocycles.  

Further investigations regarding azide functionalised mono- and bis-macrocycles and SPAAC 

reactions should be conducted to establish if this is an effective route to attach imaging groups. 
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Another copper-free click reaction that requires a more detailed evaluation is the synthesis of 42 to 

ascertain whether the tetrazine group was successfully isolated. This then provides an additional 

route to radiolabel the macrocycle with 18F through a radiolabelled TCO group which selectively 

reacts with tetrazine. 

The bis-macrocycles synthesised in this work were not coordinated to nickel(II) therefore it would be 

interesting to determine whether these or nickel(II) containing complexes exhibited high affinity as 

was observed for tris-macrocycle nickel(II) complexes. 

It would be advantageous to repeat the nucleophilic substitution step in the synthesis of the azide 

containing pendant arm, 50. Routes to achieve this could include substituting the solvent and driving 

the reaction by heating it.  

Repetition of the pendant arm synthesis outlined in Scheme 32 would be beneficial in order to 

understand if a longer alkyl chain between the aromatic group and the alkyne would prevent 

pendant arm cleavage during formation of CB cyclam as observed with 57.  Another reaction to 

repeat would be the synthesis of 61 as it provides a quick route to functionalising the macrocycle 

with an alkyne, though the method by Silversides et al. should be followed.160c Click reactions with 

an azide group could then be explored. 

 

Scheme 32 – Synthesis to alkyne functionalised CB-cyclam 

It is worth re-investigating the conjugation of ethylene diamine because minimal adaptation would 

be required to isolate 77. One amine group in ethylene diamine could be BOC protected and then be 

reacted with 61 before deprotection with HCl to yield the desired product. The macrocycle could 

then be labelled with a fluorescent dye for use in optical imaging, once coordinated to a metal ion. 

The use of longer chain lengths may decrease the quenching effect that copper(II) can have on the 

dye’s photophysical properties. 

A final recommendation would be to retry the conjugation of DOTAGA anhydride to 62 with a fresh 

batch of DOTAGA anhydride because the subsequent macrocycle could be easily radiolabelled with 

68Ga, prior to metal complexation.   
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7.2.2 Long-Term Goals 

7.2.2.1 Synthesis 

It would be interesting to synthesise a series of tris-macrocycles containing formaldehyde cyclen, 76, 

in the central position given that time constraints prevented this investigation, see Figure 101. 

Alternatively it would be interesting to determine whether a tris-macrocycle made up of three 

formaldehyde macrocycles, or tris-macrocycles containing TMC or tetramethylcyclen in the terminal 

positions, would have a drastic effect on affinity. Another collection to explore could be tris-CB 

macrocycles, see Figure 101. Combinations of the macrocycles could also be studied. It would be 

interesting to compare the activity of these to the activity of the metal complexes of 16-21.  

If the general trend is that bis-macrocycles are more active than mono-macrocycles and tris-

macrocycles are more active than bis-macrocycles it is logical that tetrakis-macrocycles and pentakis-

macrocycles may be even more active. It would certainly be interesting to synthesise these 

compounds and find out whether this is the case, however the molecular weight may become too 

high for these compounds to be used effectively in vivo especially when considering the metal 

complexes which would significantly increase the molecular weights. Still it would be interesting to 

test the theory and high molecular weight peptides have shown potential as anti-metastatic 

agents.174 

 
Figure 101 – Structure of potential tris-CB cyclam and tris-CB cyclen macrocycles 

Once the radiolabelled macrocycles were evaluated in vitro they could be tested  in vivo to see 

whether the positively charged macrocycles show a high accumulation in the liver and slow 

clearance as reported by Jones-Wilson et al.175b A way to prevent this would be to neutralise the 

macrocycles and increase their kinetic stability.61b, 184b A route to neutralising the tris-macrocycle 

metal complexes could be to incorporate a charge modifying group. A negatively charged group, 

such as a carboxylate group, could be attached to tris-macrocycles through C-functionalisation. 
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Across the three macrocycles there is ample opportunity for C-functionalisation, the entire synthetic 

route would have to be re-structured to encompass this, but a fantastic opportunity to expand initial 

findings is provided.  

Alternatively, neutrality and increased kinetic stability could be achieved through development of a 

novel pendant arm to include acetate arms for coordination with a metal centre.61b, 184b Wong et al. 

synthesised a copper(II) coordinated CB-mono-macrocycle which contained two acetate groups to 

further increase the kinetic stability of the complex and to fully coordinate the copper(II) ion which 

neutralised the 2+ charge.61b, 184b Although, this could prevent interaction of zinc(II) ions with the 

surface of the CXCR4 receptor and have drastic effects on affinity. An alternative proposal would be 

linking two macrocycles with a para-xylyl linker to a third macrocycle linked with a different pendant 

arm, containing one acetate group for bi-dentate interaction with the 64Cu ion, resulting in reduced 

overall charge and improved stability whilst allowing strong interactions with the CXCR4 receptor. 

The synthetic route to obtain these tris-macrocycles would need to be investigated and a novel 

pendant arm would need synthesising.  

A potential idea for the pendant arm is proposed in Figure 102. The ideal group for interaction with 

the metal ion would be an acetate group, although this would need protecting when initially reacting 

the linker group with the macrocycle. Potentially, an ester group would be best suited and could 

then be reduced to produce an acetate group. The exact carbon chain length would need to be 

optimised to ensure the acetate group could reach the metal ion because the tris-macrocycle 

structure is quite rigid and movement of the linker group to interact with the metal ion would be 

hindered. Prior to any radiochemistry the affinity of the distinctly different tris-macrocycles would 

need to be evaluated to assess whether the bulkier linker arm would have negative impact on 

affinity. A drop in affinity due to bulkier linker groups has been observed for non-reinforced bis-

macrocycles.74, 79  

 
Figure 102 – Potential linker group for novel tris-macrocycles 

Further pendant arm development involves the nucleophilic aromatic substitution of 64 which did 

not lead to the desired product because of the absence of an EWG. Scheme 30 highlights some 

potential synthetic routes to isolate a pendant arm capable of undergoing fluorination. Test 

reactions would be conducted with the pendant arm attached to mono-macrocycles first before 
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proceeding to synthesise bis-macrocycles. The second synthetic route shown in Scheme 30 would 

form an amide upon reaction with a macrocycle, it is unknown what effect this may have on the 

activity of the macrocycle but biological evaluation would clarify this. 

 

Scheme 33 – Proposed synthetic route to fluorinated pendant arms containing EWG in ortho or para position 

Once the reaction conditions were determined for the conjugation of DOTAGA-anhydride to bis-

macrocycles future studies could be conducted to improve the affinity of the 68Ga(III) radiolabelled 

diagnostic agent. This could be achieved by the conjugation of multiple bis-macrocycles to the 

DOTAGA analogue, see Figure 103. The multiple bis-macrocycles may improve affinity based on 

previous findings from the literature whereby increasing numbers of CXCR4 targeting groups 

improved affinity of a radiolabelled group.215 The DOTAGA analogue could be modified to enable the 

incorporation of up to four bis-macrocycles because only two acetate arms are needed for 68Ga(III) 

encapsulation. It would be interesting to see what difference, one to four bis-macrocycles made to 

the compounds affinity. Once these groups where conjugated to their imaging group it would be 

worth pursuing biological evaluation to determine if the additional group had detrimental effects on 

the macrocycle’s affinity for the CXCR4 receptor. 
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Figure 103 – Potential routes to improve the affinity of DOTAGA conjugated bis-macrocycles 

7.2.2.2 Biological Studies 

The development of a novel SPR method to efficiently evaluate the binding kinetics of macrocycles 

synthesised by the group is required. Initial steps have been made in this work but it is predicted 

that the production of a tagged CXCR4 expressing cell line will lead to the development of a 

successful method following the example set by Babcock et al. and Navratilova et al.245, 261 The 

commonly used GST tag will be captured by the anti-GST Ab immobilised onto a sensor chip, as 

outlined in this work. The use of the anti-GST Ab is beneficial as it can recognise multiple epitopes on 

the GST tag which increases its ability to identify the GST tag and potentially improve the amount of 
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captured material on the sensor chip.260 This in turn could lead to the generation of kinetic binding 

data. 

To assess the suitability of radiolabelled macrocycles to diagnose CXCR4 expressing cancers in vitro 

and in vivo experiments could be conducted. Animal models using severe combined 

immunodeficient, SCID, mice implanted with U87, human glioblastoma cell line, and U87-stb-CXCR4, 

a U87 cell line stably transfected with human CXCR4, brain tumour cells could show macrocycles, 

disclosed in chapter 2, 3 and 6, interacting specifically with CXCR4  expressing tumours. PET imaging 

of the animal model would show locations of macrocycle uptake and blocking studies would ideally 

show reduction of radioactivity in tumours. A control injection of 64Cu(II)Cl2 into a mouse would 

show specificity of the macrocycles because 64Cu(II)Cl2 would show uniform distribution whereas 

macrocycles would show specific accumulation in CXCR4 expressing tissue.112 

For breast tumour imaging, SCID mice inoculated with low CXCR4 expressing human breast cancer 

cell line, CXCR4low MDA-MB-231 and, high CXCR4 expressing human breast cancer cell line, CXCR4high 

DU4475 would result in tumour growth, grown to 100-200 mm3 to minimise necrosis, and be used to 

identify whether macrocycles could differentiate low and high CXCR4 expressing tumours. 

Histological examinations, on organs and tumours collected prior to animal sacrifice, could be 

stained for the determination of CXCR4 expression and to quantify the degree of radiotracer 

uptake.112  

In order to evaluate macrocycles as metastatic diagnostic and therapeutic agents metastatic mouse 

model studies, using MDA-MB-231 cell line in SCID mice, could be performed and compared to a 

control, SCID mice injected with saline solution. Multiple models would identify the best 

macrocycles, from this work, to diagnose and inhibit metastasis. To validate imaging and 

biodistribution results sacrificed animal tumour cells could be extracted from control and study mice 

and CXCR4 expression analysed by flow cytometry. An increase in CXCR4 expression would be 

expected in the metastasised cell lines.112 

Biopsies from human tumours could be kept alive with microfluidic systems, macrocycles could be 

administered and tumour response monitored. Biopsy tissue from a tumour is an ideal model for 

drug testing because the tissue architecture is preserved and produces species relevant results. 

Kinetic modelling would enable the radioactivity in blood and other tissues to be quantified.279 

Finally, first stage clinical trials could be conducted in normal healthy volunteers. In phase I trials, 

AMD3100 was well tolerated therefore it is likely that macrocycles outlined in this work would also 
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be, preliminary in vitro data supports this theory. PET imaging agents would be administered in very 

small doses that a biological reaction to radiolabelled macrocycles would be unexpected. 
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8.1. GENERAL METHODS 

8.1.1 General Notes 

Bulk solvent was removed by rotary evaporation on a Buchi RE 111 evaporator equipped with a 

diaphragm vacuum pump, trace solvent was removed in a vacuum oven. Reactions were performed 

at room temperature (RT) unless otherwise stated. All metal containing compounds were purified 

via size exclusion chromatography using Sephadex LH20, which was pre-soaked in methanol for 

three hours before use. 

8.1.2 NMR spectroscopy 

1H NMR and 13C NMR spectra were obtained using a Jeol JNM-LA400 spectrometer at 400 MHz for 1H 

and 100 MHz for 13C. Solvents used for the analysis were referenced against standard internal TMS 

or residual non-deuterated solvent signal and were purchased from Goss chemicals Ltd or 

Cambridge Isotopes Ltd. Chemical shifts are reported in parts per million, ppm, for 1H NMR and 13C 

NMR spectra and coupling constants, J, reported in Hertz, Hz. Splitting patterns are assigned as s: 

singlet, d: doublet, dt: double triplet, t: triplet, q: quartet, m: multiplet, td: triple doublet and br: 

broad signal. 

8.1.3 MS 

Electrospray MS was performed at the University of Hull using a Finnegan MAT 900 XLT system. 

Accurate mass spectrometry measurements (HRMS) were recorded at the EPSRC National Mass 

Spectrometry Service Centre at the University of Swansea using a LQT Orbitrap XL. The EPSRC 

National Mass Spectrometry Service Centre have struggled to generate data for bis- and tris-

macrocycles and their corresponding metal complexes. This could be due to degradation of the 

macrocycles during analysis at high temperatures or as a result of the macrocycles flying poorly in 

the instrument because of their molecular weight. MALDI analysis has also failed to generate useful 

data. 

8.1.4 UV-vis 

UV-vis spectra were obtained using a Varian Cary Bio UV-via spectrophotometer using optical glass 

cells. 

8.1.5 Elemental Analysis 

CHN analysis was performed using a CHN analyser EA1108 (Carlo Erba). Most compounds were 

within the limit of 0.4% of the expected ratios, however 6, 9, 12, 16, 17, 18, Ni316, Cu318, Ni321, 23, 

25, 27, 35, 37, Cu228, Cu230, 57, 59 and 65 were within 0.5%. This higher limit is due to products 

being viscous oils which make elemental analysis challenging. For other products, higher solvent 

association or salt impurities are likely to cause the larger deviation from the predicted element 

values. 
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8.1.6 Radio-Thin layer chromatography (Radio-TLC) 

Radio-TLCs were ran on ‘neutral alumina sheets’ (Merck USA), eluting with H2O:MeOH (95:5) 

saturated with NaCl. Radio-TLC was carried out using a Lablogic Scan-Ram, equipped with a NaI 

detector at a speed of 10mm/min. Data was recorded using Lablogic Laura (version 4.1.7.70). 

8.1.7 Materials 

Reagents for chemical reactions were purchased from Sigma-Aldrich, Fisher, CheMatech, Acros, 

Strem, Click-Chemistry Tools, GE Healthcare, R&D Systems, ACRO Biosystems, and Avanti Polar Lipids 

Inc. Chemicals were used as received without further purification. Solvents used were of general 

purpose grade and used as received. Acetonitrile (MeCN), dichloromethane (DCM), tetrahydrofuran 

(THF), and methanol (MeOH) were dried over molecular sieves, following activation at 300oC for 18 

h, according to literature methods outlined by Bradley and co-workers.280  
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8.2. MACROCYCLE PRECURSORS 

8.2.1 Synthesis of 1,4,8,11-tetraazacyclotetradodecane (1) 

 

1,5,8,12-Tetraazadodecane (26.0 g, 0.15 mol) was added to a solution of nickel(II) perchlorate (54.7 

g, 0.15 mol) in water (400 mL). The resulting red/brown solution was cooled to ~5°C and an aqueous 

solution of glyoxal (40% w/w, 25 mL, 0.15 mol) was added, the resulting solution was left to stand 

for 4 hours. The mixture was again cooled to ~5°C and treated with sodium borohydride (11.0 g, 0.30 

mol) in small portions. The solution was heated to 90˚C for 20 min and filtered whilst hot. Sodium 

cyanide (29.0 g, 0.60 mol) was added to the filtrate which was heated to the point of reflux then left 

to cool overnight. Sodium hydroxide (15.0 g, 0.38 mol) was added and the resulting yellow-brown 

mixture was filtered through a pad of hyflo super cel. The solid was washed with chloroform (3 x 100 

mL) and the aqueous layer was then extracted with chloroform (5 x 100 mL). The organic phases 

were dried (Na2SO4), filtered and the solvent removed in vacuo. The resulting yellow solid was 

recrystallised from chlorobenzene (150 mL), filtered and washed with ether (50 mL) to yield white 

needles (14.02 g, 47%). 

1H NMR (400 MHz, CDCl3, δ): 1.72(m, N-α-CH2, 4H), 2.19 (br s, NH, 4H), 2.68 (s, N-α-CH2, 8H), 2.74 (m, 

N-α-CH2, 8H). 13C NMR (100 MHz, CDCl3, δ): 29.56 (N-α-CH2), 49.47 (N-α-CH2), 50.78 (N-α-CH2). MS 

(m/z): [M + H]+ calcd for C10H25N4, 201.34; found, 201.9. Anal. calcd for C10H25N4: C, 59.96; H, 12.08; 

N, 27.97. Found: C, 59.82; H, 12.20; N, 28.11. 
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8.2.2 Synthesis of cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2)  and cis-

3a,5a,8a,10a-tetraazaperhydropyrene (3) 

 

General procedure A 

The macrocycle was dissolved in methanol and cooled to –10˚C. A cold (0˚C) aqueous solution of 

glyoxal was added dropwise over 90 min. The clear solution was stirred at –10˚C for 30 min then at 

RT for 3 hours. The solvent was removed in vacuo and the crude solid was redissolved in diethyl 

ether. The filtrate was dried (MgSO4), filtered and solvent removed in vacuo. 

 

cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2)   

Amounts: 1,4,7,10-tetraazacyclododecane (3 g, 17.41 mmol), methanol (600 mL), aqueous glyoxal 

solution (40 % w/w, 2.53 g, 43.54 mmol), diethyl ether (200 mL). To yield a white solid (3.03 g, 90 %). 

1H NMR (400 MHz, CDCl3, δ): 2.44-2.57 (m, N-α-CH2, 8H), 2.81-2.90 (m, N-α-CH2, 8H), 3.29-3.61 (m, 

Haminal, 2H). 13C NMR (100 MHz, CDCl3, δ): 46.07 (N-α-CH2), 50.43 (N-α-CH2), 51.21 (N-α-CH2), 63.50 

(Caminal), 67.93 (Caminal). HRMS (m/z): [M+H]+ calcd for C10H19N4, 195.1604; found, 195.1600. Anal. 

calcd for C10H18N4: C, 61.82; H, 9.34; N, 28.84. Found: C, 61.80; H, 9.55; N, 28.61. 

 

cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) 

Amounts: 1,4,8,11-tetraazacyclotetradodecane (3 g, 14.98mmol), methanol (600 mL), aqueous 

glyoxal solution (40 % w/w, 2.17 g, 37.45 mmol), diethyl ether (200 mL). To yield a white solid (2.88 

g, 87 %). 

1H NMR (400 MHz, CDCl3, δ): 1.20-1.24 (m, N-β-CH2, 4H), 2.08-2.37 (m, N-α-CH2, 8H), 2.68-2.75 (m, 

N-α-CH2, 2H), 2.90-3.00 (m, N-α-CH2, 4H), 3.08 (s, Haminal, 2H), 3.50-3.56 (t, N-α-CH2, 2H). 13C NMR 

(100 MHz, CDCl3, δ): 19.56 (N-β-CH2), 44.73 (N-α-CH2), 52.46 (N-α-CH2), 54.33 (N-α-CH2), 56.02 

(Caminal). HRMS (m/z): [M+H]+ calcd for C12H23N4, 223.1923; found, 223.1916. Anal. calcd for C12H22N4: 

C, 64.83; H, 9.97; N, 25.20. Found: C, 64.59; H, 10.17; N, 25.00. 
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8.2.3 Synthesis of 1,4,8,11-tetraazatricyclo[9.3.1.14,8]hexadecane (4)   

 

General procedure B 

Cyclam (1) (2.00 g, 9.98 mmol) was suspended in acetonitrile (500 mL) and stirred at room 

temperature as aqueous formaldehyde (37% w/v, 2.50 mL, ) was added in one portion. The solution 

was then stirred for 24 h. Following this, the solvent was then removed in vacuo and the crude 

yellow/orange product was dried overnight under high vacuum. The crude product was then purified 

by sublimation (50 µm Hg, 70oC) to yield white crystals (1.97 g, 88 %) which were dried under high 

vacuum.  

1H NMR (400 MHz, CDCl3, δ): 1.15-1.19 (m, N-β-CH2, 4H), 2.20-2.33 (m, N-α-CH2, 2H), 2.35-2.43 (m, 

N-α-CH2, 2H), 2.59-2.66 (m, N-α-CH2, 4H), 2.81-2.95 (m, N-α-CH2, 4H), 3.10-3.19 (m, N-α-CH2, 4H), 

5.43-5.46 (m, N-α-CH2, 4H). 13C NMR: (100 MHz, CDCl3, δ): 20.28 (N-β-CH2), 49.44 (N-α-CH2), 53.75 

(N-α-CH2), 68.95 (N-α-CH2). MS (m/z): [M+H]+ calcd for C12H25N4, 225.2079; found, 225.2070. Anal. 

calcd. for C12H24N4: C, 64.24; H, 10.78; N, 24.97. Found: C, 64.44; H, 11.00; N, 25.19. 
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8.2.4 Synthesis of 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide 

(5), 2a-[4-nitrobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (6), 2a-[4-cyanobenzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (7) and 2a-[4-[methoxycarbonyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (8) 

 

 

 

Method 1 – Attempted synthesis 

2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1 g, 5.15 mmol), dry 

THF (100 mL), α-α’-dibromo-p-xylene (3.40 g, 12.89 mmol), dry THF (2 x 10 mL). To yield a white solid 

(2.05 g). The desired product was not isolated using this synthetic procedure. Analytical data 

indicates that the desired product was not obtained. 

Method 2 – Attempted synthesis 

Macrocycle was added to dry acetonitrile to this pendant arm was added and the solution stirred 

under argon for 3 d at RT. Following this the resulting precipitate was filtered and washed with 

acetonitrile and diethyl ether.  

2a-[4-nitrobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (6) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 mmol), 

dry acetonitrile (25 mL), 4-nitrobenzyl bromide (1.81 g, 8.36 mmol), dry acetonitrile (2 x 

10 mL).To yield a white solid (3.75 g).  The desired product was not isolated using this synthetic 

procedure. Analytical data indicates that the desired product was not obtained. 

 

2a-[4-cyanobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (7) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 mmol), 

dry acetonitrile (100 mL), 4-[bromomethyl]benzonitrile (3.15 g, 16.09 mmol), dry 
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acetonitrile (2 x 20 mL). To yield a white solid (2.47 g).  The desired product was not isolated 

using this synthetic procedure. Analytical data indicates that the desired product was not obtained. 

 

2a-[4-[methoxycarbonyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (8) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 mmol), 

dry acetonitrile (100 mL), methyl 4-[bromomethyl]benzoate (3.69 g, 16.09 mmol), 

acetonitrile (2 x 20 mL). To yield a white solid (2.18 g). The desired product was not isolated 

using this synthetic procedure. Analytical data indicates that the desired product was not obtained. 

 

Method 3 – Preferred route 

General procedure C 

The macrocycle was dissolved in dry THF, pendant arm was added and the solution was stirred under 

argon for 3 h at RT. The resulting precipitate was filtered and washed with dry THF. 

 

2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (900 mg, 4.63 mmol), 

dry THF (5 mL), α-α’-dibromo-p-xylene (1.22 g, 4.63 mmol), dry THF (2 x 10 mL). To yield a white 

solid (2.09 g, 99 %). 

1H NMR (400 MHz, D2O, δ): 1.69-2.40 (m, N-α-CH2, 2H), 2.68-3.19 (m,  N-α-CH2, 6H), 3.58-3.81 (m, N-

α-CH2, 6H), 4.14-4.32 (m, N-α-CH2, 2H), 4.56-5.16 (m, CH2-Ar, 4H), 5.20-5.53 (m, Haminal, 2H), 7.45-

7.99 (m, Ar-H, 4H). 13C NMR (100 MHz, DMSO, δ): 35.85 (N-α-CH2), 45.41 (N-α-CH2), 50.20 (N-α-CH2), 

51.49 (N-α-CH2), 54.24 (N-α-CH2), 63.14 (CH2-Br), 73.72 (Caminal), 79.84 (Caminal), 130.46 (Ar-H), 132.75 

(Ar-C), 135.60 (Ar-C), 135.94 (Ar-H). 3 N-α-CH2 peaks missing. MS (m/z): [M-Br+H]+ calcd for 

C18H27BrN4, 379.35; found, 379.1. HRMS (m/z): Pending data, see 8.1.3. Anal. calcd for 

C18H26Br2N4.2.55H2O: C, 42.88; H, 6.22; N, 11.11. Found: C, 42.90; H, 6.39; N, 11.10. 

 

2a-[4-nitrobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (6) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (2.00 g, 10.29 mmol), 

dry THF (8 mL), 4-nitrobenzyl bromide (2.22 g, 10.29 mmol), dry THF (3 x 20 mL).To yield a 

white solid (3.75 g, 89 %). 

1H NMR (400 MHz, D2O, δ): 2.34-2.42 (m, N-α-CH2, 2H), 2.59-2.81 (m, N-α-CH2, 4H), 2.95-3.18 (m, N-

α-CH2, 5H), 3.33-3.50 (m, N-α-CH2, 4H), 3.63 (d, J=2.7 Hz, N-α-CH2, 1H), 3.93 (d, J=2.2 Hz, CH2-Ar, 1H), 

4.05-4.10 (m, CH2-Ar, 1H), 4.68 (s, Haminal, 1H), 4.88 (d, J=13.5 Hz, Haminal, 1H), 7.66 (d, J=8.6 Hz, Ar-H, 
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2H), 8.18 (d, J=8.57 Hz, Ar-H, 2H). 13C NMR (100 MHz, D2O, δ): 43.74 (N-α-CH2), 47.57 (d, J=3.8 Hz, N-

α-CH2), 47.54 (N-α-CH2), 48.29 (N-α-CH2), 51.30 (N-α-CH2), 57.22 (N-α-CH2), 60.17 (N-α-CH2),  61.65 

(N-α-CH2), 71.64 (Caminal), 83.30 (Caminal), 124.53 (Ar-H), 133.78 (Ar-H), 133.82 (Ar-C), 149.09 (Ar-C). 

HRMS: (m/z): [M-Br-]+ calcd for C17H24N5O2,  330.1925; found, 330.1923. Anal. calcd for C17H24BrN5O2: 

C, 49.76; H, 5.90; N, 17.07. Found: C, 49.56; H, 5.90; N, 17.54. 

 

2a-[4-cyanobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (7) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.68 g, 8.63 mmol), 

dry THF (7 mL), 4-[bromomethyl]benzonitrile (1.69 g, 8.63 mmol), dry THF (3 x 20 mL). To 

yield a white solid (2.95 g, 88 %). 

1H NMR (400 MHz, D2O, δ): 2.35 (d, J=6.7 Hz, N-α-CH2, 2H), 2.65-2.91 (m, N-α-CH2, 6H), 2.98 (t, 

J=12.5 Hz, N-α-CH2, 2H), 3.08-3.13 (m, N-α-CH2, 2H), 3.31-3.41 (m, N-α-CH2,  4H), 3.89 (s, CH2-Ar, 1H), 

4.04 (t, J=10.1 Hz, CH2-Ar, 1H), 4.58 (s, Haminal, 1H), 4.81 (d, J = 13.3 Hz, Haminal, 1H), 7.59 (d, J=7.5 Hz, 

Ar-H, 2H), 7.75 (d, J=7.3 Hz, Ar-H, 2H). 13C NMR (100 MHz, D2O, δ): 42.94 (N-α-CH2), 43.68 (N-α-CH2), 

47.54 (N-α-CH2), 48.29 (N-α-CH2), 51.28 (N-α-CH2), 57.15 (N-α-CH2), 60.47 (N-α-CH2),  61.55 (N-α-

CH2), 71.62 (Caminal), 83.27 (Caminal), 113.81 (CN), 132.13 (Ar-C), 133.22 (Ar-C), 133.48 (Ar-H). HRMS 

(m/z): [M-Br-]+ calcd for C18H24N5, 310.2026, found, 310.2029. Anal. calcd for C18H24BrN5: C, 55.39; H, 

6.20; N, 17.94. Found: C, 55.14; H, 6.26; N, 18.02. 

 

2a-[4-[methoxycarbonyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (8) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (890 mg, 4.62 

mmol), dry THF (5 mL), methyl 4-[bromomethyl]benzoate (1.06 g, 4.62 mmol), dry THF (2 x 

10 mL). To yield a white solid (1.84 g, 95 %). 

1H NMR (400 MHz, D2O, δ): 2.36-2.42 (m, N-α-CH2, 2H), 2.63-2.71 (m, N-α-CH2, 3H), 2.78-2.83 (m, N-

α-CH2, 1H), 2.95-3.04 (m, N-α-CH2, 2H), 3.10-3.20 (m, N-α-CH2, 3H), 3.32-3.49 (m, N-α-CH2, 4H), 3.64 

(d, J=2.7 Hz, N-α-CH2, 1H), 3.78 (s, CH3-O, 3H), 3.92 (d, J=2.5 Hz, CH2-Ar , 1H), 4.06-4.12 (m, CH2-Ar, 

1H), 4.61 (s, Haminal, 1H), 4.82 (d, J=13.5 Hz, Haminal, 1H), 7.56 (d, J=8.4 Hz, Ar-H, 2H), 7.97 (d, J=8.2 Hz, 

Ar-H, 2H). 13C NMR (100 MHz, D2O, δ): 43.79 (N-α-CH2), 47.59 (N-α-CH2), 47.61 (N-α-CH2), 48.26 (N-α-

CH2), 51.30 (CH3-O), 52.93 (N-α-CH2), 57.24 (N-α-CH2),  60.82 (N-α-CH2), 61.59 (N-α-CH2), 71.68 

(Caminal), 83.04 (Caminal), 130.37 (Ar-H), 131.83 (Ar-C), 131.94 (Ar-C), 132.77 (Ar-H), 168.36 (C=O). 

HRMS (m/z): [M-Br-]+ calcd for C19H27N4O2, 343.2134, found, 343.2131. Anal. calcd for 

C19H27BrN5O2.0.4H2O.0.5THF: C, 54.06; H, 6.87; N, 12.01. Found: C, 54.06; H, 6.97; N, 12.08. 
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8.2.5 Synthesis of 3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium 

bromide (9) 

 

 

cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (3 g, 13.49 mmol) was dissolved in dry THF (50 mL), α-

α’-dibromo-p-xylene  (7.12 g, 26.99 mmol) was added and the mixture stirred at RT under argon for 

3 d. The resulting precipitate was filtered and washed with dry THF (5 x 20 mL). To yield a white solid 

(6.44 g, 98 %). 

 

1H NMR (400 MHz, D2O, δ): 1.14 (s, N-β-CH2, 2H), 1.36-1.46 (m, N-β-CH2, 2H), 1.76-3.75 (br m, N-α-

CH2, 16H), 4.34 (s, Ar-CH2, 2H), 4.63 (s, CH2-Br, 2H), 4.69 (s, Haminal, 1H), 5.13-5.17 (m, Haminal, 1H), 7.67 

(m, Ar-H, 4H). 13C NMR (100 MHz, D2O, δ): 18.15 (N-β-CH2), 18.55 (N-β-CH2), 42.12 (CH2-Br), 46.73 (N-

α-CH2), 51.51 (N-α-CH2), 53.46 (N-α-CH2), 54.12 (N-α-CH2), 54.82 (N-α-CH2), 60.28 (N-α-CH2), 61.81 

(N-α-CH2), 69.73 (ArH2), 75.53 (Caminal), 82.45 (Caminal), 128.04 (Ar-H), 128.06 (Ar-H), 133.66 (Ar), 

134.24 (Ar). HRMS (m/z): [M-Br-H]+ calcd for C20H30BrN4, 405.1648; found, 405.1637. Anal. calcd for 

C20H30Br2N4.2H2O: C, 45.99; H, 6.56; N, 10.73. Found C, 45.87; H, 7.02; N, 10.83. 
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8.3. TRIS-MACROCYCLES 

8.3.1 Synthesis of 2a,6a-bis-[[4-[decahydro-2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]- 

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tetrabromide(10),  3a,8a-bis-[[4-[decahydro-

2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]-decahydro-3a,5a,8a,10a-tetraazaperhydro pyrene 

tetrabromide (11), 3a,8a-bis-[[4-[decahydro-3a,5a,8a,10a-tetraaza-pyrenium]methyl] benzyl]-

decahydro-3a,5a,8a,10a-tetraazaperhydropyrene tetra bromide (12), 1,4-bis-[[4-[decahydro-

2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]-1,4,8,11-tetraazatricyclo[9.3.1. 14,8]hexadecane 

tetrabromide (13), 1,4-bis-[[4-[decahydro-3a,5a,8a,10a-tetraaza-pyrenium]methyl]benzyl]-

1,4,8,11-tetraazatricyclo[9.3.1.14,8]hexa decane tetrabromide (14) 

 
General procedure D 

Macrocycle was dissolved in dry MeCN, to this mono-substituted macrocycle as a suspension of dry 

MeCN was added. The mixture was stirred at RT for 14 d under an atmosphere of argon after which 

the precipitate was filtered and washed with MeCN and diethyl ether. 

 

2a,6a-bis-[[4-[decahydro-2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]- decahydro-2a,4a,6a,8a-

tetraaza-pyrenium tetra bromide(10) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (212 mg, 1.09 mmol), 

dry acetonitrile (50 mL and 100 mL), 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-

pyrenium bromide (5) (1.00 g, 2.18 mmol), acetonitrile (2 x 20 mL), diethyl ether (2 x 20 mL). To yield 

a white solid (761 mg, 63 %). 
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1H NMR (400 MHz,D2O, δ): 2.36 (m, N-α-CH2, 2H), 2.62-3.88 (br m, N-α-CH2, 46H), 4.15 (br 

s, CH2-Ar, 4H), 4.52 (br s, CH2-Ar, 2H), 4.60 (br s, CH2-Ar, 2H), 5.00 (m, Haminal, 6H), 7.35-

7.42 (m, Ar-H, 4H), 7.56-7.62 (m, Ar-H, 4H). MS: Pending data, see 8.1.3. Anal. calcd for 

C46H70Br4N12.13.25H2O: C, 40.94; H, 7.21; N, 12.46. Found: C, 40.56; H, 6.84; N, 12.43.  

 

3a,8a-bis-[[4-[decahydro-2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]-decahydro-3a,5a,8a,10a-

tetraaza-pyrenium tetra bromide (11) 

Amounts: cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (243 mg, 1.09 mmol), dry acetonitrile (50 mL 

and 100 mL), 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

(1.00 g, 2.18 mmol), acetonitrile (2 x 20 mL), diethyl ether (2 x 20 mL). To yield a white solid (608 mg, 

49 %). 

1H NMR (400 MHz,D2O, δ): 2.34 (m, N-β-CH2, 2H), 2.68 (m, N-β-CH2, 2H), 2.80 (m, N-α-CH2, 

2H), 3.03 (m, N-α-CH2, 12H), 3.29 (m, N-α-CH2, 8H), 3.45 (m, N-α-CH2, 16H), 3.61 (m, N-α-

CH2, 1H), 3.73 (m, N-α-CH2, 7H), 3.90 (m, N-α-CH2, 2H), 4.18 (m, N-α-CH2, 8H), 4.45-4.49 

(m, Haminal, 6H), 7.40-7.44 (m, Ar-H, 4H), 7.63 (br s, Ar-H, 4H). MS: Pending data, see 8.1.3.  

 

3a,8a-bis-[[4-[decahydro-3a,5a,8a,10a-tetraaza-pyrenium]methyl]benzyl]-decahydro-

3a,5a,8a,10a-tetraaza-pyrenium tetra bromide (12) 

Amounts: cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (274 mg, 1.23 mmol), dry MeCN (100 mL), 

3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (9) (1.20 g, 2.47 

mmol), dry MeCN (300 mL), MeCN (2 x 20 mL), diethyl ether (2 x 20 mL). To yield the product as a 

white solid (1.22 g, 83 %). 

1H NMR (400 MHz,D2O, δ): 1.28-1.38 (m, N-β-CH2, 3H), 1.62 (d, J=11.4 Hz, N-β-CH2, 2H), 

1.71-1.81 (m, N-β-CH2, 2H), 1.99-2.06 (m, N-β-CH2, 5H), 2.10-2.22 (m, N-α-CH2, 3H), 2.30-

2.37 (m, N-α-CH2, 4H), 2.47-2.56 (m, N-α-CH2, 4H), 2.63-2.73 (m, N-α-CH2, 1H), 2.83-3.16 

(m, N-α-CH2, 24H), 3.19-3.33 (m, N-α-CH2, 5H), 3.42-3.48 (m, N-α-CH2, 3H), 3.48-3.65 (m, 

N-α-CH2, 4H), 4.01-4.08 (m, CH2-Ar, 2H), 4.26 (s, CH2-Ar, 3H), 4.44-4.56 (m, CH2-Ar, 3H), 

4.66-4.75 (m, Haminal, 2H), 4.93-4.96 (m, Haminal, 1H), 5.05 (d, J=13.3 Hz, Haminal, 1H), 5.13-

5.24 (m, Haminal, 2H), 7.21-7.40 (m, Ar-H, 2H), 7.43 (d, J=5.7 Hz, Ar-H, 2H), 7.53 (s, Ar-H, 

2H), 7.56 (s, Ar-H, 1H), 7.60 (d, J=8.8 Hz, Ar-H, 1H). 13C NMR (100 MHz, D2O, δ): 17.72 (N-β-

CH2), 17.87 (N-β-CH2), 18.15 (N-β-CH2), 18.41 (N-β-CH2), 37.02 (N-α-CH2), 42.00 (N-α-CH2), 

42.54 (N-α-CH2), 46.47 (N-α-CH2), 46.71 (N-α-CH2), 48.33 (N-α-CH2), 50.61 (N-α-CH2), 51.24 

(N-α-CH2), 51.92 (N-α-CH2), 53.10 (N-α-CH2), 53.84 (N-α-CH2), 54.22 (N-α-CH2), 59.90 (N-α-



190 
 

CH2), 60.17 (N-α-CH2), 60.71 (N-α-CH2), 61.44 (N-α-CH2), 61.72 (N-α-CH2), 62.11 (N-α-CH2), 

62.40 (N-α-CH2), 63.20 (N-α-CH2), 63.61 (N-α-CH2), 69.63 (N-α-CH2), 75.02 (Caminal), 76.79 

(Caminal), 81.68 (Caminal), 81.98 (Caminal), 82.12 (Caminal), 124.73 (Ar-C), 127.77 (Ar-C), 127.90 

(Ar-H), 128.56 (Ar-H), 128.90 (Ar-H), 133.59 (Ar-H), 134.19 (Ar-H), 134.37 (Ar-H), 139.74 

(Ar-C), 143.45 (Ar-C). MS: Pending data, see 8.1.3. Anal. calcd for C52H82Br4N12.6H2O: C, 47.93; H, 

7.27; N, 12.90. Found: C, 47.43; H, 7.70; N, 13.04.  

 

 1,4-bis-[[4-[decahydro-2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]-1,4,8,11-

tetraazatricyclo[9.3.1.14,8]hexadecane tetrabromide (13)  

Amounts: 1,4,8,11-tetraazatricyclo[9.3.1.14,8]hexadecane (4) (61 mg, 0.03 mmol), dry acetonitrile (50 

mL and 100 mL), 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

(250 mg, 0.54 mmol), acetonitrile (2 x 10 mL), diethyl ether (2 x 10 mL). To Yield a white solid (214 

mg, 69 %).   

1H NMR (400 MHz,D2O, δ): 5.06-5.12 (m, 2H, N-β-CH2), 5.52-5.58 (m, 2H, N-β-CH2), 5.69-

5.72 (m, 2H, N-α-CH2), 5.82-5.93 (m, 3H, N-α-CH2), 6.04-6.08 (m, 2H, N-α-CH2), 6.10-6.13 

(m, 2H, N-α-CH2), 6.47-6.69 (br m, 10H, N-α-CH2), 6.72-6.75 (m, 6H, N-α-CH2), 6.79 (br s, 

1H, N-α-CH2), 6.83-7.00 (m, 16H, N-α-CH2), 7.06 (br s, 1H, N-α-CH2), 7.19-7.20 (m, 3H, N-α-

CH2), 7.24 (s, 5H, N-α-CH2), 7.49-7.52 (m, 2H, Haminal), 7.62-7.63 (m, 1H, Haminal), 7.68 (d, 1H, 

J=13.1 Hz, Haminal), 7.76 (d, 1H, J=13Hz, Haminal), 7.96-7.99 (m, 1H, Haminal), 8.05-8.08 (m, 1H, 

Haminal), 8.15-8.18 (d, 1H, J=12.9Hz, Haminal), 11.21 (s, 8H, Ar-H). MS: Pending data, see 8.1.3. 

Anal. calcd for C48H76N12Br4 expected: C, 50.54; H, 6.72; N, 14.73. Found: C, 45.50; H, 7.50; 

N, 13.44 – contains impurity.  

 

1,4-bis-[[4-[decahydro-3a,5a,8a,10a-tetraaza-pyrenium]methyl]benzyl]-1,4,8,11-

tetraazatricyclo[9.3.1.14,8]hexadecane tetrabromide (14) 

Amounts: 1,4,8,11-tetraazatricyclo[9.3.1.14,8]hexadecane (4) (80 mg, 0.35mmol), dry acetonitrile 

(50mL and 100 mL), 3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium 

bromide (9) (350 mg, 0.7mmol), acetonitrile (2 x 10 mL), diethyl ether (2 x 10mL). To yield the 

product (200 mg, 48%). 

1H NMR: (400 MHz, DMSO, δ): 1.11-1.26 (m, N-β-CH2, 2H), 1.60-2.05 (m, N-β-CH2, 10H), 2.08-2.45 (m, 

N-α-CH2, 11H), 2.55-2.70 (m, N-α-CH2, 4H), 2.75-2.91 (m, N-α-CH2, 16H), 2.98-3.15 (m, N-α-CH2, 12H), 

3.53-3.58 (m, N-α-CH2, 5H), 3.64-3.95 (m, CH2-Ar, 8H), 4.25-4.34 (m, Haminal, 4H), 4.79-4.89 (m, Haminal, 

2H), 5.35-5.60 (m, Haminal, 2H), 7.51 (s, Ar-H, 4H), 7.66 (s, Ar-H, 4H). 13C NMR: (100 MHz, DMSO, δ): 
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18.72 (N-β-CH2), 24.85 (N-β-CH2), 42.12 (N-α-CH2), 46.74 (N-α-CH2), 47.12 (N-α-CH2), 47.55 (N-α-

CH2), 50.15 (N-α-CH2), 51.29 (N-α-CH2), 52.42 (N-α-CH2), 54.25 (N-α-CH2), 54.37 (N-α-CH2), 59.57 (N-

α-CH2), 60.33 (N-α-CH2), 60.87 (N-α-CH2), 69.65 (Caminal), 83.17 (Caminal), 129.73 (Ar-H), 130.89 (Ar-H), 

133.57 (C-Ar), 134.22 (C-Ar). HRMS (m/z): [M-2Br-2H]2+ calcd for C52H82Br2N12, 517.2564, found: 

517.2541. Elemental analysis: (%) Calcd. for C52H84Br4N12: C, 46.86; H, 7.51; N, 13.09. Found: C, 46.65; 

H, 7.84; N, 13.09. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



192 
 

8.3.2 Synthesis of 3a,8a-bis-[[4-[decahydro-3a,5a,8a,10a-tetraaza-pyrenium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tetra bromide (15) 

 

General procedure E 

cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (400 mg, 2.06 mmol) was dissolved in 

dry DMF (20 mL) to this 3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium 

bromide (9) (2.00 g, 4.11 mmol) was added. The mixture was stirred at RT for 14 d under an 

atmosphere of argon after which the precipitate was filtered and washed with diethyl ether (4 x 20 

mL). To yield a white solid (1.05 g, 94 %). 

 

1H NMR (400 MHz,D2O, δ): 1.30 (d, J=13.7 Hz, N-β-CH2, 2H), 1.61 (d, J=13.7 Hz, N-β-CH2, 

2H), 1.74 (d, J=10.6 Hz, N-β-CH2, 1H), 1.96-2.04 (m, N-β-CH2, 3H), 2.07 (d, J=3.7 Hz, N-α-

CH2, 2H), 2.13-2.16 (m, N-α-CH2, 3H), 2.31-2.33 (m, N-α-CH2, 4H), 2.48-2.63 (m, N-α-CH2, 

5H), 2.72-2.77 (m, N-α-CH2, 2H), 2.92-3.80 (br m, N-α-CH2, 31H), 4.03-4.09 (m, CH2-Ar/N-α-

CH2, 2H), 4.16 (td, J=11.0 Hz, CH2-Ar, 1H), 4.25-4.61 (m, CH2-Ar, 5H), 4.67-4.71 (m, CH2-Ar, 

1H), 4.73-4.77 (m, Haminal, 1H), 4.92 (d, J=13.5 Hz, Haminal, 1H), 4.59-5.13 (m, Haminal, 3H), 

5.20-5.25 (m, Haminal, 1H), 7.34-7.43 (m, Ar-H, 1H), 7.51-7.66 (m, Ar-H, 1H). 13C NMR (100 

MHz, D2O, δ): 17.69 (N-β-CH2), 41.94 (N-α-CH2), 42.56 (N-α-CH2), 46.48 (N-α-CH2), 46.65 

(N-α-CH2), 48.51 (N-α-CH2), 50.56 (N-α-CH2), 51.27 (N-α-CH2), 51.87 (N-α-CH2), 53.17 (N-α-

CH2), 53.89 (N-α-CH2), 54.19 (N-α-CH2), 54.84 (N-α-CH2), 60.11 (N-α-CH2), 60.95 (N-α-CH2), 

61.60 (N-α-CH2), 69.58 (Caminal), 82.16 (Caminal), 127.74 (Ar-H), 128.62 (Ar-H), 128.87 (Ar-H), 

129.09 (Ar-H), 133.31 (Ar-H), 134.09 (Ar-H), 134.51 (Ar-C), 140.68 (Ar-C). MS (m/z): [M-Br-

H]+ calcd for C50H77Br3N12, 1085.96; found, 1085.4.  HRMS: Pending data, see 8.1.3.  Anal. calcd 

for C50H78Br4N12 expected: C, 51.47; H, 6.74; Br, 27.39; N, 14.40. Found C, 46.33; H, 7.13; N, 12.36 – 

contains impurity. 

 

 

 

 

 

 



193 
 

8.3.3 Synthesis of 1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (16), 1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane] 

methyl]benzyl]-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (17), 1,7-bis-[4-[[1,4,8,11-tetraaza 

bicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (18), 1,8-bis-

[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane (19) 

 

 

 

General procedure F 

Macrocycle was added to ethanol and sodium borohydride was added in small portions over 1 h. The 

mixture was stirred for 10 days at RT. Aqueous hydrochloric acid (2 M) was added until pH 3-4 to 

decompose excess sodium borohydride and the solvents were removed in vacuo. The residue was 

taken up into water and made strongly basic (pH 14, KOH). The basic solution was extracted with 

dichloromethane, the combined organic extracts were dried (MgSO4), filtered and solvent removed 

in vacuo. 

 

1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (16) 

Method as outlined previously with the following: 

Amounts: (10) (650 mg, 0.59 mmol), ethanol (300 mL), sodium borohydride (664 mg, 17.56 mmol) 

water (25 mL), dichloromethane (5 x 25 mL). To yield the product as a yellow oil (236 mg, 50 %). 

1H NMR (400 MHz, MeOH, δ): 2.34-3.15 (br m, N-α-CH2, 60H), 3.58-3.68 (m, CH2-Ar, 5H), 3.99-4.04 

(m, CH2-Ar, 3H), 4.57-4.61 (m, NH, 2H), 7.28 (br s, Ar-H, 3H), 7.40 (m, Ar-H, 4H), 7.48 (br s, Ar-H, 1H).   

13C NMR (100 MHz, MeOH, δ): 44.63 (N-α-CH2), 46.69 (N-α-CH2), 48.86 (N-α-CH2), 49.78 (N-α-CH2), 

50.46 (N-α-CH2), 50.94 (N-α-CH2), 51.28 (N-α-CH2), 52.16 (N-α-CH2), 53.66 (N-α-CH2), 55.75 (N-α-

CH2), 56.28 (N-α-CH2), 56.75 (N-α-CH2), 57.32 (N-α-CH2), 58.35 (N-α-CH2), 59.03 (N-α-CH2), 59.60 (N-
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α-CH2), 61.47 (N-α-CH2), 63.63 (N-α-CH2), 126.68 (Ar-C), 126.98 (Ar-H), 128.82 (Ar-H), 128.98 (Ar-H), 

129.24 (Ar-H), 137.15 (Ar-C), 138.70 (Ar-C), 139.60 (Ar-C). HRMS (m/z): [M+H]+ calcd for 

C46H79N12 799.6545; found, 799.6544. Elemental analysis: % Calc’d for C 46H78N12 expected: 

C, 69.13; H, 9.84; N, 21.03. Found: C, 57.04; H, 8.51; N, 14.03 – contains impurity. 

 

1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane (17) 

Amounts: (11) (500 mg, 0.44 mmol), ethanol (300 mL), sodium borohydride (498 mg, 13.17 mmol), 

water (25 mL), dichloromethane (5 x 25 mL). To yield a yellow oil (196 mg, 54 %). 

1H-NMR (400 MHz, MeOD, δ): 1.16-1.28 (m, N-β-CH2, 1H), 1.71 (m, N-β-CH2, 1H), 2.32-2.34 

(m, N-β-CH2, 2H), 2.42-2.91(m, N-α-CH2, 38H), 3.06-3.15 (m, N-α-CH2, 15H), 3.30 (td, J=3.1 

Hz, N-α-CH2, 2H), 3.48-3.71 (m, N-α-CH2, 7H), 3.94-4.04 (m, N-α-CH2, 5H), 4.57-4.62 (m, 

NH, 2H), 7.21-7.48 (m, Ar-H, 8H). 13C-NMR (100 MHz, MeOD, δ): 19.17 (N-β-CH2), 20.04 (N-

β-CH2), 44.64 (N-α-CH2), 44.64 (N-α-CH2), 44.64 (N-α-CH2), 49.81 (N-α-CH2), 51.30 (N-α-

CH2), 52.18 (N-α-CH2), 53.68 (N-α-CH2), 55.74 (N-α-CH2), 56.30 (N-α-CH2), 56.74 (N-α-CH2), 

57.32 (N-α-CH2), 58.90 (N-α-CH2), 59.08 (N-α-CH2), 59.58 (N-α-CH2), 61.49 (N-α-CH2), 63.59 

(N-α-CH2), 76.57 (N-α-CH2), 77.71 (N-α-CH2), 78.03 (N-α-CH2),  78.22 (N-α-CH2), 126.69 (Ar-

C), 126.99 (Ar-C), 127.95 (Ar-C), 128.83 (Ar-H), 129.03 (Ar-H), 129.24 (Ar-H). MS: (m/z): 

[M+3K+H]+ calcd for C48H83N12K3, 945.57; found, 945.5. HRMS: Pending data, see 8.1.3.  

 

1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (18) 

Amounts: (15) (2.30 g, 1.97 mmol), ethanol (150 mL), sodium borohydride (2.24 g, 59.13 mmol), 

water (50 mL), dichloromethane (5 x 50 mL). To yield a yellow oil (662 mg, 39 %). 

1H NMR (400 MHz, MeOD, δ): 1.14-1.17 (m, N-β-CH2, 2H), 1.48 (m, N-β-CH2, 1H),  1.64-1.69 (m, N-β-

CH2, 5H), 2.16-3.23 (br m, N-α-CH2, 57H), 3.47-4.11 (br m, N-α-CH2, 11H), 4.25 (m, NH, 1H), 4.55 (m, 

NH, 1H), 7.11-7.25 (m, Ar-H, 7H), 8.05-8.07 (m, Ar-H, 1H). 13C NMR (100 MHz, MeOD, δ): 19.19 (N-β-

CH2), 22.79 (N-β-CH2), 23.83 (N-β-CH2), 24.44 (N-β-CH2), 39.59 (N-α-CH2), 44.23 (N-α-CH2), 50.19 (d, 

J=16.9 Hz, N-α-CH2), 51.05 (N-α-CH2), 51.47 (N-α-CH2), 52.01 (N-α-C2), 53.02 (N-α-CH2), 53.72 (N-α-

CH2), 53.85 (N-α-CH2), 54.66 (N-α-CH2), 55.18 (N-α-CH2), 55.62 (N-α-CH2), 56.07 (N-α-CH2), 56.30 (N-

α-CH2), 56.80 (N-α-CH2), 57.06 (N-α-CH2), 57.46 (N-α-CH2), 58.07 (N-α-CH2), 58.53 (N-α-CH2), 61.46 

(N-α-CH2), 61.61 (N-α-CH2), 123.04 (Ar-H), 123.30 (Ar-H), 126.66 (Ar-H), 126.84 (Ar-H), 128.97 (Ar-H), 

129.74 (Ar-H), 129.90 (Ar-H), 129.97 (Ar-H), 130.07 (Ar-H), 131.29 (Ar-C), 136.11 (Ar-C), 136.60 (Ar-
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C), 137.34 (Ar-C). HRMS (m/z): [M+H]+ calcd for C50H87N12 855.7171; found, 855.7174. Anal. calc’d for 

C50H86N12.6EtOH: expected: C, 65.80; H, 10.87; N, 14.85. Found: C, 65.96; H, 11.31; N, 15.07. 

 

1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane (19)  

Amounts: (12) (1.11 g, 0.92 mmol), ethanol (65 mL), sodium borohydride (1.05 g, 27.73 mmol), 

water (25 mL), dichloromethane (5 x 50 mL). To yield a yellow-brown solid (546 mg, 71 %). 

1H NMR (400 MHz, MeOD, δ): 1.78 (br s, N-β-CH2, 12H), 2.07-2.12 (m, N-α-CH2, 5H), 2.21-2.31 (m, N-

α-CH2, 2H), 2.34 (s, N-α-CH2, 1H), 2.52-2.67(m, N-α-CH2, 24H), 2.78-3.03 (m, N-α-CH2, 21H), 3.37-3.65 

(m, N-α-CH2, 7H), 3.69-3.71 (m, Ar-CH2, 2H), 3.83-3.86 (m, Ar-CH2, 2H), 4.59-4.62 (m, NH, 2H), 5.11 (s, 

Ar-CH2, 4H), 7.16 (s, Ar-H, 1H), 7.24-7.37 (m, Ar-H, 6H), 7.43-7.63 (m, Ar-H, 1H). 13C NMR (100 MHz, 

MeOD, δ): 19.41 (N-β-CH2), 20.36 (N-β-CH2), 22.94 (N-β-CH2), 23.97 (N-β-CH2), 24.73 (N-β-CH2), 25.65 

(N-β-CH2), 43.73 (N-α-CH2), 44.40 (N-α-CH2), 47.08 (N-α-CH2), 49.58 (N-α-CH2), 50.31 (d, J=16.14 Hz, 

N-α-CH2), 51.49 (N-α-CH2), 52.19 (N-α-CH2), 52.37 (N-α-CH2), 53.07 (N-α-CH2), 53.92 (d, J=9.22 Hz, N-

α-CH2), 54.50 (N-α-CH2), 54.74 (N-α-CH2), 54.95 (N-α-CH2), 55.27 (N-α-CH2), 55.47 (N-α-CH2), 55.67 

(N-α-CH2), 56.09 (N-α-CH2), 56.42 (N-α-CH2), 56.70 (N-α-CH2), 57.58 (N-α-CH2), 63.56 (N-α-CH2), 

63.65 (N-α-CH2), 76.71 (CH2-Ar), 126.28 (Ar-C), 126.68 (d, J=12.30 Hz, Ar-H), 128.78 (Ar-H), 129.27 (d, 

J=7.69 Hz, Ar-C), 129.80 (Ar-H), 130.13 (d, J=7.69 Hz, Ar-H), 130.45 (Ar-H), 133.11 (Ar-H), 133.98 (Ar-

H), 136.15 (Ar-H), 136.73 (Ar-C), 141.09 (Ar-C). HRMS (m/z): [M+H]+ calcd for C52H91N12 883.7484; 

found, 883.7471. Anal. calc’d for C52H90N12.6H2O: expected: C, 62.99; H, 10.37; N, 16.95. Found: C, 

62.92; H, 10.25; N, 16.91. 
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8.3.4. Synthesis of 1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl] 

benzyl]-1,4,8,11-tetraazacyclotetradecane (20), 1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazacyclotetradecane (21) 

 

General procedure G 

Macrocycle was added to ethanol, to this sodium borohydride was added slowly with stirring. The 

mixture was stirred at RT for 1 h and heated under reflux for 2 h. Once cooled to RT an aqueous 

solution of hydrochloric acid was added in one portion and the mixture concentrated in vacuo. The 

resulting residue was re-dissolved in water, made basic (KOH) and extracted with chloroform or 

dichloromethane. The combined organic phases were dried (MgSO4) and concentrated in vacuo. 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane (20) 

Amounts: 1,4-bis-[[4-[decahydro-2a,4a,6a,8a-tetraaza-pyrenium]methyl]benzyl]-1,4,8,11-tetraaza 

tricyclo[9.3.1.14,8]hexadecane tetrabromide (13) (433 mg, 0.38 mmol), ethanol (100 mL), sodium 

borohydride (287 mg, 7.59 mmol), water (20 mL), dichloromethane (5 x 20 mL). To yield the product 

as a yellow oil (127 mg, 40 %). 

1H NMR (400 MHz, CDCl3, δ): 1.19-1.24 (m, N-β-CH2, 2H), 1.55-1.73 (m, N-β-CH2, 2H), 1.83-1.84 (m, 

N-α-CH2, 1H), 2.10-2.18 (m, N-α-CH2, 2H), 2.29-2.94 (br m, N-α-CH2, 43H), 2.98-3.17 (m, N-α-CH2, 

14H), 3.32-3.56 (m, CH2-Ar, 7H), 3.63-3.67 (m, CH3-N, 6H), 3.81 (s, CH2-Ar, 1H), 3.91 (s, Haminal, 1H), 

4.62 (m, Haminal, 1H), 7.22 (d, J=6.5 Hz, Ar-H, 2H), 7.23-7.24 (m, Ar-H, 1H), 7.29 (m, Ar-H, 4H), 7.49 (d, 

J=16.3 Hz, Ar-H, 1H). 13C NMR (100 MHz, MeOD, δ): 25.27 (N-β-CH2), 29.46 (N-β-CH2), 32.07 (CH3), 

40.75 (N-α-CH2), 42.06 (N-α-CH2), 43.39 (N-α-CH2), 43.73 (N-α-CH2), 43.89 (N-α-CH2), 44.60 (N-α-

CH2), 45.62 (N-α-CH2), 46.46 (N-α-CH2), 48.85 (N-α-CH2), 49.72 (N-α-CH2), 49.72 (N-α-CH2), 50.11 (N-

α-CH2), 50.72 (N-α-CH2), 50.88 (N-α-CH2), 52.17 (N-α-CH2), 52.65 (N-α-CH2), 53.08 (N-α-CH2), 53.98 

(N-α-CH2), 54.76 (N-α-CH2), 55.84 (N-α-CH2), 55.99 (N-α-CH2), 56.72 (N-α-CH2), 57.87 (N-α-CH2), 

58.09 (N-α-CH2), 58.94 (N-α-CH2), 59.45 (N-α-CH2), 59.53 (N-α-CH2), 59.61 (N-α-CH2), 62.21 (N-α-

CH2), 63.53 (N-α-CH2), 77.70 (Haminal), 78.03 (Haminal), 78.22 (Haminal), 78.36 (Haminal), 126.76 (Ar-H), 
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126.96 (Ar-H), 127.89 (Ar-H), 128.91 (Ar-H), 129.07 (Ar-H), 129.29 (Ar-H), 137.26 (Ar-H), 137.63 (Ar-

C), 138.49 (Ar-C), 139.29 (Ar-C), 141.07 (Ar-C). MS: Pending data, see 8.1.3. 

 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane (21) 

Amounts: 1,4-bis-[[4-[decahydro-3a,5a,8a,10a-tetraaza-pyrenium]methyl]benzyl]-1,4,8,11-tetraazatr 

icyclo[9.3.1.14,8]hexadecane tetrabromide (14) (140 mg, 0.17 mmol), EtOH (50 mL), NaBH4 (130 mg, 

3.50 mmol), HCl (3M, 10 mL), water (30 mL), CHCl3 (5 x 20 mL). To yield the product as a yellow oil 

(120 mg, 80 %). 

1H NMR (400 MHz, CDCl3, δ): 1.17-1.67 (m, 12H, N-β-CH2), 2.13 (s, 6H, CH3), 2.29-2.78 (m, 50H, N-α-

CH2), 2.78 (m, 2H, NH), 3.50 (s, 8H, Ar-CH2), 3.62 (s, 3H, N-α-CH2), 4.62 (m, 3H, N-α-CH2), 7.10 (m, 4H, 

Ar-H), 7.25 (m, 4H, Ar-H). 13C NMR (100 MHz, CDCl3, δ): 15.35 (N-β-CH2), 21.18 (CH3), 23.85 (N-β-

CH2), 25.10 (N-β-CH2), 43.27 (N-α-CH2), 47.52 (N-α-CH2), 48.82 (N-α-CH2), 50.80 (N-α-CH2), 53.82 (N-

α-CH2), 55.11 (N-α-CH2), 58.41 (N-α-CH2),  59.17 (N-α-CH2), 64.91 (Ar-CH2), 65.91 (Ar-CH2), 126.51 

(Ar-H), 126.91 (Ar-H), 128.87 (Ar-H), 129.79 (Ar-H), 136.38 (Ar-C), 136.98 (Ar-C). HRMS (m/z): [M+H]+ 

calcd for C52H93N12 885.7550; found, 885.7529.  
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8.4. TRIS-MACROCYCLE METAL COMPLEXES 

8.4.1. Synthesis of metal complexes of ligands 1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2] 

dodecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (16), 1,8-bis-[4-[[1,4,7,10-

tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo [6.6.2]hexadecane (17), 

1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraaz 

abicyclo[5.5.2]dodecane (18), 1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl 

]benzyl]-1,4,8,11-tetraazabicyclo [6.6.2]hexadecane (19) 

 

 

General procedure H 

Macrocycle was dissolved in degassed dry methanol to this a dry methanolic solution of metal salt 

was added dropwise. The solution was heated at reflux overnight after which the solvent was 

reduced in vacuo ~5 mL and purified via size exclusion chromatography using a LH20 Sephadex 

column. 

1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu316)6+   

Amounts: 1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-tetraazabicyc 

lo[5.5.2]dodecane (16) (55 mg, 0.07 mmol), dry methanol (5 mL and 10 mL) copper(II) acetate 

monohydrate (46 mg, 0.23 mmol). To yield a blue solid (21 mg, 22%). 

MS: Pending data, see 8.1.3. Anal. calc’d for C58H96Cu3N12O12..4H2O: expected: C, 49.19; H, 7.40; N, 

11.87. Found: C, 49.31; H, 7.40; N, 11.01. UV-Vis (MeOH) λmax, nm (ε):  665 (2 M-1 cm-1).  
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1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn316)6+  

Amounts: 1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-tetraazabicyc 

lo[5.5.2]dodecane (16) (55 mg, 0.07 mmol), dry methanol (5 mL and 10 mL), zinc acetate (42 mg, 

0.23 mmol). To yield a yellow solid (51 mg, 55%). 

1H NMR (400 MHz, MeOD, δ): 2.02 (s, CH3-C, 12H), 2.68 (s, CH3-C, 6H), 2.86-3.17 (m, N-α-

CH2, 34H), 3.30 (s, N-α-CH2, 10H), 3.52 (s, N-α-CH2, 4H), 3.69-3.71 (m, N-α-CH2, 11H), 3.99-

4.05 (m, N-α-CH2, 9H), 4.63 (m, NH, 2H), 7.43-7.53 (m, Ar-H, 7H), 7.98 (s, Ar-H, 1H). 13C 

NMR (100 MHz, MeOD, δ): 21.43 (CH3-C), 32.68 (N-α-CH2), 41.46 (N-α-CH2), 45.25 (N-α-

CH2), 51.85 (N-α-CH2), 54.70 (N-α-CH2), 54.85 (N-α-CH2), 55.73 (N-α-CH2), 57.12 (N-α-CH2), 

63.35 (CH2-Ar), 126.96 (Ar-H), 129.10 (Ar-H), 130.60 (Ar-H), 130.83 (Ar-H), 180.33 (C=O), 

179.88 (C=O). MS (m/z): [M-CH3CO2+2Na+H]+ calcd for C56H94N12O10Zn3 1337.56; found, 1337.9. 

HRMS: Pending data, see 8.1.3. Anal. calc’d for C58H96Zn3N12O12.2EtOH: expected: C, 51.65; H, 7.55; 

N, 11.66. Found: C, 51.16; H, 7.26; N, 10.90. 

 

1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane nickel(II) acetate (Ni316)6+   

Amounts: Amounts: 1,7-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (16) (51 mg, 0.06 mmol), dry methanol (5 mL and 10 mL), nickel 

acetate tetrahydrate (52 mg, 0.21 mmol). To yield a yellow solid (51 mg, 87%). 

MS (m/z): [M-2CH3CO2+3H]+ calcd for C54H93N12Ni3O8 1214.50; found, 1214.8. HRMS: Pending data, 

see 8.1.3. Anal. calc’d for C58H96Ni3N12O12 expected: C, 52.40; H, 7.28; N, 12.64. Found: C, 47.56; H, 

6.98; N, 9.64 – contains impurity. UV-Vis: (MeOH) λmax, nm (ε): 670 (28 M-1 cm-1), 749 (20 M-1 cm-1). 

 

1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane copper(II) acetate (Cu317)6+  

Amounts: 1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyc  

lo[6.6.2]hexadecane (17) (51 mg, 0.06 mmol), dry methanol (5 mL and 10 mL), copper(II) acetate 

monohydrate (41 mg, 0.20 mmol). To yield a blue solid (12 mg, 14 %). 

MS (m/z): [M-2CH3CO2+3NH4-H]+ calcd for C56H105Cu3N15O8 1307.19; found, 1307.6. HRMS: Pending 

data, see 8.1.3. Anal. calc’d for C60H100Cu3N12O12.1.25DCM.2.75MeCN: expected: C, 50.38; H, 7.02; N, 

12.98. Found: C, 49.96; H, 7.51; N, 13.26. UV-Vis (MeOH) λmax, nm (ε): 665 (182 M-1 cm-1). 
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1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane zinc(II) acetate (Zn317)6+  

Amounts: 1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyc 

lo[6.6.2]hexadecane (17) (50 mg, 0.06 mmol), dry methanol (5 mL and 10 mL), zinc(II) acetate (37 

mg, 0.20 mmol). To yield a yellow solid (34 mg, 40 %). 

1H NMR (MeOD): δ 1.28 (m, N-β-CH2, 4H), 1.99 (s, CH3-C, 18H), 2.14-2.35 (m, N-α-CH2, 6H), 

2.85-3.16 (br m, N-α-CH2, 30H), 3.26-3.37 (m, N-α-CH2, 4H), 3.47-3.94 (br m, N-α-CH2, 

18H), 4.01 (d, J=18.0 Hz, N-α-CH2, 8H), 4.57-4.63 (m, N-α-CH2, 2H), 4.82-4.86 (m, NH, 2H), 

7.24 (d, J=7.3 Hz, Ar-H, 1H), 7.31-7.40 (m, Ar-H, 3H), 7.42 (s, Ar-H, 2H), 7.50-7.52 (m, Ar-H, 

2H). 13C NMR (100 MHz, MeOD, δ): 18.50 (CH3-C), 21.33 (N-β-CH2), 46.01(N-α-CH2), 46.34 

(N-α-CH2), 52.73 (N-α-CH2), 54.66 (N-α-CH2), 55.75 (N-α-CH2),56.31 (N-α-CH2), 63.26 (N-α-

CH2), 64.61 (N-α-CH2), 126.95 (Ar-H), 128.39 (Ar-C), 130.59 (Ar-H), 132.15 (Ar-C), 138.15 

(Ar-C), 140.24 (Ar-H), 141.03 (Ar-H), 145.12 (Ar-C), 151.68 (C=O). MS (m/z): [M-

6CH3CO2+NH4-H]+ calcd for C48H85N13Zn3 1040.44; found, 1040.7. HRMS: Pending data, see 8.1.3. 

 

1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane nickel(II) acetate (Ni317)6+  

Amounts: 1,8-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazabicyc 

lo[6.6.2]hexadecane (17) (51 mg, 0.06 mmol), dry methanol (5 mL and 10 mL), nickel(II) acetate 

tetrahydrate (51 mg, 0.20 mmol). To yield a green solid (70 mg, 83 %). 

MS: Pending data, see 8.1.3. UV-Vis (MeOH) λmax, nm (ε): 670 (12 M-1 cm-1), 742 (10 M-1 cm-1).  

 

1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu318)6+  

Amounts: 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazab 

icyclo[5.5.2]dodecane (18) (100 mg, 0.12 mmol), dry methanol (5 mL and 10 mL), copper(II) acetate 

monohydrate (77 mg, 0.39 mmol). To yield a blue solid (101 mg, 62 %). 

HRMS (m/z): [M-5CH3CO2+Na+3H]3+ calcd for C52H92Cu3N12Na: 376.8409, found: 376.8411. Anal. 

calc’d for C62H104Cu3N12O12 expected: C, 53.18; H, 7.49; N, 12.00. Found: C, 48.70; H, 8.11; N, 10.47 – 

contains impurity. UV-Vis (MeOH) λmax, nm (ε): 645 (815 M-1 cm-1). 
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1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn318)6+  

Amounts: 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazab 

icyclo[5.5.2]dodecane (18) (100 mg, 0.12 mmol), dry methanol (5 mL and 8 mL), zinc(II) acetate (71 

mg, 0.39 mmol). To yield a yellow solid (133 mg, 81 %). 

1H NMR (CDCl3): δ 1.67(s, 2H, N-β-CH2), 1.60-1.64 (m, 2H, N-β-CH2),  1.79 (d, 4H, J=13.3 Hz, N-β-CH2), 

1.99 (s, 18H, CH3), 2.15-2.25 (m, 7H, N-α-CH2), 2.31 (t, 2H, J=10.0 Hz, N-α-CH2), 2.48-3.26 (m, 42H, N-

α-CH2), 3.47-4.15 (m, 16H, N-α-CH2), 4.19 (d, 1H, J=6.7 Hz, N-α-CH2), 4.23 (d, 1H, J=6.9 Hz, N-α-CH2), 

4.54-4.62 (m, 2H, NH), 7.29 (d, 1H, J=7.8 Hz, Ar-H), 7.33 (s, 2H, Ar-H), 7.37 (d, 3H, J=8.0 Hz, Ar-H), 

7.47-7.53 (m, 2H, Ar-H). 13C NMR (CDCl3): δ 19.10 (N-β-CH2), 21.01 (CH3-O), 21.82 (N-β-CH2), 23.76 

(N-β-CH2), 24.30 (N-β-CH2), 43.37 (N-α-CH2), 44.48 (N-α-CH2), 49.15 (N-α-CH2), 49.15 (N-α-CH2), 

49.56 (N-α-CH2), 51.43 (N-α-CH2), 52.24 (N-α-CH2), 52.30 (N-α-CH2), 53.17 (N-α-CH2), 53.95 (N-α-

CH2), 54.88 (N-α-CH2), 55.72 (N-α-CH2), 56.56 (N-α-CH2), 57.20 (N-α-CH2), 57.98 (N-α-CH2), 123.28 

(Ar-H), 126.61 (Ar-H), 126.79 (Ar-H), 129.92 (Ar-H), 130.48 (Ar-H), 130.98 (Ar-H), 131.32 (Ar-C), 

131.91 (Ar-H), 132.23 (Ar-H), 135.14 (Ar-C), 145.96 (Ar-C), 147.03 (Ar-C), 179.86 (C=O). MS (m/z): [M-

2H-6CH3CO2]+ calcd for 1049.45; found, 1049.7. HRMS: Pending data, see 8.1.3. Anal. calc’d for 

C62H104N12O12 Zn3: C, 52.97; H, 7.46; N, 11.96. Found: C, 47.49; H, 7.92; N, 9.52 – contains impurities. 

 

1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane nickel(II) acetate (Ni318)6+  

Amounts: 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraaza 

bicyclo[5.5.2]dodecane (18) (78 mg, 0.09 mmol), dry methanol (10 mL and 10 mL), nickel(II) acetate 

tetrahydrate (68 mg, 0.27 mmol). To yield a green solid (116 mg, 92 %). 

MS (m/z): [M+2H-6CH3CO2+2Na+NH4]+ calcd for 1097.44; found, 1097.6. HRMS: Pending data, see 

8.1.3. Anal. calc’d for C62H104N12Ni3O12: C, 53.74; H, 7.57; N, 12.13. Found: C, 44.63; H, 7.36; N, 9.83 – 

contains impurities. UV-Vis (MeOH) λmax, nm (ε): 440 (68 M-1 cm-1), 590 (42 M-1 cm-1). 

 

1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane copper(II) acetate (Cu319)6+  

Amounts: 1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraaza 

bicyclo[6.6.2]hexadecane (19) (100 mg, 0.11 mmol), dry methanol (5 mL and 10 mL), copper(II) 

acetate monohydrate (75 mg, 0.37 mmol). To yield a blue solid (136 mg, 84 %). 
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MS (m/z): [M-4CH3CO2]3+ calcd for 396.86; found, 396.8473. HRMS: Pending data, see 8.1.3. Anal. 

calc’d for C46H110Cu3N12O12.9H2O: C, 48.33; H, 7.99; N, 10.57. Found: C, 48.76; H, 8.13; N, 10.63. UV-

Vis (MeOH) λmax, nm (ε): 645 (555 M-1 cm-1). 

 

1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane zinc(II) acetate (Zn319)6+  

Amounts: 1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraaza 

bicyclo [6.6.2]hexadecane (19) (100 mg, 0.11 mmol), dry methanol (5 mL and 10 mL), zinc(II) acetate 

(69 mg, 0.37 mmol). To yield a yellow solid (145 mg, 89 %). 

1H NMR (MeOD): δ 1.62 (d, J=16.3 Hz, N-β-CH2, 4H), 1.79 (d, J=14.3Hz, N-β-CH2, 8H), 1.98 (s, 18H, 

CH3), 2.14-2.25 (m, N-α-CH2, 7H), 2.29-2.33 (m, N-α-CH2, 2H), 2.49-3.24 (br m, N-α-CH2, 40H), 3.45-

3.67 (m, N-α-CH2, 6H), 3.75-3.84 (m, N-α-CH2, 5H), 3.89-4.00 (m, CH2-Ar, 4H), 4.15-4.26 (m, CH2-Ar, 

4H), 4.54-4.60 (m, 2H, NH), 7.24-7.30 (m, Ar-H, 3H), 7.36 (m, Ar-H, 2H), 7.44-7.49 (m, Ar-H, 2H), 7.56-

7.58 (m, Ar-H, 1H). 13C NMR (MeOD): δ 19.15 (N-β-CH2), 19.94 (N-β-CH2), 20.99 (N-β-CH2), 22.15 

(CH3-C), 24.28 (CH3-C), 43.35 (N-α-CH2), 44.45 (N-α-CH2), 48.58 (N-α-CH2), 49.13 (N-α-CH2), 49.55 (N-

α-CH2), 51.42 (N-α-CH2), 52.22 (N-α-CH2), 52.32 (N-α-CH2), 53.15 (N-α-CH2), 53.97 (N-α-CH2), 54.92 

(N-α-CH2), 55.63 (N-α-CH2), 56.56 (N-α-CH2), 57.51 (N-α-CH2), 57.99 (N-α-CH2), 63.34 (N-α-CH2), 

126.62 (Ar-H), 127.21 (Ar-H), 128.82 (Ar-H), 129.39 (Ar-H), 129.74 (Ar-H), 130.98 (Ar-H), 131.75 (Ar-

H), 131.91 (Ar-H), 132.75 (Ar-C), 133.06 (Ar-C), 138.47 (Ar-C), 142.25 (Ar-C), 179.69 (C=O). MS: 

Pending data, see 8.1.3. 

 

1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane nickel(II) acetate (Ni319)6+  

Amounts: 1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazab 

icyclo[6.6.2]hexadecane (19) (100 mg, 0.11 mmol), dry methanol (5 mL and 10 mL), nickel(II) acetate 

tetrahydrate (93 mg, 0.37 mmol). To yield a blue solid (144 mg, 90 %). 

MS: Pending data, see 8.1.3. UV-Vis (MeOH) λmax, nm (ε): 439 (54 M-1 cm-1), 595 (33 M-1 cm-1). 
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8.4.2. Synthesis of metal complexes of ligands 1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-

tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-tetraazacyclotetradecane (20), 1,8-

[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane (21) 

 

 

General procedure H Was followed 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane copper(II) acetate (Cu320)6+ 

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (20) (10 mg, 0.012 mmol), dry methanol (2 mL and 3 mL), 

copper(II) acetate monohydrate (8 mg, 0.040 mmol). To yield a blue solid (12 mg, 74 %). 

MS: Pending data, see 8.1.3. UV-Vis (MeOH) λmax, nm (ε): 655 (279 M-1 cm-1). 

 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane zinc(II) acetate (Zn320)6+ 

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (20) (13 mg, 0.015 mmol), dry methanol (2 mL and 3 mL), zinc(II) 

acetate monohydrate (9 mg, 0.050 mmol). To yield a yellow solid (17 mg, 79%). 

MS: Pending data, see 8.1.3. 
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1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane nickel(II) acetate (Ni320)6+ 

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (20) (12 mg, 0.014 mmol), dry methanol (2 mL and 3 mL), 

nickel(II) acetate monohydrate (9 mg, 0.050 mmol). To yield a green solid (15 mg, 77 %). 

MS: Pending data, see 8.1.3. UV-Vis (MeOH) λmax, nm (ε): 388 (175 M-1 cm-1), 660 (279 M-1 cm-1).  

 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane copper(II) acetate (Cu321)6+  

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (21) (50 mg, 0.05 mmol), dry methanol (5 mL and 10 mL), 

copper(II) acetate monohydrate (35 mg, 0.18 mmol). To yield a blue solid (90 mg, 75 %). 

MS (m/z): [M-2CH3CO2+Na-2H]+ calcd for C60H102Cu3N12NaO8, 1333.18; found, 1333.5285. Anal. 

calc’d for C64H110Cu3N12O12: C, 53.74; H, 7.75; Cu, 13.33; N, 11.75. Found: C, 58.17; H, 9.02; N, 9.60. – 

contains impurities. UV-Vis (MeOH) λmax, nm (ε): 610 (297 M-1 cm-1). 

 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane zinc(II) acetate  (Zn321)6+ 

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (21) (150 mg, 0.17 mmol), dry methanol (10 mL and 10 mL), 

zinc(II) acetate (103 mg, 0.56 mmol). To yield the yellow oil (146 mg, 60 %).  

1H NMR (400 MHz, MeOH, δ): 1.28 (m, N-β-CH2, 1H), 1.60-1.85 (m, N-β-CH2, 11H), 1.98 (s, CH3-C, 

18H), 2.21-2.38 (m, N-α-CH2, 10H), 2.48-3.55 (m, CH3-N, 6H), 2.58-2.69 (m, N-α-CH2, 7H), 2.74-2.98 

(m, N-α-CH2, 18H), 3.07-3.12 (m, N-α-CH2, 6H), 3.20-3.21 (m, N-α-CH2, 6H), 3.45-3.70 (m, N-α-CH2, 

9H), 3.83-4.00 (m, CH2-Ar, 4H), 4.20 (d, J=14.3 Hz, CH2-Ar, 4H), 4.33-4.65 (m, NH, 2H), 7.30-7.33 (m, 

Ar-H, 8H).  13C NMR (100 MHz, MeOH, δ): 19.13 (N-β-CH2), 20.97 (N-β-CH2), 22.24 (N-β-CH2), 24.28 

(CH3-C), 27.35 (CH3-C), 42.24 (CH3-N), 43.31 (N-α-CH2), 44.03 44.46 (N-α-CH2), 44.46 (N-α-CH2), 44.67 

(N-α-CH2), 45.12 (N-α-CH2), 46.27 (N-α-CH2), 48.84 (N-α-CH2), 49.14 (N-α-CH2), 49.51 (N-α-CH2), 

49.78 (N-α-CH2), 50.12 (N-α-CH2), 50.29 (N-α-CH2), 51.43 (N-α-CH2), 52.26 (N-α-CH2), 53.58 (N-α-

CH2), 55.54 (N-α-CH2), 56.57 (N-α-CH2), 58.00 (N-α-CH2), 59.94 (N-α-CH2), 126.63 (Ar-H), 130.63 (Ar-

H), 130.88 (Ar-H), 130.95 (Ar-H), 131.13 (Ar-C), 131.37 (Ar-H), 131.51 (Ar-C), 131.65 (Ar-C), 131.77 

(Ar-H), 131.93 (Ar-H), 132.05 (Ar-C), 179.74 (C=O). MS (m/z): [M-CH3CO2+H]+ calcd for 

C62H108N12O10Zn3, 1377.76; found, 1377.9. HRMS: Pending data, see 8.1.3.  
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1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane zinc(II) chloride  (Zn321)6+ 

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (21) (100 mg, 0.11 mmol), dry methanol (7 mL and 10 mL), zinc(II) 

chloride (51 mg, 0.37 mmol). To yield the white solid (70 mg, 57 %).  

MS (m/z): [M-H]+ calcd for C52H91Cl6N12Zn3, 1293.23; found, 1293.3. HRMS: Pending data, see 8.1.3. 

Anal. calc’d for C52H92Cl6N12Zn3: C, 48.26; H, 7.17; N, 12.99. Found: C, 40.16; H, 6.09; N, 9.80. 

 

1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazacyclotetradecane nickel(II) acetate (Ni321)6+ 

Amounts: 1,8-[dimethyl]-4,11-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,8,11-tetraazacyclotetradecane (21) (160 mg, 0.18 mmol), dry methanol (10 mL and 10 mL), 

nickel(II) acetate (150 mg, 0.60 mmol). To yield the yellow solid (160 mg, 67%). 

HRMS (m/z): [M-2CH3CO2+NH4]+ calcd for C60H112N14Ni3O8, 1333.5273; found, 1333.5273. MS (m/z): 

[M-4CH3CO2+NH4+H]+ calcd for C56H107N14Ni3O4,  1216.65; found, 1216.6. Anal. calc’d for 

C64H110N12Ni3O12: C, 54.30; H, 7.83; N, 11.87. Found: C, 49.17; H, 8.31; N, 13.16 – contains impurities. 

UV-Vis (MeOH) λmax, nm (ε): 431 (3 M-1 cm-1), 585 (12 M-1 cm-1). 
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8.4.3. Transmetalation of 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate with copper(II) acetate (CuZn218)6+ 

 

1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn318)6+ (10 mg, 7.11 µmol) was added to dry 

methanol (1 mL), to this a methanolic solution of copper(II) acetate monohydrdate (1.42 mg, 7.11 

µmol) in dry methanol (500 µL) was added dropwise and the solution heated to 60oC for 2 h. The 

solution was reduced in vacuo and purified via size exclusion chromatography (Sephadex LH20). To 

yield a blue solid (5 mg, 49 %). 

 

MS: Pending data, see 8.1.3. UV-Vis (MeOH) λmax, nm (ε): 630 (9 M-1 cm-1). 
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8.4.4. Transmetalation of 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl] benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate with 64-copper(II) acetate (64CuZn218)6+ and 

1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyc lo 

[6.6.2]hexadecane zinc(II) acetate with 64-copper(II) acetate (64CuZn219)6 

 

General procedure I 

Ammonium acetate buffer was added to 64-copper(II) chloride and incubated for 10 min at 60oC. A 

stock solution of macrocycle was made by dissolving in ammonium acetate buffer. A portion of the 

macrocycle ammonium acetate buffer solution was added to the 64-copper(II) chloride ammonium 

acetate buffer solution and incubated at 90oC for up to 75 min.  

Transmetalation of 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate with 64-copper(II) acetate (64CuZn218)6+ 

Amounts: ammonium acetate buffer (400 mM, pH 5.5, 230 µL),  64-copper(II) chloride (3 MBq), 1,7-

bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2] 

dodecane zinc(II) acetate (Zn318)6+  (1.00 mg, 0.71 µmol), ammonium acetate buffer (400 mM, pH 

5.5, 250 µL), 1,7-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]ben zyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn318)6+ ammonium acetate buffer solution (2.8 

mM, 12.5 µL). 

Radio-TLC Conversion / % 

Time / min 2.8 mM 

15 77.16 

30 52.72 

45 77.73 

60 94.46 

75 99.55 

 

 

 

Crude RCY: 79 % 
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1,8-bis-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-tetraazabicyclo 

[6.6.2]hexadecane zinc(II) acetate with 64-copper(II) acetate (64CuZn219)6+ 

Ammonium acetate buffer (400 mM, pH 5.5, 70 µL), 64-copper(II) chloride (19 MBq), 1,8-bis-[4-

[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,8,11-

tetraazabicyclo[6.6.2]hexadecane zinc(II) acetate (Zn319)6+ (0.80 mg, 0.56 µmol), ammonium acetate 

buffer (400 mM, pH 5.5, 200 µL), 1,8-bis-[4-[[1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane]methyl]ben zyl]-1,4,8,11-tetraazabicyclo [6.6.2]hexadecane 

zinc(II) acetate (Zn319)6+ ammonium acetate buffer solution (2.8 mM, 12.5 µL). 

Radio-TLC Conversion / % 

Time / min 2.8 mM 

15 87 

30 89.88 

75 89.67 

 

 

 

Crude RCY: 62%
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8.5. BIS-MACROCYCLES 

8.5.1. Attempted synthesis of 2a-[4-cyanobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-

2a-ium]methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (22) and 2a-[4-

nitrobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-decahydro-

2a,4a,6a,8a-tetraaza-pyrenium tribromide (23) 

 

2a-[4-cyanobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (22) 

To a solution of 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

(0.29 g, 0.64 mmol) in dry dimethyl formamide (25 mL), 2a-[4-cyanobenzyl]-decahydro-2a,4a,6a,8a-

tetraaza-pyrenium bromide (7) (0.25 g, 0.64 mmol) in dry dimethyl formamide (250 mL) was added 

slowly and the mixture stirred at RT for 10 d under an inert atmosphere. Any precipitate was filtered 

off and the filtrate concentrated in vacuo and washed with diethyl ether (3 x 10 mL). To yield a pale 

brown solid (1.09 g). Analytical data indicates that the desired product was not obtained. 

 

2a-[4-nitrobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (23) 

To a solution of 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

(0.28 g, 0.61 mmol) in dry dimethyl formamide (50 mL), 2a-[4-nitrobenzyl]-decahydro-2a,4a,6a,8a-

tetraaza-pyrenium bromide (6) (0.25 g, 0.61 mmol) in dry dimethyl formamide (50 mL) was added 

slowly and the mixture stirred at RT for 10 d under an inert atmosphere. Any precipitate was filtered 

off and the filtrate concentrated in vacuo and washed with diethyl ether (3 x 10 mL). To yield a pale 

brown solid (0.85 g). Analytical data indicates that the desired product was not obtained. 
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8.5.2. Synthesis of 2a-[4-cyanobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium] 

methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (22), 2a-[4-nitrobenzyl]-6a-[4-

[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-

pyrenium tribromide (23), 2a-[4-[methoxycarbonyl]benzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-

pyren-2a-ium]methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (24),  2a-[4-

cyanobenzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium]methyl]benzyl]-decahydro-

2a,4a,6a,8a-tetraaza-pyrenium tribromide (25), 2a-[4-nitrobenzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-

tetraaza-pyren-3a-ium]methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (26) and 

2a-[4-[methoxycarbonyl]benzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-

ium]methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (27) 

 

General procedure E was followed 

2a-[4-cyanobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (22) 

Amounts: 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) (1 g, 

2.18 mmol), dry acetonitrile (100 mL and 100 mL), 2a-[4-cyanobenzyl]-decahydro-2a,4a,6a,8a-

tetraaza-pyrenium bromide (7) (850 mg, 2.18 mmol), diethyl ether (4 x 20 mL). To yield a white solid 

(1.41 g, 76 %). 

1H NMR (400 MHz,D2O, δ): 2.01 (s, N-α-CH2, 1H), 2.34-2.40 (m, N-α-CH2, 2H), 2.62-2.85 (m, 

N-α-CH2, 5H), 2.92-3.53 (br m, N-α-CH2, 23H), 3.67 (s, N-α-CH2, 1H), 3.69-3.77 (m, CH2-Ar, 

2H), 3.90 (s, CH2-Ar, 1H), 3.99-4.14 (m, CH2-Ar, 2H), 4.44-4.60 (m, CH2-Ar, 2H), 4.65-4.71 

(m, Haminal, 2H), 4.74-4.89 (m, Haminal, 2H), 7.33-7.45 (m, Ar-H, 1H), 7.54-7.59 (m, Ar-H, 5H), 

7.72-7.76 (m, Ar-H, 2H). 13C NMR (100 MHz, D2O, δ): 30.19 (N-α-CH2), 42.50 (N-α-CH2), 

43.53 (N-α-CH2), 45.94 (N-α-CH2), 47.37 (N-α-CH2), 47.41 (N-α-CH2), 48.44 (N-α-CH2), 51.42 

(N-α-CH2), 56.93 (N-α-CH2), 60.49 (N-α-CH2), 61.11 (N-α-CH2), 71.46 (Caminal), 71.52 Caminal), 
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78.12 Caminal), 118.41 (CN), 129.93 (Ar-C), 131.32 (Ar-C), 131.91 (Ar-C), 133.04 (Ar-H), 

133.10 (Ar-H), 133.44 (Ar-H), 133.54 (Ar-H), 133.65 (Ar-C). LRMS (m/z): [M-3Br-3H]+calcd 

for C36H47N9, 605.83; found, 605.5. HRMS: Pending data, see 8.1.3. Anal. calcd for C36H50Br3N9 

expected: C, 50.96; H, 5.94; N, 14.76. Found: C, 50.77; H, 6.14; N, 14.87.  

 

2a-[4-nitrobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (23) 

Amounts: 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

(1.00 g, 2.18 mmol), dry acetonitrile (100 mL and 100 mL), 2a-[4-nitrobenzyl]-decahydro-

2a,4a,6a,8a-tetraaza-pyrenium bromide (6) (895 mg, 2.18 mmol), diethyl ether (4 x 20 mL). To 

yield a pale brown solid (1.16g, 61 %). 

1H-NMR (400 MHz, D2O, δ): 2.42-2.47 (m, N-α-CH2, 3H), 2.70-2.79 (m, N-α-CH2, 5H), 2.86-

2.86 (m, N-α-CH2, 2H), 3.01-3.58 (br m, N-α-CH2, 22H), 3.67-3.72 (m, CH2-Ar, 1H), 3.76 (s, 

CH2-Ar, 1H), 3.86-3.87 (m, CH2-Ar, 2H), 3.99 (s, CH2-Ar, 2H), 4.07-4.16 (m, Haminal, 2H), 4.67-

4.70 (m, Haminal, 1H), 4.90 (d, J=13.3 Hz, Haminal, 1H), 7.37-7.44 (m, Ar-H, 1H), 7.69 (d, J=8.6 

Hz, Ar-H, 2H), 7.75 (s, Ar-H, 1H), 7.99-8.08 (m, Ar-H, 2H), 8.21 (d, J=8.6 Hz, Ar-H, 2H). 13C 

NMR (100 MHz, D2O, δ): 41.34 (N-α-CH2), 42.59 (N-α-CH2), 43.26 (N-α-CH2), 43.60 (N-α-

CH2), 46.31 (N-α-CH2), 47.47 (N-α-CH2), 47.83 (N-α-CH2), 48.52 (N-α-CH2), 49.42 (N-α-CH2), 

51.27 (N-α-CH2), 51.51 (N-α-CH2), 57.05 (N-α-CH2), 60.16 (N-α-CH2), 61.64 (N-α-CH2), 69.89 

(Caminal), 71.52 (Caminal), 73.52 (Caminal), 82.88 (Caminal), 123.46 (Ar-H), 123.94 (Ar-H), 124.55 

(Ar-H), 130.28 (Ar-C), 131.62 (Ar-C), 133.74 (Ar-H), 133.79 (Ar-H), 149.12 (Ar-C). LRMS 

(m/z): [M-3Br-+H]+ calc for C35H51N9O2, 629.85; found, 629.3.  HRMS: Pending data, see 8.1.3.  

Anal. calcd for C35H50Br3N9.3MeOH: C, 43.69; H, 5.98; N, 12.07. Found: C, 43.28; H, 6.37; N, 

11.53. 

 

2a-[4-[methoxycarbonyl]benzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-

ium]methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (24) 

Amounts: 2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) (758 

mg, 1.65 mmol), dry MeCN (20 mL), 2a-[4-[methoxycarbonyl]benzyl]-decahydro-2a,4a,6a,8a-

tetraaza-pyrenium bromide (8) (700 mg, 1.65 mmol), dry MeCN (40 mL), diethyl ether (2 x 20 

mL). To yield a white solid (867 mg, 60 %).  

1H-NMR (400 MHz, DMSO, δ): 2.33 (s, N-α-CH2, 2H), 2.68-2.89 (m, N-α-CH2, 4H), 2.99-3.17 

(m, N-α-CH2, 10H), 3.47-3.57 (m, N-α-CH2, 6H), 3.69-3.82 (m, N-α-CH2, 10H), 3.90 (s, CH3-O, 
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3H), 4.30-4.32 (m, CH2-Ar, 3H), 4.96-5.03 (m, CH2-Ar, 3H), 5.08-5.11 (m, Haminal, 2H), 5.17-

5.20 (m, Haminal, 2H), 7.78-7.95 (m, Ar-H, 7H), 8.12 (d, J=7.8 Hz, Ar-H, 1H). 13C-NMR (400 

MHz, DMSO, δ): 41.27 (N-α-CH2), 41.59 (N-α-CH2), 42.81 (N-α-CH2), 46.77 (N-α-CH2), 46.92 

(N-α-CH2), 48.13 (N-α-CH2), 49.44 (N-α-CH2), 52.21 (N-α-CH2), 53.11 (CH3-O), 55.32 (N-α-

CH2), 56.31 (N-α-CH2), 56.73 (N-α-CH2), 57.68 (N-α-CH2), 59.49 (N-α-CH2), 59.60 (N-α-CH2), 

61.28 (N-α-CH2), 75.79 (Caminal), 77.24 (Caminal), 83.24 (Caminal), 127.26 (Ar-H), 129.22 (Ar-H), 

130.07 (Ar-H), 130.48 (Ar-H), 131.05 (Ar-C), 132.37 (Ar-C), 133.75 (Ar-H), 134.00 (Ar-H), 140.99 (Ar-

C), 142.86 (Ar-C), 161.91 (C=O). MS (m/z): [M-3Br-+Na-2H]+ calcd for C37H51N8O2, 662.86; found, 

662.9. HRMS: Pending data, see 8.1.3. Anal. calcd for C37H53Br3N8O2.2EtOH: C, 46.74; H, 6.22; 

N, 10.64. Found: C, 47.29; H, 6.56; N, 11.13. 

 

2a-[4-cyanobenzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (25) 

Amounts: 3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (9) (750 

mg, 1.54 mmol), dry acetonitrile (40 mL and 20 mL), 2a-[4-cyanobenzyl]-decahydro-

2a,4a,6a,8a-tetraaza-pyrenium bromide (7) (602 mg, 1.54 mmol), diethyl ether (4 x 20 mL). To 

yield a white solid (1.05 g, 77 %). 

1H NMR (400 MHz, D2O, δ): 1.08 (t, J=7.04 Hz, N-β-CH2, 1H), 1.45 (d, J=13.87 Hz, N-β-CH2, 1H), 1.72 

(d, J=14.5 Hz, N-β-CH2, 1H), 1.80 (s, H, N-β-CH2, 1H), 2.12-2.19 (m, N-α-CH2, 2H), 2.31 (t, N-α-CH2, 

1H), 2.44-2.50 (m, N-α-CH2, 2H), 2.73-2.79 (m, N-α-CH2, 1H), 2.94-3.01 (m, N-α-CH2, 2H), 3.13 (m, N-

α-CH2, 4H), 3.35-3.38 (m, N-α-CH2, 4H), 3.41-3.48 (m, N-α-CH2, 5H), 3.52-3.70 (m, N-α-CH2, 6H), 3.78-

3.86 (m, N-α-CH2, 2H), 4.15-4.27 (m, N-α-CH2, 3H), 4.52 (s, Haminal, 1H), 4.73 (d, J=13.5 Hz, Ar-CH2, 2H), 

4.79-4.86 (m, Ar-CH2, 4H), 4.93-5.05 (m, Haminal, 2H), 5.15 (d, J=13.06 Hz, Haminal, 1H), 7.64-7.71 (m, Ar-

H, 4H), 7.74 (d, J=8.0 Hz, Ar-H, 2H), 7.87 (d, J=7.5Hz, Ar-H, 2H). 13C NMR (100 MHz, D2O, δ): 17.81 (N-

β-CH2), 18.44 (N-β-CH2), 42.10 (CH2-Br), 42.65 (N-α-CH2), 46.12 (N-α-CH2), 46.44 (N-α-CH2), 48.22 (N-

α-CH2), 51.28 (N-α-CH2), 51.89 (N-α-CH2), 53.01 (N-α-CH2), 53.89 (N-α-CH2), 54.94 (N-α-CH2), 60.13 

(N-α-CH2), 60.34 (N-α-CH2), 61.06 (N-α-CH2), 61.30 (N-α-CH2),  61.81 (N-α-CH2), 66.08 (N-α-CH2), 

69.89 (N-α-CH2),  77.74 (Caminal), 78.24 (Caminal), 82.10 (Caminal), 114.10 (C≡N), 118.67 (Ar-C), 128.79 (Ar-

H), 129.26 (Ar-H), 131.61 (Ar-C), 133.32 (Ar-H), 133.49 (Ar-H), 133.76 (Ar-H), 134.67 (Ar-C). MS (m/z): 

[M-Br-]+ calcd for C38H54N9, 796.72; found, 796.3. HRMS: Pending data, see 8.1.3. Anal. calcd for 

C38H54Br3N9.5H2O: C, 47.21; H, 6.67; N, 13.04. Found C, 47.02; H, 5.97; N, 12.62. 

 

2a-[4-nitrobenzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium]methyl]benzyl] 

tribromide (26) 
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Amounts: 3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (9) (750 

mg, 1.54 mmol), dry acetonitrile (40 mL and 20 mL), 2a-[4-cyanobenzyl]-decahydro-

2a,4a,6a,8a-tetraaza-pyrenium bromide (6) (633 mg, 1.54 mmol), diethyl ether (4 x 20 mL). To 

yield a white solid (1.111 g, 80 %). 

1H NMR (400 MHz, D2O, δ): 1.00 (t, J=7.0 Hz, N-β-CH2, 1H), 1.38 (d, J=13.7 Hz, N-β-CH2, 1H), 1.64 (d, 

J=14.5 Hz, N-β-CH2, 1H), 2.03 (d, J=14.5 Hz, N-α-CH2, 1H), 2.10 (d, J=12.2 Hz, N-α-CH2, 1H), 2.22 (t, 

J=11.9 Hz, N-α-CH2, 1H), 2.36-2.43 (m, N-α-CH2, 2H), 2.66 (t, J=12.3 Hz, N-α-CH2, 1H), 2.87-3.05 (m, 

N-α-CH2, 10H), 3.26-3.34 (m, N-α-CH2, 2H), 3.69 (s, N-α-CH2, 1H), 3.79 (t, J=11.3 Hz, N-α-CH2, 2H), 

4.11 (m, CH2-Ar, 1H), 4.18 (m, CH2-Ar, 1H), 4.45 (s, Haminal, 1H), 4.76-4.79 (m, CH2-Ar, 4H), 4.91 (d, 

J=13.3 Hz, Haminal, 1H), 5.00-5.09 (m, Haminal, 2H), 7.56-7.63 (m, Ar-H, 4H), 7.73 (d, J=7.8 Hz, Ar-H, 2H), 

8.23 (d, J=7.6 Hz, Ar-H, 2H). 13C NMR (100 MHz, D2O, δ): 17.70 (N-β-CH2), 18.33 (N-β-CH2), 41.99 (N-

α-CH2), 42.58 (N-α-CH2), 46.02 (N-α-CH2), 46.37 (N-α-CH2), 48.20 (N-α-CH2), 51.19 (N-α-CH2), 51.82 

(N-α-CH2), 52.94 (N-α-CH2), 53.82 (N-α-CH2), 54.86 (N-α-CH2), 59.65 (N-α-CH2), 60.15 (N-α-CH2), 

60.98 (N-α-CH2), 61.26 (N-α-CH2), 61.75 (N-α-CH2), 66.05 (N-α-CH2), 69.79 (N-α-CH2), 77.70 (Caminal), 

81.98 (Caminal), 124.67 (Ar-H), 128.72 (Ar-C), 129.17 (Ar-C), 133.14 (Ar-C), 133.38 (Ar-H), 133.77 (Ar-

H), 134.56 (Ar-H), 149.28 (Ar-NO2). MS (m/z): [M-Br-]+ calcd for C37H54N9O2, 816.71; found, 816.3. 

HRMS: Pending data, see 8.1.3. Anal. calcd for C38H54Br3N9: C, 45.51; H, 5.57; N, 12.91. Found C, 

46.05; H, 6.22; N, 12.85. 

 

2a-[4-[methoxycarbonyl]benzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium]methyl] 

benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (27) 

Amounts: 3a-[4-[bromomethyl]benzyl]-decahydro-3a,5a,8a,10a-tetraaza-pyrenium bromide (9) (486 

mg, 1.65 mmol), dry acetonitrile (20 mL and 40 mL), 2a-[4-[methoxycarbonyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (8) (700 mg, 1.65 mmol), dry acetonitrile (2 

x 20 mL), diethyl ether (4 x 20 mL). To yield a white solid (633 g, 42 %). 

1H NMR (400 MHz, D2O, δ):  1.30 (m, N-β-CH2, 2H), 1.64 (m, N-β-CH2, 2H), 1.88 (m, N-α-CH2, 

2H), 2.03-2.49 (br m, N-α-CH2, 7H), 2.89-3.56 (br m, N-α-CH2, 22H), 3.77 (s, O-CH3, 3H), 

4.05 (m, N-α-CH2, 1H), 4.21 (m, CH2-Ar, 2H), 4.71-4.77 (m, N-α-CH2, 4H), 4.88-4.92 (m, 

Haminal, 2H), 5.03 (d, J=12.9 Hz, Haminal, 2H), 7.60 (br s, Ar-H, 6H), 7.97 (br s, Ar-H, 2H). 13C 

NMR (100 MHz, D2O, δ):  18.01 (N-β-CH2), 18.44 (N-β-CH2), 41.98 (N-α-CH2), 42.66 (N-α-CH2), 

46.06 (N-α-CH2), 46.59 (N-α-CH2), 48.64 (N-α-CH2), 51.35 (N-α-CH2), 51.92 (N-α-CH2), 53.01 

(O-CH3), 53.29 (N-α-CH2), 53.94 (N-α-CH2), 54.88 (N-α-CH2), 60.12 (N-α-CH2), 60.29 (N-α-

CH2), 61.09 (N-α-CH2), 61.19 (N-α-CH2), 61.63 (N-α-CH2), 69.55 (N-α-CH2), 77.77 (Caminal), 
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78.01 (Caminal), 82.31 (Caminal), 128.94 (Ar-C), 129.09 (Ar-C), 130.51 (Ar-H), 131.29 (Ar-C), 

132.07 (Ar-C), 132.76 (Ar-H),  133.36 (Ar-H), 134.56 (Ar-H), 168.34 (C=O). HRMS (m/z): [M-

Br]+ calcd for C39H57N8O2Br2, 829.2949; found, 829.2949. Anal. calcd for C39H57Br3N8O2.MeCN.4H2O: 

C, 44.66; H, 6.22; N, 11.43. Found C, 44.12; H, 6.34; N, 11.39.  
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8.5.3. Synthesis of 1-[4-cyanobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane] methyl] 

benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (28), 1-[4-nitrobenzyl]-7-[4-[[1,4,7,10-tetraaza 

bicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo [5.5.2]dodecane (29), 1-[4-

[methoxycarbonyl]benzyl-7-[4-[[1,4,7,10-tetraazabicyclo [8.2.2]dodecane]methyl] benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (30), 1-[4-cyanobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo 

[10.2.2] hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (31), 1-[4-

nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo [10.2.2]hexadecane]methyl]benzyl]-1,4, 7,10-

tetraazabicyclo[5.5.2]dedecane (32) and attempted synthesis of 1-[4-[methoxocarbonyl]benzyl-7-

[4-[[1,4,8,11-tetraazabicyclo [10.2.2]hexadecane]methyl]benzyl] -1,4,7,10-tetraazabicyclo 

[5.5.2]dodecane (33) 

 

General procedure F was followed 

1-[4-cyanobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (28) 

Amounts: 2a-[4-cyanobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (22) (1.24 g, 1.46 mmol), ethanol (65 mL), 

sodium borohydride (1.66 g, 43.84 mmol), aqueous hydrochloric acid (2 M, 18 mL), water (60 mL), 

dichoromethane (5 x 50 mL). To yield a yellow oil (557 mg, 62 %). 

1H NMR (400 MHz, CDCl3, δ): 2.20-3.12 (br m, N-α-CH2, 38H), 3.20-3.38 (m, N-α-CH2, 2H), 3.48-3.77 

(m, CH2-Ar, 6H), 3.85-4.00 (m, NH, 1H), 7.17-7.21 (m, Ar-H, 3H), 7.24 (m, Ar-H, 1H), 7.35 (d, J=7.8 Hz, 

Ar-H, 2H), 7.5 (d, J=8.8 Hz, Ar-H, 2H). 13C NMR (100 MHz, CDCl3, δ): 41.04 (N-α-CH2), 43.13 (N-α-CH2), 

45.72 (N-α-CH2), 46.90 (N-α-CH2), 48.48 (N-α-CH2), 49.10 (N-α-CH2), 49.65 (N-α-CH2), 50.37 (N-α-

CH2), 51.51 (N-α-CH2), 52.64 (N-α-CH2), 53.08 (N-α-CH2), 53.56 (N-α-CH2), 54.45 (N-α-CH2), 56.30 (N-

α-CH2), 56.58 (N-α-CH2), 57.06 (N-α-CH2), 57.35 (N-α-CH2), 57.80 (N-α-CH2), 58.26 (N-α-CH2), 59.97 

(N-α-CH2), 60.78 (N-α-CH2),  110.48 (CN), 119.12 (Ar-C), 128.77 (Ar-H), 129.39 (Ar-H), 132.09 (Ar-H), 

132.51 (Ar-H), 137.97 (Ar-C), 138.74 (Ar-C), 146.40 (Ar-C). MS (m/z): [M+NH4-3H]+ calcd for C36H56N10 
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628.92; found, 628.6, [M+NH4-3H]+, [M+NH4-3H]+ calcd for C36H54K3N9 730.19; found, 730.6. HRMS: 

Pending data, see 8.1.3. 

 

1-[4-nitrobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (29) 

Amounts: 2a-[4-nitrobenzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (23) (599 mg, 0.69 mmol), ethanol (35 mL), 

sodium borohydride (783 mg, 20.70 mmol), aqueous hydrochloric acid (2 M, 10 mL), water (20 mL), 

dichoromethane (5 x 20 mL). To yield a yellow oil (300 mg, 69 %). 

1H NMR (400 MHz, MeOD, δ): 2.29-2.65 (br m, N-α-CH2, 15H), 2.68-2.76 (m, N-α-CH2, 5H), 2.90-3.19 

(m, N-α-CH2, 20H), 3.36-3.60 (m, CH2-Ar, 3H), 3.68-3.84 (m, CH2-Ar, 2H), 3.79-4.05 (m, CH2-Ar, 1H), 

4.16-4.19 (m, NH, 1H), 7.20-7.28 (m, Ar-H, 2H), 7.32-7.69 (m, Ar-H, 4H), 8.15-8.28 (m, Ar-H, 2H). 13C 

NMR (100 MHz, MeOD, δ): 39.32 (N-α-CH2), 42.81 (N-α-CH2), 44.70 (N-α-CH2), 46.72 (N-α-CH2), 48.87 

(N-α-CH2), 49.33 (N-α-CH2), 49.89 (N-α-CH2), 51.05 (N-α-CH2), 51.29 (N-α-CH2), 52.24 (N-α-CH2), 

53.14 (N-α-CH2), 53.39 (N-α-CH2), 53.77 (N-α-CH2), 56.22 (N-α-CH2), 57.27 (N-α-CH2), 58.25 (N-α-

CH2), 59.07 (N-α-CH2), 59.58 (N-α-CH2), 60.37 (N-α-CH2), 63.08 (N-α-CH2), 123.20 (Ar-H), 123.49 (Ar-

H), 127.01 (Ar-H), 128.84 (Ar-H), 129.10 (Ar-H), 129.41 (Ar-H), 129.67 (Ar-H), 138.14 (Ar-H), 138.60 

(Ar-H), 138.91 (Ar-C), 146.53 (Ar-C), 147.05 (Ar-C), 147.35 (Ar-C). MS (m/z): [M-H]+ calcd for 

C35H54N9O2, 632.88; found, 632.2. HRMS: Pending data, see 8.1.3. Anal. calcd for C35H55N9O2.2.5EtOH: 

C, 64.49; H, 9.57; N, 16.51. Found: C, 64.41; H, 9.19; N, 16.49. 

 

1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (30) 

Amounts: 2a-[4-[methoxycarbonyl]benzyl]-6a-[4-[[decahydro-2a,4a,6a,8a-tetraaza-pyren-2a-ium]me 

thyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (24) (790 mg, 0.90 mmol), ethanol 

(50 mL), sodium borohydride (1.02 mg, 26.87 mmol), aqueous hydrochloric acid (2 M, 10 mL), water 

(30 mL), dichoromethane (5 x 25 mL). To yield a yellow oil (260 mg, 45 %).  

1H NMR (400 MHz, CDCl3, δ): 2.21-2.40 (m, N-α-CH2, 4H), 2.47 (br s, N-α-CH2, 2H), 2.62-2.83 (br m, N-

α-CH2, 26H), 3.02-3.08 (m, N-α-CH2, 8H), 3.12-3.19 (m, CH2-Ar, 2H), 3.49-3.54 (m, CH2-Ar, 1H), 3.61 (s, 

CH2-Ar, 1H), 3.66 (s, CH3-O, 3H), 3.73 (s, CH2-Ar, 1H), 3.86 (s, CH2-Ar, 1H), 4.30-4.35 (m, NH, 1H), 7.19-

7.22 (m, Ar-H, 6H), 7.34 (d, J=8.2 Hz, Ar-H, 1H), 7.95 (d, J=8.2 Hz, Ar-H, 1H). 13C NMR (100 MHz, 

CDCl3, δ): 45.70 (N-α-CH2), 47.32 (N-α-CH2), 48.61 (N-α-CH2), 48.99 (N-α-CH2), 49.06 (N-α-CH2), 50.17 

(N-α-CH2), 50.49 (N-α-CH2), 51.88 (CH3-O), 52.06 (N-α-CH2), 52.24 (N-α-CH2), 56.31 (N-α-CH2), 57.51 
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(N-α-CH2), 57.67 (N-α-CH2), 57.81 (N-α-CH2), 59.76 (N-α-CH2), 59.97 (N-α-CH2), 59.97 (N-α-CH2), 

60.87 (N-α-CH2), 60.97 (N-α-CH2), 126.81 (Ar-H), 128.74 (Ar-H), 128.89 (Ar-H), 129.55 (Ar-H), 138.28 

(Ar-C), 138.78 (Ar-C), 139.04 (Ar-C), 145.95 (Ar-C), 166.69 (C=O). HRMS (m/z): [M+H+]+calcd for 

C37H59N8O2, 647.4755; found, 647.4754. 

 

1-[4-cyanobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (31) 

Amounts: 2a-[4-cyanobenzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium]methyl]benzyl] 

-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (25) (2.00 g, 2.28 mmol), ethanol (120 mL), 

sodium borohydride (2.59 g, 68.44 mmol), 2 M aqueous hydrochloric acid (40 mL), water (40 mL), 

dichoromethane (5 x 25 mL).   To yield a yellow oil (999 mg, 68 %). 

1H NMR (400 MHz, MeOD, δ): 1.40-1.72 (m, N-β-CH2, 4H), 2.58-3.13 (m, N-β-CH2, 36H), 3.29-3.58 (m, 

N-α-CH2, 1H), 3.74-3.79 (m, N-α-CH2, 1H), 3.97-4.00 (m, N-α-CH2, 1H), 4.07-4.12 (m, N-α-CH2, 1H), 

4.54-4.62 (br s, NH, 1H), 4.86-4.91 (m, CH2-Ar, 6H), 7.30 (m, Ar-H, 3H), 7.43-7.50 (m, Ar-H, 1H), 7.56-

7.70 (m, Ar-H, 4H). 13C NMR (100 MHz, MeOD, δ): 22.96 (N-β-CH2), 25.33 (N-β-CH2), 46.70 (N-α-CH2), 

48.90 (N-α-CH2), 50.06 (d, J=13.1 Hz, N-α-CH2), 50.50 (N-α-CH2), 50.78 (N-α-CH2), 51.23 (d, J=7.7 Hz, 

N-α-CH2), 51.62 (N-α-CH2), 53.30 (N-α-CH2), 54.77 (N-α-CH2), 55.11 (N-α-CH2), 55.47 (N-α-CH2), 55.80 

(N-α-CH2), 56.02 (N-α-CH2), 56.41 (N-α-CH2), 56.58 (N-α-CH2), 56.68 (N-α-CH2), 57.08 (d, J=14.6 Hz, N-

α-CH2), 57.45 (N-α-CH2), 58.54 (N-α-CH2), 58.54 (N-α-CH2), 59.38 (N-α-CH2), 60.63 (N-α-CH2),  118.54 

(C≡N), 126.83 (Ar-H), 129.02 (Ar-H), 129.51 (Ar-H), 129.70 (Ar-H), 129.97 (Ar-H), 130.26 (Ar-H), 

130.42 (Ar-C), 131.97 (Ar-H), 132.28 (Ar-H), 137.08 (Ar-C), 144.35 (Ar-C), 146.35 (Ar-C). HRMS (m/z): 

[M+H+]+ calcd for C38H60N9, 642.4966; found, 642.4957. Anal. calcd for C38H59N9.4H2O: C, 63.92; H, 

9.46; N, 17.66. Found: C, 63.42; H, 8.94; N, 16.84. 

 

1-[4-nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (32) 

Amounts: 2a-[4-nitrobenzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium]methyl]benzyl]-

decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (26) (1.84 g, 2.05 mmol), ethanol (100 mL), 

sodium borohydride (2.32 g, 61.56 mmol), aqueous hydrochloric acid (2 M, 25 mL), water (20 mL), 

dichloromethane (5 x 50 mL). To yield a yellow oil (1.082 g, 80 %). 

1H NMR (400 MHz, MeOD, δ): 1.26-1.73 (m, N-β-CH2, 4H), 2.02-3.26 (br m, N-α-CH2, 40H), 3.51-4.04 

(m, CH2-Ar, 6H), 4.14-4.18 (m, NH, 1H), 7.16-7.43 (m, Ar-H, 4H), 7.51-7.68 (m, Ar-H, 2H), 8.14-8.26 

(m, Ar-H, 2H). 13C NMR (100 MHz, MeOD, δ): 19.19 (N-β-CH2), 20.05 (N-β-CH2), 21.97 (N-β-CH2), 
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22.97 (N-β-CH2), 25.18 (N-β-CH2), 25.34 (N-β-CH2), 46.65 (N-α-CH2), 50.04 (N-α-CH2), 50.55 (N-α-CH2), 

50.81 (N-α-CH2), 51.07 (N-α-CH2), 51.48 (N-α-CH2), 53.66 (N-α-CH2), 55.14 (N-α-CH2), 55.81 (N-α-

CH2), 55.95 (N-α-CH2), 56.07 (N-α-CH2), 56.17 (N-α-CH2), 56.65 (N-α-CH2), 56.96 (N-α-CH2), 57.18 (N-

α-CH2), 57.33 (N-α-CH2), 58.97 (N-α-CH2), 60.18 (N-α-CH2), 61.49 (N-α-CH2), 62.72 (N-α-CH2), 123.17 

(Ar-H), 123.17 (Ar-H), 123.48 (Ar-H), 126.97 (Ar-H), 129.04 (Ar-H), 129.26 (Ar-C), 129.62 (Ar-H), 

129.98 (Ar-H), 139.05 (Ar-C), 146.44 (Ar-H), 147.04 (Ar-H), 147.38 (Ar-C), 148.41 (Ar-C). HRMS (m/z): 

[M+H+]+ calcd for C37H60N9O2, 662.4864; found: 662.4851. Anal. calcd for C37H59N9O2: C, 67.14; H, 

8.98; N, 19.04. Found: C, 54.49; H, 8.37; N, 15.42 – contains impurity. 

 

1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (33) 

Amounts: 2a-[4-[methoxycarbonyl]benzyl]-6a-[4-[[decahydro-3a,5a,8a,10a-tetraaza-pyren-3a-ium] 

methyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium tribromide (27) (1 g, 1.10 mmol), ethanol 

(100 mL), sodium borohydride (1.25 g, 32.98 mmol), aqueous hydrochloric acid (2 M, 25 mL), water 

(100 mL), dichloromethane (5 x 50 mL). To yield a yellow oil (502 mg). Analytical data indicates that 

the desired product was not obtained. 

1H NMR (400 MHz, CDCl3, δ): 1.12-1.17 (m, CH3, 3H), 1.47-1.54 (m, N-β-CH2, 4H), 1.98-2.00 (m, N-α-

CH2, 2H), 2.08-2.11 (m, N-α-CH2, 1H), 2.17-2.22 (m, N-α-CH2, 2H), 2.30-2.46 (m, N-α-CH2, 13H), 2.55-

2.70 (m, N-α-CH2, 7H), 2.78-3.06 (m, N-α-CH2, 13H), 3.11-15 (m, N-α-CH2, 3H), 3.26-3.52 (m, Ar-H, 

4H), 3.74-3.82 (m, Ar-H, 2H), 4.08-4.15 (m, NH, 1H), 5.08 (s, CH2-O, 2H), 6.92-7.14 (m, Ar-H, 5H), 

7.23-7.25 (m, Ar-H, 1H), 7.73-7.75 (m, Ar-H, 1H), 7.80 (d, J=8.2 Hz, Ar-H, 1H). 13C NMR (100 MHz, 

CDCl3, δ): 14.29 (CH3), 26.02 (N-β-CH2), 28.04 (N-β-CH2), 44.82 (N-α-CH2), 48.12 (N-α-CH2), 50.65 (N-

α-CH2), 50.96 (CH2-O), 52.06 (N-α-CH2), 52.54 (N-α-CH2), 54.41 (N-α-CH2), 54.79 (N-α-CH2), 54.89 (N-

α-CH2), 54.96 (N-α-CH2), 55.36 (N-α-CH2), 55.45 (N-α-CH2), 55.54 (N-α-CH2), 55.61 (N-α-CH2), 56.12 

(N-α-CH2), 56.57 (N-α-CH2), 57.00 (N-α-CH2), 57.41 (N-α-CH2), 57.87 (N-α-CH2), 59.72 (N-α-CH2), 

60.84 (N-α-CH2), 126.52 (Ar-H), 126.74 (Ar-H), 126.90 (Ar-H), 127.86 (Ar-H), 128.72 (Ar-H), 129.01 

(Ar-C), 129.52 (Ar-H), 129.64 (Ar-C), 136.50 (Ar-C), 145.86 (Ar-CO), 166.61 (C=O). HRMS (m/z): 

[M+H+]+ calcd for C40H65N8O2, 689.5225; found: 689.5223 Anal. calcd for C40H64N8O2.2EtOH.4H2O: C, 

61.55; H, 9.85; N, 13.35. Found: C, 61.39; H, 9.93; N, 13.86. 
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8.5.4. Synthesis of 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane] 

methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (34) and 1-[4-[aminomethyl]benzyl]-7-[4-

[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo 

[5.5.2]dodecane (35) 

 

General procedure J 

Macrocycle in dry tetrahydrofuran was added to a suspension of lithium aluminium hydride in dry 

tetrahydrofuran at 0oC. Once completely added the mixture was stirred for 30 min and then heated 

at reflux for 3 h. The reaction was cooled in an ice bath and portions of water, 15 % sodium 

hydroxide solution and water were added respectively dropwise. The resulting white precipitate was 

filtered, washed with tetrahydrofuran and water before being made strongly basic (KOH, pH 14). The 

aqueous layer was extracted with tetrahydrofuran, the organic phase dried (Na2SO4), filtered and 

concentrated in vacuo. 

1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (34) 

Amounts: 1-[4-cyanobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (28) (91 mg, 0.15 mmol), dry tetrahydrofuran (3 mL and 1 mL), 

lithium aluminium hydride (14 mg, 0.37 mmol), water (14.5 µL and 43 µL), 15 % sodium hydroxide 

solution (14.5 µL). To yield a yellow oil (6 mg, 7 %).  

1H NMR (400 MHz, MeOD, δ): 2.07-2.17 (m, N-α-CH2, 1H), 2.42-3.16 (br m, N-α-CH2,  44H), 3.57-3.58 

(m, N-α-CH2, 3H), 3.79-3.91 (m, NH2, 2H), 4.00-4.05 (m, NH, 1H), 7.28-7.41 (m, Ar-H, 8H). 13C NMR 

(100 MHz, MeOD, δ): 42.74 (N-α-CH2), 43.73 (N-α-CH2), 44.13 (N-α-CH2), 44.57 (N-α-CH2), 45.15 (N-α-

CH2), 45.62 (N-α-CH2), 45.94 (N-α-CH2), 46.71 (N-α-CH2), 48.81 (N-α-CH2), 49.78 (N-α-CH2), 50.58 (N-

α-CH2), 50.91 (N-α-CH2), 51.16 (N-α-CH2), 52.20 (N-α-CH2), 53.59 (N-α-CH2), 53.78 (N-α-CH2), 55.71 

(N-α-CH2), 56.15 (N-α-CH2), 57.19 (N-α-CH2), 58.68 (N-α-CH2), 59.53 (N-α-CH2), 61.49 (N-α-CH2), 

63.67 (N-α-CH2), 124.84 (Ar-H), 127.08 (Ar-H), 127.42 (Ar-H), 128.13 (Ar-H), 128.98 (Ar-H), 129.03 

(Ar-H), 129.17 (Ar-H), 136.88 (Ar-H), 137.94 (Ar-C), 138.36 (Ar-C), 141.34 (Ar-C), 141.88 (Ar-C). MS 
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(m/z):  [M+H]+ calcd for C36H60N9, 618.94; found, 618.70. HRMS (m/z):  [M-NH2]+ calcd for C36H57N8, 

601.4701; found, 601.4696.  

 

1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (35) 

Amounts: 1-[4-cyanobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (31) (852 mg, 0.91 mmol), dry tetrahydrofuran (15 mL and 5 

mL), lithium aluminium hydride (56 mg, 2.26 mmol), water (65 µL and 195 µL), 15 % sodium 

hydroxide solution (65 µL). To yield a yellow oil (272 mg, 46 %).  

1H NMR (400 MHz, MeOD, δ) 1.73 (br s, N-β-CH2, 4H), 2.13-3.26 (br m, N-α-CH2, 44H), 3.48-3.65 (m, 

N-α-CH2, 3H), 3.79-3.83 (m, N-α-CH2, 1H), 3.99-4.05 (m, NH2, 2H), 4.76 (m, NH, 1H), 7.21-7.32 (m, Ar-

H, 5H), 7.39-7.41 (m, Ar-H, 2H), 7.72-7.85 (m, Ar-H, 1H). 13C NMR (100 MHz, MeOD, δ): 22.95 (N-β-

CH2), 28.61 (N-β-CH2), 45.16 (N-α-CH2), 46.62 (N-α-CH2), 49.99 (N-α-CH2), 50.55 (N-α-CH2), 51.21 (N-

α-CH2), 53.60 (N-α-CH2), 54.77 (N-α-CH2), 55.05 (N-α-CH2), 55.18 (N-α-CH2), 55.33 (N-α-CH2), 56.17 

(N-α-CH2), 56.64 (N-α-CH2), 56.76 (N-α-CH2), 57.28 (N-α-CH2), 57.37 (N-α-CH2), 59.54 (N-α-CH2), 

61.43 (N-α-CH2), 64.21 (N-α-CH2), 124.82 (Ar-H), 127.01 (Ar-H), 127.80 (Ar-H), 128.19 (Ar-H), 128.85 

(Ar-H), 129.19 (Ar-H), 129.29 (Ar-H), 129.48 (Ar-H), 129.90 (Ar-H), 136.59 (Ar-H), 137.25 (Ar-C), 

137.96 (Ar-C), 139.07 (Ar-C), 144.79 (Ar-C). MS (m/z):  [M]+ calcd for C38H64N9, 645.99; found, 645.60. 

HRMS (m/z):  [M+H]+ calcd for C38H64N9, 646.5279; found, 646.5268, [M]+ calcd for C38H63N9, 

645.5201; found, 645.4953.  
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8.5.5. Synthesis of 1-[4-aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl] 

benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (36) and 1-[4-aminobenzyl]-7-[4-[[1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (37) 

 

Method 1 – Attempted synthesis of 36 

General procedure K 

Macrocycle was dissolved in ethanol and 10 % palladium on carbon was added. The solution was 

hydrogenated for 4 h after which the solution was filtered through high flow super cell and washed 

with ethanol. The solvent was then removed in vacuo. 

1-[4-aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (36) 

Amounts: 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (29), ethanol (200 mL), (934 mg, 1.47 mmol), 10% palladium 

on activated carbon (471 mg, 4.43 mmol), ethanol (8 x 20 mL). To yield a yellow oil (641 mg). 

Analytical data indicates that the desired product was not obtained. 

1-[4-aminobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (37) 

Amounts: 1-[4-nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (32) (684 mg, 1.033 mmol), ethanol (120 mL), 10 % 

palladium on carbon (330 mg 10 %), ethanol (8 x 20 mL). To yield a yellow oil (629 mg, 96 %). 

1H NMR (400 MHz, MeOD, δ): 1.74 (br s, N-β-CH2, 4H), 2.03-3.12 (br m, N-α-CH2, 40H), 3.71-3.93 (m, 

CH2-Ar, 6H), 3.99-4.11 (m, NH2, 2H), 4.43-4.61 (m, NH, 1H), 6.62-6.75 (m, Ar-H, 1H), 7.08 (d, J=8.0 Hz, 

Ar-H, 1H) 7.16-7.47 (m, Ar-H, 5H), 7.59-7.65 (m, Ar-H, 1H). 13C NMR (100 MHz, MeOD, δ): 22.88 (N-β-

CH2), 25.26 (N-β-CH2), 45.08 (N-α-CH2), 46.69 (N-α-CH2), 49.96 (N-α-CH2), 50.48 (N-α-CH2), 51.42 (N-

α-CH2), 52.95 (N-α-CH2), 52.95 (N-α-CH2), 54.44 (N-α-CH2), 55.07 (N-α-CH2), 56.18 (N-α-CH2), 57.00 

(N-α-CH2), 58.71 (N-α-CH2), 115.02 (Ar-H), 125.63 (Ar-C), 129.27 (Ar-H), 130.11 (Ar-H), 147.35 (Ar-C). 

HRMS (m/z): [M+H]+ calcd for C37H62N9, 632.5123; found, 632.5135.  
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Method 2 – Preferred route 

General procedure L 

Macrocycle was dissolved in ethanol and 10 % palladium on carbon was added. The solution was 

placed under an atmosphere of hydrogen for 4 h after which the solution was filtered through high 

flow super cell and washed with ethanol. The solvent was then removed in vacuo. 

1-[4-aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (36) 

Amounts: 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (29), ethanol (50 mL), (189 mg, 0.30 mmol), 10% palladium 

on activated carbon (95 mg, 0.90 mmol), ethanol (8 x 20 mL). To yield a yellow oil (135 mg, 73 %). 

1H NMR (400 MHz, MeOD, δ): 1.76-1.88 (m, N-α-CH2, 1H), 2.21-3.14 (br m, N-α-CH2, 32H), 3.30 (m, 

N-α-CH2, 2H), 3.49 (m, N-α-CH2, 3H), 4.61-4.01 (m, N-α-CH2, 10H), 4.42-4.59 (m, NH2, 2H), 6.73 (m, 

Ar-H, 1H), 7.40 (m, Ar-H, 7H). - Missing one NH proton. 13C NMR (100 MHz, MeOD, δ): 44.07 (N-α-

CH2), 45.08 (N-α-CH2), 45.36 (N-α-CH2), 46.76 (N-α-CH2), 50.21 (N-α-CH2), 51.20 (N-α-CH2), 53.93 (N-

α-CH2), 54.76 (N-α-CH2), 56.19 (N-α-CH2), 58.38 (N-α-CH2), 61.80 (N-α-CH2), 63.51 (N-α-CH2), 126.98 

(Ar-H),  129.09 (Ar-H), 129.32 (Ar-H), 130.04 (Ar-H), 137.77 (Ar-C), 138.31 (Ar-C), 141.06 (Ar-C).  

HRMS (m/z): [M+2Na-2H]+ calcd for C35H55N9Na2, 647.4376; found, 647.5112. 
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8.5.6. Synthesis of 1-[4-azidobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (38) and 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraa 

zabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (39) 

 

General procedure M 

A solution of sodium nitrite in water was slowly added to a solution of macrocycle in concentracted 

hydrochloric acid cooled to 0-5oC. The solution was stirred at 0-5oC for 1 h before sodium azide in 

water was slowly added at 0-5oC. The solvent was removed in vacuo, the residue taken up in water, 

made basic (KOH, pH 14) and extracted with dichloromethane. The combined organic layers were 

dried (Na2SO4) and the solvent removed in vacuo. 

1-[4-azidobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (38)  

1-[4-aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (36) (61 mg, 0.10 mmol), concentrated hydrochloric acid (1 mL), 

sodium nitrite (8 mg, 0.10 mmol), water (1.5 mL and 1 mL), sodium azide (7 mg, 0.10 mmol), 

dichloromethane (5 x 5 mL). To yield a yellow solid (16 mg, 25 %). 

1H NMR (400 MHz, CDCl3, δ): 1.69-1.73 (m, N-α-CH2, 2H), 2.17-3.59 (br m, N-α-CH2, 38H), 3.61-4.12 

(br m, CH2-Ar, 6H), 4.64 (m, NH, 1H), 6.95-7.22 (m, Ar-H, 5H), 7.28-7.52 (m, Ar-H, 3H). 13C NMR (100 

MHz, CDCl3, δ): 44.91 (N-α-CH2), 48.18 (N-α-CH2), 49.02 (N-α-CH2), 50.64 (N-α-CH2), 51.31 (N-α-CH2), 

52.63 (N-α-CH2), 53.51 (N-α-CH2), 54.31 (N-α-CH2), 54.51 (N-α-CH2), 55.57 (N-α-CH2), 56.20 (N-α-

CH2), 56.32 (N-α-CH2), 57.09 (N-α-CH2), 58.08 (N-α-CH2), 59.58 (N-α-CH2), 61.10 (N-α-CH2), 62.94 (N-

α-CH2), 119.00 (Ar-H), 126.96 (Ar-C), 128.77 (Ar-H), 128.88 (Ar-H), 129.13 (Ar-H), 129.35 (Ar-H), 

129.52 (Ar-H), 130.12 (Ar-C), 130.35 (Ar-C). HRMS (m/z): [M+H+]+ calcd for  C35H59N12, 647.4986; 

found, 647.5109.  
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1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (39) 

Amounts: sodium nitrite (33 mg, 0.47 mmol), water (4 mL), 1-[4-aminobenzyl]-7-[4-[[1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (37) 

(300 mg, 0.47 mmol), concentrated hydrochloric acid (2 mL), sodium azide (31 mg, 0.47 mmol), 

water (4 mL), water (10 mL), dichloromethane (5 x 10 mL). To yield a yellow oil (73 mg, 23 %).  

1H NMR (400 MHz, MeOH, δ): 1.28 (br s, N-β-CH2, 2H), 1.75 (br s, N-β-CH2, 2H), 2.18-2.23 (m, N-α-

CH2, 2H), 2.33-2.75 (br m, N-α-CH2, 17H), 2.93-3.25 (br m, N-α-CH2, 16H), 3.44-4.13 (m, N-α-CH2, 

16H), 4.44-4.59  (m, NH, 2H), 7.03-7.14 (m, Ar-H, 2H), 7.31-7.71 (m, Ar-H, 2H). 13C NMR (100 MHz, 

MeOD, δ): 22.92 (N-β-CH2), 25.28 (N-β-CH2), 46.76 (N-α-CH2), 49.87 (N-α-CH2), 50.47 (N-α-CH2), 

51.13 (N-α-CH2), 51.52 (N-α-CH2), 53.76 (N-α-CH2), 54.04 (N-α-CH2), 54.73 (N-α-CH2), 54.99 (N-α-

CH2), 55.14 (N-α-CH2), 55.34 (N-α-CH2), 56.10 (N-α-CH2), 56.60 (N-α-CH2), 56.79 (N-α-CH2), 125.66 

(Ar-H), 128.50 (Ar-H), 128.83 (Ar-H), 128.83 (Ar-H), 129.04 (Ar-H), 129.48 (Ar-H), 129.90 (Ar-H), 

130.58 (Ar-C), 135.21 (Ar-C), 137.31 (Ar-C). HRMS (m/z): [M+H+]+ calcd for  C37H60N11, 658.5028; 

found, 658.5026.  
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8.5.7. Attempted conjugation of 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo [10.2.2]hexa 

decane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (39) to carboxyrhodamine 110 

dibenzocyclooctyl (40) 

  

General procedure N 

To a solution of 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (39) (0.56 mg, 0.08 µmol) in methanol (100 µL), 

carboxyrhodamine 110 dibenzocyclooctyl (0.50 mg, 0.06 µmol) in methanol (175 µL) was added. The 

solution was incubated in the dark for 1 h and the solvent was removed in vacuo. Analytical data did 

not confirm the isolation of this product. 
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8.5.8. Conjugation of 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane] 

methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (34) and 1-[4-[aminomethyl]benzyl]-7-[4-

[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo 

[5.5.2]dodecane (35) with tetrazine-PEG4-NHS 

 

General procedure O 

An immediately prepared tetrazine-PEG4-NHS in dimethylsulfoxide solution was added to 

macrocycle in PBS buffer. The solution was incubated at RT for 1 h. After this the reaction was 

stopped by quenching with tris-HCl buffer and incubated for a further 5 min at RT. The product was 

purified through a desalting column (Sephadex PD-10). 

1-[4-[[4-[2-[2-[2-[2[2-[4-[6-methyl-1,2,4,5-tetrazin-3-yl]phenoxy]ethoxy]ethoxy]ethoxy]ethoxy] 

ethyl]-aminocarbonyl]methyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl] 

benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (41) 

Amounts: tetrazine-PEG4-NHS in dimethylsulfoxide solution (10 mM, 183 µL), 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (34) (0.06 mg, 0.09 µmol), PBS buffer (1.62 mM, 57 µL, pH 7.5), tris-

HCl buffer (1 M, pH 8.0, 2.160 mL).  

MS (m/z): [M]+ calcd for C56H85N13O6, 1036.38; found, 1036.9.  

 

1-[4-[[4-[2-[2-[2-[2[2-[4-[6-methyl-1,2,4,5-tetrazin-3-

yl]phenoxy]ethoxy]ethoxy]ethoxy]ethoxy]ethyl]-aminocarbonyl]methyl]benzyl]-7-[4-[[1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (42) 

Amounts: tetrazine-PEG4-NHS in dimethylsulfoxide solution (10 mM, 183 µL), 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-
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tetraazabicyclo[5.5.2]dodecane (34) (0.06 mg, 0.09 µmol), PBS buffer (1.55 mM, 61 µL, pH 7.5), tris-

HCl buffer (1 M, pH 8.0, 2.160 mL).  

MS (m/z): [M+2H]+ calcd for  C58H91N13O6, 1066.45; found, 1066.4.  
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8.5.9. Attempted conjugation of 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2. 

2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (35) with DOTAGA 

anhydride 

 

1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (35) (14 mg, 0.02 mmol), was added to dry tetrahydrofuran 

(1 mL) to this triethylamine (6 µL) and DOTAGA anhydride (15 mg, 0.03 mmol) were added and the 

solution stirred at RT under argon for 24 h. The solvent was removed in vacuo. To yield a pale yellow 

solid (20 mg). Analytical data indicates that the desired product was not obtained. 
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8.6. BIS-MACROCYCLE METAL COMPLEXES 

8.6.1. Synthesis of metal complexes of bis-macrocycle ligands (28), (29), (30), (34), (36), (31), (32), 

(33), (35), (37) and (39) 

 

General procedure H was followed 

1-[4-cyanobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu228)4+  

Amounts: 1-[4-cyanobenzyl-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (28) (133 mg, 0.22 mmol), dry methanol (10 mL), copper(II) acetate 

monohydrate (95 mg, 0.48 mmol), dry methanol (7 mL). To yield a blue solid (134 mg, 63 %). 

MS (m/z): [M-4CH3CO2-2H-Cu]+ calcd for C36H53CuN9, 675.43; found, 678.8, [M+3CH3CO2+3NH4]+ calcd 

for  C58H91N13O6, 854.15; found, 854.2. HRMS (m/z): Pending data, see 8.1.3. Anal. calcd for 

C44H67Cu2N9O8: C, 54.08; H, 6.91; N, 12.90. Found: C, 46.26; H, 7.09; N, 11.87 – contains impurities. 

UV-vis (MeOH) λmax, nm (ε): 649.9 (508 M-1 cm-1). 

 

1-[4-cyanobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn228)4+  

Amounts: 1-[4-cyanobenzyl-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (28) (133 mg, 0.22 mmol), dry methanol (10 mL), zinc(II) acetate (87 

mg, 0.48 mmol), dry methanol (7 mL). To yield a yellow-brown solid (174 mg, 84 %). 
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1H NMR (400 MHz, MeOD δ): 1.92-1.99 (m, CH3-C, 12H), 2.20-3.28 (br m, N-α-CH2, 33H), 3.36-4.63 

(br m, N-α-CH2, 13H), 4.80 (m, NH, 1H), 7.33-7.45 (m, Ar-H, 2H), 7.54-7.81 (m, Ar-H, 6H). 13C NMR 

(100 MHz, MeOD, δ): 22.26 (CH3-O), 43.03 (N-α-CH2), 43.63 (N-α-CH2), 43.86 (N-α-CH2), 44.64 (N-α-

CH2), 45.14 (N-α-CH2), 46.64 (N-α-CH2), 49.18 (N-α-CH2), 49.62 (N-α-CH2), 49.85 (N-α-CH2), 50.59 (N-

α-CH2), 50.94 (N-α-CH2), 51.64 (N-α-CH2), 52.54 (N-α-CH2), 54.21 (N-α-CH2), 55.05 (N-α-CH2), 55.76 

(N-α-CH2), 57.54 (N-α-CH2), 58.94 (N-α-CH2), 59.16 (N-α-CH2), 62.80 (N-α-CH2), 110.97 (C≡N), 119.00 

(Ar-C), 129.62 (Ar-H), 130.04 (Ar-H), 132.20 (Ar-H), 132.32 (Ar-H), 132.32 (Ar-H), 144.30 (Ar-C), 

144.59 (Ar-C), 179.67 (C=O). MS (m/z): [M-CH3CO2+NH4]+ calcd for C42H68N10O6Zn2, 939.83; found, 

939.3. HRMS (m/z): Pending data, see 8.1.3. Anal. calcd for C44H67N9O8Zn2.5H2O.MeCN: C, 49.69; H, 

7.25; N, 12.60. Found: C, 49.28; H, 6.92; N, 12.80. 

 

1-[4-nitrobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu229)4+    

Amounts: 1-[4-nitrobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (29) (39 mg, 0.06 mmol), dry methanol (4 mL), copper(II) 

acetate tetrahydrate (34 mg, 0.13 mmol), dry MeOH (10 mL). To yield a blue solid (18 mg, 

28 %). 

MS (m/z): Pending data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 610.0 (467 M-1 cm-1). 

 

1-[4-nitrobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn229)4+ 

Amounts: 1-[4-nitrobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane (29)  (41 mg, 0.08 mmol), dry methanol (4 mL), zinc(II) acetate 

(31 mg, 0.17 mmol), dry MeOH (5 mL). To yield a yellow solid (44 mg, 70%). 

1H NMR (400 MHz, MeOD, δ): 1.97 (s, CH3-C, 12H), 2.42-3.28 (br m, N-α-CH2, 30H), 3.39-3.83 (br 

m, N-α-CH2, 10H), 3.88-4.41 (m, CH2-Ar, 6H), 4.50-4.73 (m, NH, 1H), 7.32-7.79 (m, Ar-H, 4H), 7.99-

8.39 (m, Ar-H, 4H). 13C NMR (100 MHz, MeOD, δ): 21.52 (CH3-C), 42.24 (N-α-CH2), 43.71 (N-α-CH2), 

44.37 (N-α-CH2), 44.59 (N-α-CH2), 45.03 (N-α-CH2), 46.90 (N-α-CH2), 49.26 (N-α-CH2), 49.43 (N-α-

CH2), 49.65 (N-α-CH2), 49.81 (N-α-CH2), 50.40 (N-α-CH2), 52.65 (N-α-CH2), 54.18 (N-α-CH2), 55.18 (N-

α-CH2), 57.72 (N-α-CH2), 58.13 (N-α-CH2), 60.01 (N-α-CH2), 123.26 (Ar-H), 128.53 (Ar-C), 130.02 (Ar-

H), 131.02 (Ar-H), 132.07 (Ar-H), 148.44 (Ar-C), 149.51 (Ar-C), 179.72 (C=O). MS (m/z): Pending data, 

see 8.1.3. 
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1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu230)4+ 

Amounts: 1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (30) (52.20 mg, 0.08 mmol), dry MeOH (5 mL and 5 mL), 

copper(II) acetate monohydrate (36.00 mg, 0.18 mmol). To yield a blue solid (44.60 mg, 55 %). 

MS(m/z): [M+K+H]+ calcd for C45H71Cu2KN8O10, 1050.30; found, 1050.7. HRMS (m/z): Pending data, 

see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 649 (356 M-1 cm-1).  

 

1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn230)4+ 

Amounts: 1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (30) (41.30 mg, 0.06 mmol), dry methanol (5 mL and 5 

mL), zinc(II) acetate (26.00 mg, 0.14 mmol). To yield a yellow solid (35 mg, 54 %). 

1H NMR (400 MHz, MeOD, δ):  1.99 (s, CH3-C, 12H), 2.32-2.47 (m, N-α-CH2, 2H), 2.55-2.58 (m, N-α-

CH2, 1H), 2.68-2.73 (m, N-α-CH2, 3H), 2.81-3.08 (br m, N-α-CH2, 26H), 3.12-3.19 (m, N-α-CH2, 8H), 

3.43-3.49 (m, N-α-CH2, 2H), 3.68-3.70 (m, N-α-CH2, 3H), 3.77-3.80 (m, CH2-Ar, 1H), 3.92 (s, CH3-O, 

3H), 4.00-4.10 (m, CH2-Ar, 5H), 4.63 (m, NH, 1H), 7.41-7.52 (m, Ar-H, 6H), 7.55-7.58 (m, Ar-H, 1H), 

8.07 (d, J=8.2 Hz, Ar-H, 1H). 13C NMR (100 MHz, MeOD, δ): 21.95 (CH3-C), 44.50 (N-α-CH2), 45.60 (N-

α-CH2), 46.62 (N-α-CH2), 48.78 (N-α-CH2), 49.17 (N-α-CH2), 49.63 (N-α-CH2), 51.02 (N-α-CH2), 51.44 

(N-α-CH2), 54.23 (N-α-CH2), 54.77 (N-α-CH2), 54.87 (N-α-CH2), 55.01 (N-α-CH2), 55.71 (N-α-CH2), 

56.15 (N-α-CH2), 57.32 (N-α-CH2), 59.29 (N-α-CH2), 59.43 (N-α-CH2), 126.96 (Ar-H), 129.07 (Ar-H), 

129.18 (Ar-H), 129.50 (Ar-H), 129.97 (Ar-C), 130.35 (Ar-C), 130.76 (Ar-H), 135.57 (Ar-C), 166.80 (C=O), 

180.29 (C=O). MS (m/z): Pending data, see 8.1.3. 

 

1-[4-[Aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu234)4+  

Amounts: 1-[4-[Aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl] benzyl] 

-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (34) (14.50 mg, 0.02 mmol), dry methanol (3 mL and 5 mL), 

copper(II) acetatate monohydrate (10.30 mg, 0.05 mmol). To yield a blue solid (14.10 mg, 61 %).  

MS (m/z): Pending data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 650 (494 M-1 cm-1). 

 

1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn234)4+  
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Amounts: 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (34) (14.50 mg, 0.02 mmol), dry methanol (3 mL and 5 mL), 

zinc(II) acetatate (9.50 mg, 0.05 mmol). To yield a yellow solid (15.70 mg, 68 %).  

1H NMR (400 MHz, MeOD, δ): 1.95 (s, CH3-C, 12H), 2.21-2.33 (m, N-α-CH2, 2H), 2.43-3.27 (br m, 

N-α-CH2, 32H), 3.36-2.82 (m, N-α-CH2, 6H), 3.86-4.10 (m, CH2-Ar, 7H), 4.48-4.63 (m, CH2-Ar, 1H), 

4.82-4.84 (m, NH, 1H), 4.94-5.00 (m, NH2, 2H), 7.28-7.62 (m, Ar-H, 8H).13C NMR (100 MHz, MeOD, 

δ): 22.01 (CH3-C), 43.75 (N-α-CH2), 44.37 (N-α-CH2), 44.64 (N-α-CH2), 46.06 (N-α-CH2), 46.61 (N-α-

CH2), 49.15 (N-α-CH2), 49.62 (N-α-CH2), 49.70 (N-α-CH2), 51.17 (N-α-CH2), 51.49 (N-α-CH2), 53.76 (N-

α-CH2), 54.25 (N-α-CH2), 54.87 (N-α-CH2), 55.30 (N-α-CH2), 55.73 (N-α-CH2), 55.89 (N-α-CH2), 127.95 

(Ar-H), 128.14 (Ar-C), 129.03 (Ar-C), 129.61 (Ar-H), 131.25 (Ar-H), 131.38 (Ar-H), 131.58 (Ar-H), 

132.32 (Ar-H), 139.56 (Ar-C), 141.30 (Ar-C), 179.51 (C=O). MS (m/z): Pending data, see 8.1.3. 

 

1-[4-Aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu236)4+  

Amounts: 1-[4-Aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (36) (11.10 mg, 0.02 mmol), dry methanol (3 mL and 3 mL), 

copper(II) acetatate monohydrate (8.00 mg, 0.04 mmol). To yield a blue solid (8.58 mg, 48 %).  

MS (m/z): Pending data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 655 (236 M-1 cm-1). 

 

1-[4-Aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn236)4+   

Amounts: 1-[4-Aminobenzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (36) (11.10 mg, 0.02 mmol), dry methanol (3 mL and 2 mL), 

zinc(II) acetatate (7.00 mg, 0.04 mmol). To yield a yellow solid (8 mg, 45%).  

MS (m/z): Pending data, see 8.1.3. 

 

1-[4-Cyanobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu231)4+   

Amounts: 1-[4-Cyanobenzyl-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (31) (101.00 mg, 0.16 mmol), dry methanol (10 mL and 5 mL), 

copper(II) acetate monohydrate (69.00 mg, 0.35 mmol). To yield a blue solid (137 mg, 86 %). 
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MS (m/z):  [M-2CH3CO2+ H]+ calcd for C42H64Cu2N9O4, 886.13; found, 886.3. UV-vis (MeOH) λmax, nm 

(ε): 670.0 (185.5 M-1 cm-1). 

 

1-[4-Cyanobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn231)4+ 

Amounts: 1-[4-Cyanobenzyl-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (31) (100 mg, 0.16 mmol), dry methanol (10 mL and 5 mL), zinc(II) 

acetate (63 mg, 0.34 mmol). To yield a yellow-brown solid (130 mg, 83 %). 

1H NMR (400 MHz, MeOD, δ): 1.63 (d, J=16.3 Hz, N-β-CH2, 1H), 1.80 (d, J=12.6 Hz, N-β-CH2, 2H), 2.00 

(br s, CH3-C, 12H), 2.21-2.24 (m, N-β-CH2, 1H), 2.29-2.34 (m, N-α-CH2, 1H), 2.48-2.58 (m, N-α-CH2, 

3H), 2.63 (d, J=11.6 Hz, N-α-CH2, 2H), 2.73 (dd, J=14.2 Hz, N-α-CH2, 2H), 2.80-3.25 (br m, N-α-CH2, 

24H), 3.41-3.52 (m, N-α-CH2, 2H), 3.59-3.73 (m, N-α-CH2, 6H), 3.82-3.98 (m, CH2-Ar, 2H), 4.02-4.12 

(m, CH2-Ar, 2H), 4.16-4.23 (m, CH2-Ar, 2H), 4.54-4.64 (m, NH, 1H), 7.30-7.37 (m, Ar-H, 2H), 7.44-7.56 

(m, Ar-H, 2H), 7.59-7.66 (m, Ar-H, 2H), 7.71-7.79 (m, Ar-H, 2H). 13C NMR (100 MHz, MeOD, δ): 21.02 

(CH3-C), 22.12 (N-β-CH2), 24.33 (N-β-CH2), 43.38 (N-α-CH2), 44.52 (N-α-CH2), 48.58 (N-α-CH2), 48.94 

(N-α-CH2), 49.15 (N-α-CH2), 49.29 (N-α-CH2), 49.55 (N-α-CH2), 51.23 (N-α-CH2), 51.40 (N-α-CH2), 

52.28 (N-α-CH2), 54.99 (N-α-CH2), 55.65 (N-α-CH2), 56.57 (N-α-CH2), 57.48 (N-α-CH2), 57.99 (N-α-

CH2), 111.62 (CN), 118.18 (Ar-C), 129.04 (Ar-H), 129.62 (Ar-H), 130.51 (Ar-H), 131.07 (Ar-H), 131.91 

(Ar-C), 132.21 (Ar-H), 140.63 (Ar-C), 180.22 (C=O). MS (m/z): [M-2CH3CO2+2NH4]+ calcd for 

C42H73N11O4Zn2, 926.88; found, 926.5. HRMS (m/z): Pending data, see 8.1.3. 

 

1-[4-Nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu232)4+  

Amounts: 1-[4-Nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (32) (100 mg, 0.15 mmol), dry methanol (10 mL and 5 mL), 

copper(II)acetate monohydrate (66 mg, 0.33 mmol). To yield a blue solid (133 mg, 86 %). 

MS (m/z):  [M-4CH3CO2+Na+2H]+ calcd for C37H61Cu2N9NaO2, 814.04; found, 814.7. HRMS (m/z): 

Pending data, see 8.1.3.UV-vis (MeOH) λmax, nm (ε): 650 (285 M-1 cm-1). 
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1-[4-Nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn232)4+ 

Amounts: 1-[4-Nitrobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (32) (100 mg, 0.15 mmol), dry methanol (10 mL and 5 mL), 

zinc(II)acetate (61 mg, 0.33 mmol). To yield a blue solid (130 mg, 84 %). 

1H NMR (400 MHz, MeOD, δ): 1.63 (d, J=16.7 Hz, N-β-CH2, 1H), 1.81 (d, J=16.7 Hz, N-β-CH2, 2H), 1.99 

(br s, CH3-C, 12 H), 2.15-2.19 (m, N-β-CH2, 1H), 2.22-2.26 (m, N-α-CH2, 1H), 2.30-3.35 (m, N-α-CH2, 

1H), 2.46-2.55 (m, N-α-CH2, 2H), 2.59-2.76 (m, N-α-CH2, 4H), 2.80-2.88 (m, N-α-CH2, 3H), 2.91-3.17 

(m, N-α-CH2, 18H), 3.19-3.26 (m, N-α-CH2, 4H), 3.46-3.48 (m, N-α-CH2, 1H), 3.53-3.58 (m, N-α-CH2, 

2H), 3.63-3.70 (m, N-α-CH2, 4H), 3.93-4.11 (m, CH2-Ar, 4H), 4.44 (br s, NH, 1H), 7.32-7.40 (m, Ar-H, 

2H), 7.45-7.50 (m, Ar-H, 2H), 7.63-7.68 (m, Ar-H, 1H), 7.71 (d, J=8.6 Hz, Ar-H, 1H), 8.29 (d, J=8.8 Hz, 

Ar-H, 2H). 13C NMR (100 MHz, MeOD, δ): 20.97 (CH3-C), 21.87 (N-β-CH2), 24.30 (N-β-CH2), 43.30 (N-α-

CH2), 44.47 (N-α-CH2), 48.75 (N-α-CH2), 49.15 (N-α-CH2), 49.49 (N-α-CH2), 51.40 (N-α-CH2), 52.19 (N-

α-CH2), 52.30 (N-α-CH2), 54.86 (N-α-CH2), 55.11 (N-α-CH2), 55.48 (N-α-CH2), 55.70 (N-α-CH2), 56.54 

(N-α-CH2), 56.80 (N-α-CH2), 57.96 (N-α-CH2), 123.34 (Ar-H), 128.99 (Ar-C), 129.64 (Ar-C), 130.48 (Ar-

H), 131.11 (Ar-H), 132.23 (Ar-H), 132.36 (Ar-C), 142.40 (Ar-C), 180.19 (C=O). MS (m/z): [M-

2CH3CO2+NH4-2H]+ calcd for C41H67N10O6Zn2, 926.81; found, 926.4. HRMS (m/z): Pending data, see 

8.1.3. 

 

1-[4-[methoxycarbonyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu233)4+ 

Amounts: 1-[4-[Methoxycarbonyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl] 

benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (33) (50 mg, 0.07 mmol), dry methanol (5 mL and 5 

mL), copper(II) acetate monohydrate (33 mg, 0.16 mmol). To yield a blue solid (49 mg, 64 %). 

MS (m/z): [M-4CH3CO2+K-H]+ calcd for C39H61Cu2N8O2, 840.16; found, 840.5. HRMS (m/z): Pending 

data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 650 (345 M-1 cm-1).  

 

1-[4-[Methoxycarbonyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn233)4+ 

Amounts: 1-[4-[Methoxycarbonyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl] 

benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (33) (91 mg, 0.14 mmol), dry methanol (10 mL and 

5 mL), zinc(II) acetate (54 mg, 0.30 mmol). To yield a yellow solid (119 mg, 85 %). 
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1H NMR (400 MHz, MeOD, δ): 1.39-1.41 (m, CH3-CH2, 3H), 1.64 (d, J=16.3 Hz, N-β-CH2, 1H), 1.80 (d, 

J=15.9 Hz, N-β-CH2, 2H), 2.01 (br s, CH3-C, 12 H), 2.10 (m, N-β-CH2, 1H), 2.17-2.26 (m, N-α-CH2, 2H), 

2.30-3.35 (m, N-α-CH2, 1H), 2.48-2.65 (m, N-α-CH2, 5H), 2.72-2.85 (m, N-α-CH2, 3H), 2.91-3.17 (m, N-

α-CH2, 19H), 3.22-3.28 (m, N-α-CH2, 3H), 3.45-3.50 (m, N-α-CH2, 1H), 3.57-3.74 (m, N-α-CH2, 6H), 3.91 

(m, CH2-O, 2H), 3.99-4.12 (m, CH2-Ar, 4H), 4.20-4.23 (m, CH2-Ar, 1H), 4.35-4.40 (m, CH2-Ar, 1H), 4.49-

4.51 (m, NH, 1H), 7.33-7.42 (m, Ar-H, 2H), 7.45-7.53 (m, Ar-H, 2H), 7.58 (d, J=8.2 Hz, Ar-H, 2H), 8.04-

8.07 (m, Ar-H, 2H). 13C NMR (100 MHz, MeOD, δ): 13.36 (CH3-CH2), 21.04 (CH3-C), 21.72 (N-β-CH2), 

24.31 (N-β-CH2), 43.40 (N-α-CH2), 44.47 (N-α-CH2), 49.08 (N-α-CH2), 49.17 (N-α-CH2), 49.58 (N-α-

CH2), 51.42 (N-α-CH2), 51.52 (N-α-CH2), 52.24 (N-α-CH2), 52.34 (N-α-CH2), 54.95 (N-α-CH2), 55.11 (N-

α-CH2), 55.63 (N-α-CH2), 56.12 (N-α-CH2), 56.57 (N-α-CH2), 57.59 (N-α-CH2), 57.69 (N-α-CH2), 57.98 

(N-α-CH2), 61.04 (N-α-CH2), 126.97 (Ar-H), 128.99 (Ar-H), 129.51 (Ar-H), 129.74 (Ar-C), 130.05 (Ar-C), 

130.40 (Ar-H), 132.24 (Ar-H), 135.20 (Ar-H), 140.19 (Ar-C), 140.27 (Ar-C), 166.89 (C=O), 180.16 (C=O). 

HRMS (m/z): Pending data, see 8.1.3. 

 

1-[4-[Aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu235)4+  

Amounts: 1-[4-[Aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (35) (77 mg, 0.12 mmol), dry methanol (10 mL and 5 

mL), copper(II)acetate monohydrate (52 mg, 0.26 mmol). To yield a blue solid (115 mg, 96 %). 

MS (m/z):  [M-3CH3CO2-3H+2NH4]+ calcd for C40H71Cu2N11O2, 865.18; found, 865.8. HRMS (m/z): 

Pending data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 660.0 (210.5 M-1 cm-1). 

 

1-[4-[Aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn235)4+  

Amounts: 1-[4-[Aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (35)  (79 mg, 0.12 mmol), dry methanol (10 mL and 5 

mL), zinc(II)acetate (49 mg, 0.27 mmol). To yield a yellow solid (91 mg, 74 %). 

1H NMR (400 MHz, MeOD, δ): 1.63 (d, J=16.5 Hz, N-β-CH2, 1H), 1.81 (d, J=15.7 Hz, N-β-CH2, 2H), 2.11-

2.15 (m, N-β-CH2, 1H), 2.19-2.38 (m, N-α-CH2, 3H), 2.46-2.55 (m, N-α-CH2, 2H), 2.59-2.72 (m, N-α-

CH2, 5H), 2.80-2.84 (m, N-α-CH2, 2H), 2.94-3.14 (br m, N-α-CH2, 19H), 3.20-3.28 (m, N-α-CH2, 5H),  

3.46-3.57 (m, N-α-CH2, 2H), 3.68 (m, N-α-CH2, 4H), 3.81-3.93 (m, CH2-Ar, 2H), 3.97-4.07 (m, CH2-Ar, 

4H), 4.17-4.24 (m, NH2, 1H), 4.41-4.43 (m, NH2, 1H), 4.83-4.88 (m, NH, 1H), 7.29-7.38 (m, Ar-H, 2H), 

7.42-7.50 (m, Ar-H, 4H), 7.56 (d, J=7.8 Hz, Ar-H, 1H), 7.86 (d, J=8.0 Hz, Ar-H, 1H). 13C NMR (100 MHz, 
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MeOD, δ): 20.95 (CH3-COOH), 22.09 (N-β-CH2), 28.58 (N-β-CH2), 43.28 (CH2-NH2), 44.48 (N-α-CH2), 

44.59 (N-α-CH2), 48.57 (N-α-CH2), 48.85 (N-α-CH2), 49.14 (N-α-CH2), 49.49 (N-α-CH2), 51.43 (N-α-

CH2), 52.21 (N-α-CH2), 52.28 (N-α-CH2), 54.86 (N-α-CH2), 54.74 (N-α-CH2), 54.93 (N-α-CH2), 55.48 (N-

α-CH2), 55.70 (N-α-CH2), 56.56 (N-α-CH2), 57.35 (N-α-CH2), 58.00 (N-α-CH2), 63.37 (N-α-CH2), 64.07 

(N-α-CH2), 124.84 (Ar-H), 126.96 (Ar-H), 128.25 (Ar-H), 128.43 (Ar-H), 130.47 (Ar-H), 130.59 (Ar-H), 

130.82 (Ar-H), 131.92 (Ar-C), 132.23 (Ar-H), 135.15 (Ar-C), 137.96 (Ar-C), 144.54 (Ar-C), 180.07 (C=O). 

MS (m/z):  [M-CH3CO2+K]+ calcd for C44H72KN9O6 Zn2, 992.98; found, 992.20. HRMS (m/z): Pending 

data, see 8.1.3. 

 

1-[4-Aminobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu237)4+   

Amounts: 1-[4-Aminobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4, 

7,10-tetraazabicyclo[5.5.2]dodecane (37) (50 mg, 0.08 mmol), dry methanol (5 mL and 6 mL), 

copper(II) acetate monohydrate (35 mg, 0.18 mmol). To yield a blue solid (65 mg, 82 %). 

MS (m/z): Pending data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 645 (230 M-1 cm-1).  

 

1-[4-Aminobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn237)4+    

Amounts: 1-[4-Aminobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4, 

7,10-tetraazabicyclo[5.5.2]dodecane (37) (51 mg, 0.08 mmol), dry methanol (5 mL and 5 mL), zinc(II) 

acetate (32 mg, 0.18 mmol). To yield a yellow solid (59 mg, 73 %). 

1H NMR (400 MHz, MeOD, δ): 1.62-1.83 (m, N-β-CH2, 2H), 1.99 (br s, CH3-C, 12 H), 2.14-2.24 (m, N-β-

CH2, 1H), 2.22-2.36 (m, N-α-CH2, 1H), 2.51-2.57 (m, N-α-CH2, 3H), 2.64 (d, J=10.0 Hz, N-α-CH2, 3H), 

2.75-2.83 (m, N-α-CH2, 3H), 2.91-3.17 (br m, N-α-CH2, 19H), 3.21-3.26 (m, N-α-CH2, 3H), 3.39-3.53 (m, 

N-α-CH2, 4H), 3.61-3.71 (m, N-α-CH2, 4H), 3.81-3.85 (m, CH2-Ar, 1H), 3.90-4.04 (m, CH2-Ar, 3H), 4.09-

4.12 (m, CH2-Ar, 1H), 4.15-4.24 (m, CH2-Ar, 1H), 4.36 (m, CH2-Ar, 1H), 4.59-4.64 (m, NH, 1H), 4.94 (m, 

NH2, 2H), 6.73 (d, J=8.4 Hz, Ar-H, 1H), 7.16 (d, J=8.4 Hz, Ar-H, 1H), 7.33-7.38 (m, Ar-H, 2H), 7.47-7.53 

(m, Ar-H, 1H), 7.61-7.70 (m, Ar-H, 1H), 8.24 (d, J=8.6 Hz, Ar-H, 1H), 8.38 (d, J=8.8 Hz, Ar-H, 1H). 13C 

NMR (100 MHz, MeOD, δ): 20.95 (CH3-COOH), 22.16 (N-β-CH2), 24.30 (N-β-CH2), 41.69 (N-α-CH2), 

43.28 (N-α-CH2), 44.46 (N-α-CH2), 49.48 (N-α-CH2), 51.39 (N-α-CH2), 52.30 (N-α-CH2), 54.39 (N-α-

CH2), 54.86 (N-α-CH2), 55.73 (N-α-CH2), 56.53 (N-α-CH2), 57.28 (N-α-CH2), 57.93 (N-α-CH2), 114.95 

(Ar-H), 122.27 (Ar-H), 125.45 (Ar-C), 129.14 (Ar-H), 129.90 (Ar-H), 130.81 (Ar-H), 131.92 (Ar-H), 

132.23 (Ar-H), 139.59 (Ar-C), 179.98 (C=O). MS (m/z): Pending data, see 8.1.3. 
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1-[4-Azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu239)4+      

Amounts: 1-[4-Azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (39) (31 mg, 0.05 mmol), dry methanol (5 mL and 5 mL), 

copper(II)acetate monohydrate (21 mg, 0.10 mmol). To yield a blue solid (30 mg, 61 %). 

MS (m/z):  [M+2Na+NH4+2H]+ calcd for C45H77Cu2N12Na2O8, 1087.26; found, 1087.1. HRMS (m/z): 

Pending data, see 8.1.3. UV-vis (MeOH) λmax, nm (ε): 645.0 (286.0 M-1 cm-1). 

 

1-[4-Azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn239)4+     

Amounts: 1-[4-Azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7, 

10-tetraazabicyclo[5.5.2]dodecane (39) (18 mg, 0.03 mmol), dry methanol (5 mL and 5 mL), 

zinc(II)acetate (11 mg, 0.06 mmol). To yield a blue solid (26 mg, 91 %). 

1H NMR (400 MHz, MeOD, δ): 1.63 (d, J=14.5 Hz, N-β-CH2, 1H), 1.81 (d, J=15.3 Hz, N-β-CH2, 2H), 1.99 

(br s, CH3-C, 12 H), 2.13-2.16 (m, N-β-CH2, 1H), 2.20-2.26 (m, N-α-CH2, 1H), 2.30-2.36 (m, N-α-CH2, 

1H), 2.46-2.56 (m, N-α-CH2, 3H), 2.63 (d, J=10.8 Hz, N-α-CH2, 3H), 2.80-2.83 (m, N-α-CH2, 3H), 2.91-

3.18 (br m, N-α-CH2, 19H), 3.20-3.27 (m, N-α-CH2, 3H), 3.45-3.53 (m, N-α-CH2, 3H), 3.65-3.67 (m, N-α-

CH2, 4H), 3.78-3.85 (m, CH2-Ar, 1H), 3.92-4.00 (m, CH2-Ar, 3H), 4.17-4.22 (m, CH2-Ar, 1H), 4.36 (m, 

CH2-Ar, 1H), 4.58-4.64 (m, NH, 1H), 6.72-6.81 (m, Ar-H, 1H), 7.11-7.18 (m, Ar-H, 1H), 7.33-7.40 (m, 

Ar-H, 3H), 7.45-7.52 (m, Ar-H, 2H), 7.58-7.70 (m, Ar-H, 1H). 13C NMR (100 MHz, MeOD, δ): 18.95 

(CH3-C), 20.91 (N-β-CH2), 24.28 (N-β-CH2), 43.25 (N-α-CH2), 44.44 (N-α-CH2), 44.60 (N-α-CH2), 48.77 

(N-α-CH2), 49.13 (N-α-CH2), 49.44 (N-α-CH2), 51.41 (N-α-CH2), 52.17 (N-α-CH2), 52.27 (N-α-CH2), 

54.59 (N-α-CH2), 54.82 (N-α-CH2), 55.47 (N-α-CH2), 55.72 (N-α-CH2), 56.53 (N-α-CH2), 57.93 (N-α-

CH2), 122.58 (Ar-H), 122.98 (Ar-H), 130.41 (Ar-H), 130.59 (Ar-H), 131.01 (Ar-C), 131.92 (Ar-H), 132.22 

(Ar-H), 132.67 (Ar-C), 139.64 (Ar-C), 144.01 (Ar-C), 182.86 (C=O). MS (m/z): Pending data, see 8.1.3. 
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8.6.2 Attempted conjugation of  1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexa 

decane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (39) to 1-

(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene (51) 

 

Method 1 

1-[4-Azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (39) (5 mg, 4.8 µmol), 1-(bromomethyl)-4-(prop-2-

yn-1-yloxy)benzene (51) (1.1 mg, 5.0 µmol) and copper(I) iodide (47 µg, 0.20 µmol) were added to 

dry acetonitrile (1.6 mL) and triethylamine (0.2 M, 400 µL). The solution was heated at 100oC for 30 

min in the microwave in the microwave and the solvent removed in vacuo. To yield the brown 

solution (10 mg). The desired product was not isolated using this synthetic procedure. Analytical 

data indicates that the desired product was not obtained. 

Method 2 

1-[4-Azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate (39) (3 mg, 2.9 µmol), 1-(bromomethyl)-4-(prop-2-

yn-1-yloxy)benzene (51) (0.7 mg, 3.0 µmol) and copper(I) iodide (0.56 mg, 2.9 µmol) were added to 

dry acetonitrile (1.6 mL) and triethylamine (0.2 M, 400 µL). The solution was heated at 100oC for 30 

min in the microwave in the microwave and the solvent removed in vacuo. To yield the brown 

solution (10 mg). The desired product was not isolated using this synthetic procedure. Analytical 

data indicates that the desired product was not obtained. 
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8.6.3. Conjugation of metal complexes of 1-[4-[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraaza 

bicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (34) and 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane] methyl] benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (35) with tetrazine-PEG4-NHS 

 

General procedure O was followed 

An immediately prepared tetrazine-PEG4-NHS in dimethylsulfoxide solution was added to 

macrocycle in PBS buffer. The solution was incubated at RT for 1 h. After this the reaction was 

stopped by quenching with tris-HCl buffer and incubated for a further 5 min at RT. The product was 

purified through a desalting column (Sephadex PD-10). 

Conjugation with 1-[4-[[4-[2-[2-[2-[2[2-[4-[6-methyl-1,2,4,5-tetrazin-3-yl]phenoxy]ethoxy]ethoxy] 

ethoxy]ethoxy]ethyl]-aminocarbonyl]methyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodeca 

ne]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate ([Cu241]4+) 

Amounts: Tetrazine-PEG4-NHS in dimethylsulfoxide solution (10 mM, 183 µL), 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate ([Cu241]4+) (0.09 mg, 0.09 µmol), PBS buffer (1 

mg/mL, 92 µL, pH 7.5), tris-HCl buffer (1 M, pH 8.0, 2.475 mL). To yield a crude, pink solid (~0.1 mg). 

MS (m/z): [M-2Cu-4CH3CO2-2H+NH4]+ calcd for C57H89N14O6, 1066.43; found, 1066.3, [M-

2CH3CO2+3Na+NH4]+ calcd for C61H97Cu2N14O10, 1382.60; found, 1382.5. 
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Conjugation with 1-[4-[[4-[2-[2-[2-[2[2-[4-[6-methyl-1,2,4,5-tetrazin-3-yl]phenoxy]ethoxy]ethoxy] 

ethoxy]ethoxy]ethyl]-aminocarbonyl]methyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodeca 

ne]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate ([Zn241]4+) 

Amounts: Tetrazine-PEG4-NHS in dimethylsulfoxide solution (10 mM, 183 µL), 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate ([Zn241]4+) (0.09 mg, 0.09 µmol), PBS buffer (1 

mg/mL, 92 µL, pH 7.5), tris-HCl buffer (1 M, pH 8.0, 2.475 mL). To yield a crude, pink solid (~0.1 mg). 

MS (m/z): [M-2Zn-4CH3CO2-2H+NH4]+ calcd for C57H89N14O6, 1066.43; found, 1066.3.  

 

Conjugation with 1-[4-[[4-[2-[2-[2-[2[2-[4-[6-methyl-1,2,4,5-tetrazin-3-yl]phenoxy]ethoxy]ethoxy] 

ethoxy]ethoxy]ethyl]-aminocarbonyl]methyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexa 

decane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate ([Cu242]4+) 

Amounts: Tetrazine-PEG4-NHS in dimethylsulfoxide solution (10 mM, 183 µL), 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane copper(II) acetate ([Cu242]4+) (0.10 mg, 0.09 µmol), PBS buffer (1 

mg/mL, 95 µL, pH 7.5), tris-HCl buffer (1 M, pH 8.0, 2.502 mL). To yield a pink, crude solid (~0.1 mg).  

MS (m/z): [M-2CH3CO2+4NH4]+ calcd for C62H111Cu2N17O10, 1381.77; found, 1381.7.  

 

Conjugation with 1-[4-[[4-[2-[2-[2-[2[2-[4-[6-methyl-1,2,4,5-tetrazin-3-yl]phenoxy]ethoxy]ethoxy] 

ethoxy]ethoxy]ethyl]-aminocarbonyl]methyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexa 

decane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate ([Zn242]4+) 

Amounts: Tetrazine-PEG4-NHS in dimethylsulfoxide solution (10 mM, 183 µL), 1-[4-

[aminomethyl]benzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-

tetraazabicyclo[5.5.2]dodecane zinc(II) acetate ([Zn242]4+) (0.10 mg, 0.09 µmol), PBS buffer (1 

mg/mL, 95 µL, pH 7.5), tris-HCl buffer (1 M, pH 8.0, 2.502 mL). To yield a pink, crude solid (~0.1 mg).  

MS (m/z): [M-2CH3CO2+3Na]+ calcd for C62H95Na3N13O10Zn2, 1382.25; found, 1382.2.  
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8.6.4. Attempted conjugation of metal complexes of 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane (39) 

to carboxyrhodamine 110 dibenzocyclooctyl 

 

General procedure N was followed 

Conjugation with 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu240)4+ 

Amounts: 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane copper(II) acetate (Cu239)4+ (0.87 mg, 0.08 µmol), 

carboxyrhodamine 110 dibenzocyclooctyl (0.50 mg, 0.06 µmol), methanol (100 µL and 175 µL). To 

yield a pink solid (~ 1 mg). Analytical data indicates that the desired product was not obtained. 

 

Conjugation with 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]ben 

zyl]-1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn240)4+ 

Amounts: 1-[4-azidobenzyl]-7-[4-[[1,4,8,11-tetraazabicyclo[10.2.2]hexadecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane zinc(II) acetate (Zn239)4+ (0.87 mg, 0.08 µmol), 

carboxyrhodamine 110 dibenzocyclooctyl (0.50 mg, 0.06 µmol), methanol (100 µL and 175 µL). To 

yield a crude, pink solid (~ 1 mg). Analytical data indicates the desired product was not obtained.  
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8.7. SYNTHESIS OF PENDANT ARM WITH CLICK REACTION FUNCTIONALITY 

8.7.1. Attempted synthesis of 1-(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene (45) 

 

Method 1 – Attempted Synthesis 

Propargyl alcohol (6 mL, 103.07 mmol) was added in small portions to a suspension of sodium 

hydride (60% in mineral oil, 4.54 g, 113.37 mmol) in dry dimethylformamide (200 mL) at 0oC. After 

30 min α-α’-dibromo-p-xylene (29.93 g, 113.37 mmol) in dry dimethylformamide (100 mL) was 

added and the resulting mixture stirred at RT overnight. A small amount of methanol was added to 

kill off any un-reacted sodium hydride, the mixture was diluted with ethyl acetate (400 mL) and 

washed with aqueous hydrochloric acid (1 M, 2x200 mL). The organic layer was dried (MgSO4) and 

the bulk solvent removed in vacuo to yield an oil. Column chromatography (30:70-50:50-80:20, 

dichloromethane:hexane-10:90 methanol:dichloromethane) was conducted to yield a pale yellow 

solid (2.4 g). The desired product was not isolated using this synthetic procedure. Analytical data 

indicates that the desired product was not obtained. 

Method 2 – Attempted Synthesis 

Propargyl alcohol (3 mL, 51.54 mmol) was added in small portions to a suspension of sodium hydride 

(60% in mineral oil, 2.26 g, 56.69 mmol) in dry dimethylformamide (100 mL) at 0oC. After 30 min α-

α’-dibromo-p-xylene (29.93 g, 113.37 mmol) in dry dimethylformamide (100 mL) was added and the 

resulting mixture stirred at RT overnight. A small amount of methanol was added to kill off any un-

reacted sodium hydride and the solvent was removed in vacuo. The solid was dissolved in ethyl 

acetate (200 mL) and washed with aqueous hydrochloric acid (1 M, 2x200 mL). The organic layer was 

dried (MgSO4) and the bulk solvent removed in vacuo to yield an oil. Column chromatography 

(50:50, ethyl acetate:hexane) was conducted to yield a pale yellow solid (2.98 g). The desired 

product was not isolated using this synthetic procedure. Analytical data indicates that the desired 

product was not obtained. 
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8.7.2. Synthesis of methyl 4-(prop-2-yn-1-yloxy)benzoate (46) 

 

General procedure P 

Methyl-4-hydroxybenzoate (6.00 g, 39.44 mmol) was dissolved in acetone (degassed, 300 mL) and 

propargyl bromide (80% toluene, 4.08 mL, 47.32 mmol) added. The mixture was stirred for 10 min 

and the potassium carbonate (38.15 g, 276.04 mmol) added. The mixture was heated at reflux 

overnight and the solvent was removed in vacuo. The residue was re-dissolved in dichloromethane 

(200 mL), dried (MgSO4), filtered and the solvent was removed in vacuo. To yield a pale yellow solid 

(7.34 g, 98%). 

1H NMR (400 MHz, CDCl3, δ): 2.56 (t, J=2.3 Hz, C≡CH, 1H), 3.87 (s, CH3-O, 3H), 4.75 (s, CH2-O, 2H), 

6.96-7.00 (m, Ar-H, 2H), 7.98-8.01 (m, Ar-H, 2H). 13C NMR (100 MHz, CDCl3, δ): 52.02 (CH3-O), 55.90 

(CH2-O), 76.18 (C≡CH), 77.90 (C≡CH), 114.56 (Ar-CH), 123.53 (Ar-C), 131.65 (Ar-H), 161.23 (Ar-C), 

166.79 (C=O). HRMS (m/z): [M+H]+ calcd for C11H10O3, 191.0703; found, 191.0702. Anal. calcd for 

C11H10O3: C, 69.46; H, 5.30. Found: C, 69.19; H, 5.04. 
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8.7.3. Attempted synthesis of 1-(azidomethyl)-4-(bromomethyl)benzene (47) 

 

Method 1 – Attempted Synthesis 

α- α’-dibromo-p-xylene (1.00 mg, 3.79 mmol) was added to dry dimethyl formamide (50 mL), to this 

sodium azide (246 mg, 3.79 mmol) was added. The solution was stirred at RT for 16 h under argon 

after which the bulk solvent was removed in vacuo. To yield a white solid. The desired product was 

not isolated using this synthetic procedure. Analytical data indicates that the desired product was 

not obtained. 
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8.7.4. Synthesis of (4-(bromomethyl)phenyl)methanol (48) and (4-(prop-2-yn-1-

yloxy)phenyl)methanol (49) 

 
General procedure Q 

Lithium aluminium hydride was added in one portion to dry tetrahydrofuran and the 

suspension cooled to 0oC. To this a dry solution of ester in dry tetrahydrofuran was added 

dropwise. The solution was stirred at 0 oC under nitrogen for 1 h and then at RT overnight 

under nitrogen. The lithium aluminium hydride was neutrali sed with water, 15 % sodium 

hydroxide solution and washed with copious amounts of water to yield a white precipitate. 

This was filtered off and washed with a copious amount of dichloromethane until the 

precipitate was completely white and fine. The organic layers were washed with water, 

dried (MgSO4) and the solvent removed in vacuo. 

(4-(bromomethyl)phenyl)methanol (48) 

Amounts: Lithium aluminium hydride (4.94 g, 0.13 mol), dry tetrahydrofuran (50 mL), 

methyl-4-(bromomethyl)benzoate (3.02 g, 0.013 mol), dry tetrahydrofuran (30 mL), water 

(1 mL), 15 % sodium hydroxide solution (1 mL), water (30 mL). To yield a white crystalline 

solid (0.87 g, 33%). 

1H NMR (400 MHz, CDCl3, δ): 2.72 (s, CH2-Br, 2H), 4.24 (s, OH, 1H), 4.58 (s, CH2-OH, 2H), 7.22-7.54 (m, 

Ar-H, 4H). 13C NMR (100 MHz, CDCl3, δ): 20.73 (CH2-Br), 64.07 (CH2-OH), 126.75 (Ar-H), 128.68 (Ar-H), 

136.49 (Ar-C), 137.70 (Ar-C). HRMS (m/z): [M-Br]+ 
 calcd for C8H9O 121.0648; found, 121.0645. 

 

(4-(prop-2-yn-1-yloxy)phenyl)methanol (49) 

Lithium aluminium hydride (14.38 g, 0.38 mol), dry tetrahydrofuran (150 mL), methyl-4-

(prop-2-yn-1-yloxy)benzoate (46) (7.21 g, 0.04 mol), dry tetrahydrofuran (50 mL), water (1 

mL), 15 % sodium hydroxide solution (1 mL), water (50 mL). To yield a yellow solid (5.32 g, 

86%). 

1H NMR (400 MHz, CDCl3, δ): 2.53 (s, C≡CH, 1H), 3.30 (s, OH, 1H), 4.63 (s, CH2-Br, 2H), 4.81 (s, CH2-

OH, 2H), 6.87-6.89 (m, Ar-H, 2H), 7.19-7.21 (m, Ar-H, 2H). 13C NMR (100 MHz, CDCl3, δ): 49.42 (CH2-
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Br), 55.86 (CH2-O), 64.44 (C≡CH), 75.76 (C≡CH), 114.91 (Ar-H), 128.57 (Ar-H), 134.33 (Ar-C), 156.97 

(Ar-O). HRMS(m/z): [M+H]+ calcd for C10H9O2, 161.0597; found, 161.0595. 
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8.7.5. Synthesis of (4-(azidomethyl)phenyl)methanol (50)  

 

Method 1 – Attempted Synthesis 

(4-(Bromomethyl)phenyl)methanol (48) (672 mg, 3.34 mmol) and sodium azide (283 mg, 4.35 mmol) 

were added to water (10 mL) and stirred at RT for 3d. After this the reaction mixture was extracted 

with diethyl ether (3 x 10 mL) and dried (Na2SO4) before being reduced in vacuo to yield a white solid 

(131 mg). The desired product was not isolated using this synthetic procedure. Analytical data 

indicates that the desired product was not obtained. 

 

Method 2 – Attempted Synthesis 

(4-(Bromomethyl)phenyl)methanol (48) (329 mg, 1.64 mmol) was dissolved in dry dimethyl 

formamide (10 mL), sodium azide (160 mg, 2.46 mmol) was added. The solution was stirred at 65oC 

overnight under argon before being diluted with water (10 mL) and extracted with diethyl ether (3 x 

10 mL) and dried (MgSO4). The solvent was removed in vacuo to yield an oil (224 mg). The desired 

product was not isolated using this synthetic procedure. Analytical data indicates that the desired 

product was not obtained. 

 

Method 3 – Attempted Synthesis 

(4-(Bromomethyl)phenyl)methanol (48) (50 mg, 0.25 mmol) was dissolved in dry dimethylformamide 

(10 mL), to this sodium azide (32 mg, 0.50 mmol) was added and the mixture stirred at RT under 

argon overnight. Subsequently the solvent was removed in vacuo to yield an oil (93 mg). The desired 

product was not isolated using this synthetic procedure. Analytical data indicates that the desired 

product was not obtained. 
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8.7.6. Synthesis of 1-(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene (51) 

 

(4-(Prop-2-yn-1-yloxy)phenyl)methanol (49)  (1.92 g, 7.12 mmol) and phosphorus tribromide (2.30 

mL, 24.18 mmol) were dissolved in dry dichloromethane (100 mL) and stirred under argon for 18 h at 

RT. Water (50 mL) was added to kill off any remaining phosphorus tribromide and the water layer 

extracted with dichloromethane (5 x 25 mL). The organic layer was dried (MgSO4) and the solvent 

removed in vacuo. The crude product was purified with a plug column (55:45, 

hexane:dichloromethane). To yield a yellow crystalline solid (2.71 g, 46 %). 

1H NMR (400 MHz, CDCl3, δ): 2.53 (s, C≡CH, 1H), 4.54 (s, CH2-Br, 2H), 4.69 (s, CH2-O, 2H), 6.93-6.96 

(m, Ar-H, 2H), 7.25-7.35 (m, Ar-H, 2H). 13C NMR (100 MHz, CDCl3, δ): 33.76 (CH2-Br), 55.91 (CH2-O), 

75.86 (C≡CH), 78.38 (C≡CH), 115.24 (Ar-H), 130.55 (Ar-H), 130.98 (Ar-C), 157.66 (Ar-O). HRMS (m/z): 

[M+H]+
 calcd for C10H10BrO, 224.9910; found, 224.9910. Anal. calcd for C10H9BrO: C, 53.36; H, 4.03. 

Found: C, 44.34; H, 4.56 – contains impurity. 
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8.7.7. Attempted synthesis of methyl 4-(but-3-yn-1-yloxy)benzoate (52) 

 

Method 1 - General procedure P was followed 

Amounts: Methyl-4-hydroxybenzoate (5.33 g, 35.03 mmol), 4-bromo-1-butyne (5.00 g, 42.03 mmol), 

potassium carbonate (33.89 g, 245.21 mmol). To yield an orange liquid (10.33 g). Analytical data 

indicates that the desired product was not obtained. 

 

Method 2 

Methyl-4-hydroxybenzoate (5.33 g, 35.03 mmol) was dissolved in acetone (degassed, 300 mL) and 4-

bromo-1-butyne (5.00 g, 42.03 mmol) was added. The mixture was stirred for 15 min and potassium 

carbonate (33.89 g, 245.21 mmol) was added. The mixture was heated at reflux for 3 d, the solvent 

removed in vacuo and the residue re-dissolved in dichloromethane. The solution was dried over 

MgSO4, filtered and the solvent removed in vacuo to yield an orange liquid (10.33 g). Analytical data 

indicates that the desired product was not obtained.   
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8.7.8. Synthesis of but-3-yn-1-yl 4-methylbenzenesulfonate (53) 

 

General procedure R 

3-butyn-1-ol (4.00 g, 57.07 mmol) was dissolved in dichloromethane (100 mL) and triethylamine 

(9.55 mL, 68.48 mmol). The solution was stirred at 0oC and p-toluenesulfonyl chloride (11.42 g, 59.92 

mmol). The reaction was allowed to warm to room over a period of 1 hour and stirring was 

continued overnight. Thin layer chromatography (TLC) analysis (hexanes/ethyl acetate (EtOAc) 6: 1) 

after 20 hours of reaction showed a complete consumption of 3-butyn-1-ol. The precipitated 

triethylamine hydrochloride was filtered off and the filtrate washed with water (2 x 30 mL) and brine 

(2 x 30 mL). The organic layer was dried over Na2SO4 and the solvent evaporated. To yield a light-

yellow oil (8.27 g, 72 %). 

1H NMR (400 MHz, CDCl3, δ): 1.96 (m, C≡CH, 1H), 2.44 (s, CH3-Ar, 3H), 2.54 (td, J=7.0 Hz, CH2-C, 2H), 

4.08 (t, J=7.0 Hz, CH2-O, 2H), 7.34 (dd, J=8.6 Hz, Ar-H, 2H), 7.77-7.80 (m, Ar-H, 2H). 13C NMR (100 

MHz, CDCl3, δ): 19.51 (CH2-Ar), 21.75 (CH2-C), 67.55 (CH2-O), 70.88 (C≡CH), 78.48 (C≡CH), 127.10 (Ar-

H), 128.06 (Ar-H), 129.70 (Ar-H), 130.01 (Ar-H), 132.81 (Ar-C), 145.15 (Ar-C). MS (m/z): [M]+ calcd for 

C11H12O3S, 224.27; found, 224.2. 
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8.7.9. Synthesis of 4-(but-3-yn-1-yloxy)benzaldehyde (54) 

 

General procedure S 

A suspension of 4-hydroxybenzaldehyde (53) (0.66 g, 5.40 mmol), 1 (7.5 g, 33 mmol), potassium 

carbonate (1.78, 16.20 mmol), and sodium iodide (81 mg, 0.54 mmol) in acetonitrile (150 mL) was 

refluxed for 16 h. The solution was concentrated in vacuo and treated with ethyl acetate/water (50 

mL) and the aqueous layer was extracted with ethyl acetate (5 x 25 mL). The combined organic 

layers were washed with water (25 mL) and brine (25 mL), dried over MgSO4 and concentrated to 

dryness. To yield a colourless solid (0.39 g, 52 %). 

1H NMR (400 MHz, CDCl3, δ): 2.06 (m, C≡CH, 1H), 2.73 (td, J=6.9 Hz, CH2-C, 2H), 4.18 (t, J=6.9 Hz, CH2-

O, 2H), 7.01-7.04 (m, Ar-H, 2H), 7.84-7.87 (m, Ar-H, 2H), 9.88 (s, HC=O, 1H). 13C NMR (100 MHz, 

CDCl3, δ): 19.52 (CH2-C), 66.31 (CH2-O), 70.39 (C≡CH), 76.55 (C≡CH), 114.98 (Ar-H), 132.30 (Ar-C), 

132.65 (Ar-H), 162.36 (Ar-O), 191.39 (C=O). MS (m/z): [M]+ calcd for C11H10O2, 174.20; found, 174.3. 
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8.7.10. Synthesis of (4-(but-3-yn-1-yloxy)phenyl)methanol (55) 

 

General procedure T 

At 0oC sodium borohydride (1.33 g, 0.36 mol) was slowly added to a cooled solution of 4-(but-3-yn-1-

yloxy)benzaldehyde (54) (1.2 g, 6 mmol) in dry THF (150 mL). After 30 min the reaction mixture was 

treated with water (20 mL) and extracted with ethyl acetate (5 x 50 mL). The combined organic 

layers were washed with water (50 mL) and brine (50 mL), dried over MgSO4 and concentrated in 

vacuo. The crude product was used without further purification. To yield an oil (2.46 g, 76 %). 

1H NMR (400 MHz, CDCl3, δ): 2.32 (m, C≡CH, 1H), 2.62 (td, J=6.7 Hz, CH2-C, 2H), 4.05 (t, J=6.7 Hz, CH2-

O, 2H), 4.48 (s, CH2-OH, 2H), 4.52 (s, OH, 1H), 6.74-6.76 (m, Ar-H, 2H), 7.15-7.17 (m, Ar-H, 2H). 13C 

NMR (100 MHz, CDCl3, δ): 18.90 (CH2-C), 63.79 (CH2-OH), 66.05 (CH2-O), 69.56 (C≡CH), 80.20 (C≡CH), 

114.76 (Ar-H), 128.52 (Ar-H), 129.50 (Ar-H), 132.16 (Ar-H), 133.81 (Ar-C), 156.59 (Ar-O). MS (m/z): 

[M]+ calcd for C11H12O2, 176.22; found, 176.2. 
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8.7.11. Attempted synthesis of 1-(bromomethyl)-4-(but-3-yn-1-yloxy)benzene (56) 

 

(4-(But-3-yn-1-yloxy)phenyl)methanol (55) (2.30 g, 13.10 mmol) was dissolved in dry 

dichloromethane (75 mL) to this phosphorus tribromide (1.24 mL, 13.10 mmol) was added in one 

portion. The mixture was stirred at RT for 24 h under argon. Water (45 mL) was added to kill off any 

remaining phosphorus tribromide and the aqueous layer extracted with dichloromethane (3 x 20 

mL). The combined organic layers were dried with MgSO4 and the solvent removed in vacuo. To yield 

the product as a red solid (1.81 g). Analytical data indicates that the desired product was not 

obtained.   
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8.8. MONO-MACROCYCLES 

8.8.1. Synthesis of 2a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium 

bromide (57) 

 

Method 1 – Attempted synthesis 

2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1 g, 5.15 mmol), dry 

THF (100 mL), α-α’-dibromo-p-xylene (3.40 g, 12.89 mmol), dry THF (2 x 10 mL). To yield a white 

solid (2.05 g). The desired product was not isolated using this synthetic procedure. Analytical data 

indicates that the desired product was not obtained. 

Method 2 – Attempted synthesis 

Macrocycle was added to dry acetonitrile to this pendant arm was added and the solution stirred 

under argon for 3 d at RT. Following this the resulting precipitate was filtered and washed with 

acetonitrile and diethyl ether.  

2a-[4-nitrobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (6) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 mmol), 

dry acetonitrile (25 mL), 4-nitrobenzyl bromide (1.81 g, 8.36 mmol), dry acetonitrile (2 x 10 mL).To 

yield a white solid (3.75 g). The desired product was not isolated using this synthetic procedure. 

Analytical data indicates that the desired product was not obtained. 

 

2a-[4-cyanobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (7) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 mmol), 

dry acetonitrile (100 mL), 4-[bromomethyl]benzonitrile (3.15 g, 16.09 mmol), dry acetonitrile (2 x 20 

mL). To yield a white solid (2.47 g). The desired product was not isolated using this synthetic 

procedure. Analytical data indicates that the desired product was not obtained. 

  

2a-[4-[methoxycarbonyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (8) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 mmol), 

dry acetonitrile (100 mL), methyl 4-[bromomethyl]benzoate (3.69 g, 16.09 mmol), acetonitrile (2 x 

20 mL). To yield a white solid (2.18 g). The desired product was not isolated using this synthetic 

procedure. Analytical data indicates that the desired product was not obtained. 
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Method 3 – Preferred routeMethod 1 – Attempted synthesis 

2a-[4-[bromomethyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (5) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1 g, 5.15 mmol), 

dry THF (100 mL), α-α’-dibromo-p-xylene (3.40 g, 12.89 mmol), dry THF (2 x 10 mL). To yield a white 

solid (2.05 g). The desired product was not isolated using this synthetic procedure. Analytical data 

indicates that the desired product was not obtained. 

Method 2 – Attempted synthesis 

Macrocycle was added to dry acetonitrile to this pendant arm was added and the solution stirred 

under argon for 3 d at RT. Following this the resulting precipitate was filtered and washed with 

acetonitrile and diethyl ether.  

2a-[4-nitrobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (6) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 

mmol), dry acetonitrile (25 mL), 4-nitrobenzyl bromide (1.81 g, 8.36 mmol), dry 

acetonitrile (2 x 10 mL).To yield a white solid (3.75 g).  The desired product was not isolated 

using this synthetic procedure. Analytical data indicates that the desired product was not obtained. 

 

2a-[4-cyanobenzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (7) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 

mmol), dry acetonitrile (100 mL), 4-[bromomethyl]benzonitrile (3.15 g, 16.09 mmol), dry 

acetonitrile (2 x 20 mL). To yield a white solid (2.47 g).  The desired product was not isolated 

using this synthetic procedure. Analytical data indicates that the desired product was not obtained. 

 

2a-[4-[methoxycarbonyl]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (8) 

Amounts: cis-13-1,4,7,10-tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (1.25 g, 6.43 

mmol), dry acetonitrile (100 mL), methyl 4-[bromomethyl]benzoate (3.69 g, 16.09 mmol), 

acetonitrile (2 x 20 mL). To yield a white solid (2.18 g). The desired product was not isolated 

using this synthetic procedure. Analytical data indicates that the desired product was not obtained. 

 

Method 3 – Preferred route 

General procedure C was followed 

Amounts: cis-13-1,4,7,10-Tetraazatetracyclo[5.5.1.04,14010,13]tetradecane (2) (100 mg, 0.51 

mmol), dry THF (0.5 mL), 1-(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene (51) (116 mg, 0.51 mmol), 

diethyl ether (3 x 10 mL), dichloromethane (1 x 10 mL). To yield a cream solid (163 mg, 75 %). 
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1H NMR (400 MHz, DMSO, δ): 2.30-2.35 (m, N-α-CH2, 1H), 2.38-2.43 (m, N-α-CH2, 1H), 2.61 (d, J=10.4 

Hz, N-α-CH2, 1H), 2.68 (d, J=9.0 Hz, N-α-CH2, 1H), 2.71-2.80 (m, N-α-CH2, 2H), 2.90 (s, C≡CH, 1H), 

3.02-3.14 (m, N-α-CH2, 4H), 3.18-3.22 (m, N-α-CH2, 1H), 3.26 (d, J=13.1 Hz, N-α-CH2, 1H), 3.42-3.44 

(m, N-α-CH2, 1H), 3.48-3.55 (m, N-α-CH2, 1H), 3.61 (m, N-α-CH2, 1H), 3.64-3.65 (m, N-α-CH2, 1H), 3.97 

(m, CH2-Ar, 1H), 4.13-4.18 (m, CH2-Ar, 1H), 4.73 (d, J=13.1 Hz, Haminal, 1H), 4.87-4.88 (m, CH2-O, 2H), 

4.89-4.90 (m, Hz, Haminal, 1H), 7.12 (d, J=8.4 Hz, Ar-H, 2H), 7.59 (d, J=8.4 Hz, Ar-H, 2H). 13C NMR (100 

MHz, DMSO, δ): 43.42 (N-α-CH2), 48.28 (N-α-CH2), 48.75 (N-α-CH2), 49.37 (N-α-CH2), 52.13 (N-α-CH2), 

56.13 (CH2-O), 57.42 (N-α-CH2), 59.87 (N-α-CH2), 60.91 (N-α-CH2), 71.90 (C≡CH), 79.19 (C≡CH), 79.47 

(Caminal), 83.12 (Caminal), 115.92 (Ar-H), 121.26 (Ar-C), 134.60 (Ar-H), 159.13 (Ar-C). HRMS (m/z): [M-

Br]+ calcd for C20H27N4O, 339.2179; found, 339.2177. Anal. calcd for C20H27N4O.MeOH.H2O: C 53.73, H 

7.09, N 11.94; found C 53.30, H 6.22, N 11.52. 
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8.8.2. Synthesis of 3a-[4-[prop-2-yn-1-yloxy]benzyl]-dodecahydro-3a,5a,8a,10a-tetraazapyrenium 

bromide (58), 3a-[4-nitrobenzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (59) and 3a-

[4-[methoxycarbonyl]benzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (60) 

 

General procedure U 

Macrocycle was added to dry acetonitrile to this pendant arm was added and the solution stirred 

under argon for 3 d at RT. Following this the resulting precipitate was filtered and washed with 

acetonitrile and diethyl ether.  

3a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (58) 

Amounts: cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (1.00 g, 4.50 mmol), dry acetonitrile (25 mL), 

1-(bromomethyl)-4-(prop-2-yn-1-yloxy)benzene (51) (2.02 g, 9.00 mmol), acetonitrile (2 x 20 mL), 

diethyl ether (2 x 20 mL). To yield a white solid (2.01g, 100 %). 

1H NMR (400 MHz, D2O, δ): 1.27 (d, J=13.5 Hz, N-β-CH2, 1H), 1.59 (d, J=14.9 Hz, N-β-CH2, 1H), 1.87 (s, 

N-β-CH2, 1H), 1.93-2.03 (m, N-β-CH2, 1H), 2.05-2.11 (m, N-α-CH2, 1H), 2.24-2.31 (m, N-α-CH2, 2H), 

2.42 (td, J=12.0 Hz, C≡C-H, 1H), 2.77-2.92 (m, N-α-CH2, 8H), 3.03 (t, J=13.6 Hz, N-α-CH2, 1H), 3.12-

3.15 (d, J=11.8 Hz, N-α-CH2, 1H), 3.27-3.36 (m, N-α-CH2, 2H), 3.45 (s, N-α-CH2, 1H), 3.94-4.01 (m, CH2-

Ar, 1H), 4.15 (s, CH2-Ar, 1H), 4.53-4.57 (d, J=13.5 Hz, Haminal, 1H), 4.67 (s, CH2-O, 2H), 4.81-4.84 (d, 

J=13.5 Hz, Haminal, 1H), 6.97-6.99 (m, Ar-H, 2H), 7.30-7.32 (m, Ar-H, 2H). 13C NMR (100 MHz, DMSO, 

δ): 14.96 (N-β-CH2), 17.89 (N-β-CH2), 30.91 (N-α-CH2), 50.40 (N-α-CH2), 52.14 (N-α-CH2), 59.50 (CH2-

O), 62.90 (N-α-CH2), 67.64 (CH2-Ar), 71.68 (C≡CH), 72.19 (C≡C-CH2), 118.22 (Haminal), 127.75 (Haminal), 

134.83 (Ar-H), 145.12 (Ar-C), 146.34 (Ar-H), 151.06 (Ar-H). HRMS (m/z): [M-Br]+ calcd for C22H31N4O, 

367.2492; found, 367.2493. Anal. calcd for C22H31N4O: C 59.06, H 6.98, N 12.52; found C 59.27, H 

7.05, N 12.36. 
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3a-[4-nitrobenzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (59) 

Amounts: cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (2.00 g, 9.00 mmol), dry acetonitrile (25 mL), 

4-nitrobenzyl bromide (4.85 g, 22.49 mmol), acetonitrile (2 x 20 mL), diethyl ether (2 x 20 mL). To 

yield a yellow precipitate (3.84 g, 97 %). 

1H NMR (400 MHz, DMSO, δ): 1.24-1.28 (m, N-β-CH2, 3H), 1.68 (d, J=14.1 Hz, N-β-CH2, 1H), 2.24-2.3 

(m, N-α-CH2, 2H), 2.40 (d, J=10.8 Hz, N-α-CH2, 1H), 2.66 (d, J=10.9 Hz, N-α-CH2, 1H), 2.86-3.01 (m, N-

α-CH2, 6H), 3.16-3.23 (m, N-α-CH2, 3H), 3.55-3.58 (m, N-α-CH2, 1H), 3.69 (t, J=11.4 Hz, N-α-CH2, 1H),  

3.83 (s, N-α-CH2, 1H), 4.18-4.27 (m, CH2-Ar, 1H), 4.83 (s, CH2-Ar, 1H), 4.98 (d, J=13.1 Hz, NH, 1H),  

5.44 (d, J=13.1 Hz, NH, 1H),  7.89 (d, J=7.3 Hz, Ar-H, 2H), 8.35 (d, J=7.5 Hz, Ar-H, 2H). 13C NMR (100 

MHz, DMSO, δ): 32.50 (N-β-CH2), 42.72 (N-α-CH2), 46.65 (N-α-CH2), 48.85 (N-α-CH2), 52.41 (N-α-CH2), 

54.20 (N-α-CH2), 54.34 (N-α-CH2), 69.62 (Caminal), 83.08 (Caminal), 118.37 (Ar-H), 124.24 (Ar-H), 131.10 

(Ar-H), 134.97 (Ar-C), 135.47 (Ar-H), 149.11 (Ar-NO2). HRMS (m/z): [M-Br]+ calcd for C19H28N5O2, 

358.2238; found, 358.2238. 

 

3a-[4-[methoxycarbonyl]benzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (60) 

Amounts: cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (2.50 g, 11.24 mmol), dry acetonitrile (50 

mL), methyl-4-(bromomethyl)benzoate (5.51 g, 22.49 mmol), acetonitrile (2 x 20 mL), diethyl ether 

(2 x 20 mL). To yield a yellow precipitate (4.53 g, 89 %). 

1H NMR (400 MHz, D2O, δ): 1.28 (d, J=14.1 Hz, N-β-CH2, 1H), 1.59 (d, J=14.9 Hz, N-β-CH2, 1H), 1.97-

2.06 (m, N-β-CH2, 2H),  2.28-2.14 (m, N-α-CH2, 1H), 2.27-2.33 (m, N-α-CH2, 2H), 2.44 (td, J=12.3 Hz, N-

α-CH2, 1H), 2.81-2.98 (m, N-α-CH2, 7H), 3.05-3.18 (m, N-α-CH2, 2H), 3.28-3.43 (m, N-α-CH2, 2H), 3.52 

(s, N-α-CH2, 1H), 3.77 (s, CH3-O, 3H), 4.04 (td, J=13.1 Hz, CH2-Ar, 1H), 4.17 (s, CH2-Ar, 1H), 4.61 (s, 

Haminal, 1H), 5.00 (d, J=13.3 Hz, Haminal, 1H), 7.48 (d, J=8.4 Hz, Ar-H, 2H), 7.95 (d, J=8.2 Hz, Ar-H, 2H). 13C 

NMR (100 MHz, D2O, δ): 17.93 (N-β-CH2), 18.32 (N-β-CH2), 41.89 (N-α-CH2), 46.56 (N-α-CH2), 

48.57 (N-α-CH2), 51.28 (N-α-CH2), 51.89 (N-α-CH2), 52.87 (N-α-CH2), 53.25 (N-α-CH2), 53.89 

(N-α-CH2), 60.07 (N-α-CH2), 61.70 (N-α-CH2), 69.49 (Caminal), 82.30 (Caminal), 130.01 (Ar-H), 

130.81 (Ar-C), 131.80 (Ar-C), 133.49 (Ar-H), 168.41 (C=O). HRMS (m/z): [M-Br]+ calcd for 

C21H31N4O2, 371.2447; found, 371.2438. Anal. calcd for C21H31N4O2Br: C, 55.88; H, 6.92; N, 12.41. 

Found: C, 56.01; H, 6.99; N, 12.40. 
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8.8.3. Attempted synthesis of 3a-[but-3-yn-1-yl]-dodecahydro-3a,5a,8a,10a-tetraazapyrenium 

bromide (61) 

 

Cis-3a,5a,8a,10a-tetraazaperhydropyrene (3) (1.67 g, 7.51 mmol) was dissolved in dry 

tetrahydrofuran (10 mL), to this 4-bromo-1-butyne (2.00 g, 15.02 mmol) was added and the solution 

stirred at RT for 3 d under an atmosphere of argon. Precipitation was not observed and the reaction 

was allowed to stir for a total of 10 d. The solvent was removed in vacuo and washed with diethyl 

ether (2 x 20 mL) to yield a pale yellow residue (200 mg). Analytical data indicates that the desired 

product was not obtained.   
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8.8.4. Synthesis of 2a-[methyl]-6a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-

pyrenium bromide (62)  

 

2a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (57) (50 mg, 

0.12 mmol) was suspended in dry MeCN (15 mL) under nitrogen, to this iodomethane (0.61 mL, 9.78 

mmol) was added dropwise. The white suspension was left to stir for 10 d, after 5 d a second portion 

of iodomethane (0.31 mL, 4.89 mmol) was added. Excess iodomethane was removed by flowing 

nitrogen through the suspension for 30 min. The solution was filtered, washed with diethyl ether (2 x 

10 mL) and dried in vacuo. To yield the product as a white solid (25 mg, 35 %).   

1H NMR (400 MHz, D2O, δ): 1.91 (br s, CH3-N, 3H), 2.77 (br s, C≡CH, 1H), 2.83 (br s, N-α-CH2, 1H), 

2.94-3.03 (m, N-α-CH2, 3H), 3.16 (br s, N-α-CH2, 1H), 3.25-3.29 (m, N-α-CH2, 6H), 3.71-3.78 (m, N-α-

CH2, 2H), 3.91 (br s, N-α-CH2, 2H), 4.09 (br s, CH2-Ar, 1H), 4.34 (br s, CH2-Ar, 1H),  4.47 (m, Haminal, 2H), 

4.71 (br s, CH2-O, 2H), 7.04 (br s, Ar-H, 2H), 7.43 (br s, Ar-H, 2H). 13C NMR (100 MHz, D2O, δ):  42.86 

(N-α-CH2), 46.36 (N-α-CH2), 46.95 (N-α-CH2), 48.00 (N-α-CH2), 49.41 (N-α-CH2), 51.16 (N-α-CH2), 

56.19 (CH2-O), 60.02 (N-α-CH2), 60.54 (N-α-CH2), 64.40 (N-α-CH2), 75.94 (C≡CH), 76.90 (C≡CH), 79.26 

(Caminal), 79.45 (Caminal), 116.10 (Ar-H), 120.30 (Ar-C), 134.77 (Ar-H), 159.42 (Ar-C). HRMS (m/z): [M-I]+ 

calcd for C21H30IN4O, 481.1459; found, 481.1452. Anal. calcd for C21H30N4OI2.2H2O: C 39.15, H 5.32, N 

8.70; found C 38.57, H 4.87, N 8.58. 
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8.8.5. Attempted synthesis of 3a-[methyl]-8a-[4-[prop-2-yn-1-yloxy]benzyl]-dodecahydro-

3a,5a,8a,10a-tetraazapyrenium bromide (63) 

 

3a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (58) (1.50 g, 

3.35 mmol) was suspended in dry MeCN (50 mL) under nitrogen, to this iodomethane (17.11 mL, 

274.70 mmol) was added dropwise. The white suspension was left to stir for 10 d, after 5 d a second 

portion of iodomethane (8.56 mL, 137.35 mmol) was added. Excess iodomethane was removed by 

flowing nitrogen through the suspension for 30 min. The solution was filtered, washed with diethyl 

ether (2 x 50 mL) and dried in vacuo. To yield a white solid (1.52 g). The desired product was not 

isolated using this synthetic procedure. Analytical data indicates that the desired product was not 

obtained. 
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8.8.6. Synthesis of 1-[4-[prop-2-yn-1-yloxy]benzyl]-1,4,7,10-tetraazabicyclo[8.2.2]dodecane (64), 1-

[4-[prop-2-yn-1-yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (65), 1-[4-nitro benzyl]-

1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) and 1-[4-[methoxycarbonyl]benzyl]-1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane (67) 

 

 

General procedure G was followed 

1-[4-[prop-2-yn-1-yloxy]benzyl]-1,4,7,10-tetraazabicyclo[8.2.2]dodecane (64) 

Amounts: 2a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium bromide (57) 

(360 mg, 0.86 mmol), ethanol (75 mL), sodium borohydride (975 mg, 25.76 mmol), aqueous 

hydrochloric acid (2M, 10 mL), water (100 mL), dichloromethane (5 x 25 mL). To yield a yellow oil 

(242 mg, 82 %).  

1H NMR (400 MHz, CDCl3, δ): 2.32-2.34 (m, N-α-CH2, 2H), 2.48-2.50 (m, N-α-CH2, 2H), 2.57-2.59 (m, 

HC≡C, 1H), 2.63-2.69 (m, N-α-CH2, 1H), 2.71-3.22 (m, N-α-CH2, 14H), 3.48-3.55 (m, N-α-CH2, 1H), 3.65 

(s, CH2-Ar, 2H), 4.69-4.73 (m, NH, 1H), 4.91 (br s, CH2-O, 2H), 6.92-7.02 (m, Ar-H, 2H), 7.24-7.37 (m, 

Ar-H, 2H). 13C NMR (100 MHz, CDCl3, δ): 45.93 (N-α-CH2), 49.64 (N-α-CH2), 50.02 (N-α-CH2), 50.28 (N-

α-CH2), 51.17 (N-α-CH2), 55.60 (N-α-CH2), 56.26 (N-α-CH2), 58.35 (N-α-CH2), 59.23 (N-α-CH2), 63.49 

(CH2-Ar), 68.49 (CH2-O), 75.54 (C≡CH), 78.16 (C≡CH), 114.66 (Ar-H), 129.94 (Ar-C), 130.19 (Ar-H), 

131.93 (Ar-H), 157.18 (Ar-O). HRMS (m/z): [M+H]+ calcd for C20H31N4O, 343.2492; found, 343.2493. 

 

1-[4-[prop-2-yn-1-yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (65) 

Amounts: 3a-[4-[prop-2-yn-1-yloxy]benzyl]-dodecahydro-3a,5a,8a,10a-tetraazapyrenium bromide 

(58) (717 mg, 1.60 mmol), ethanol (100 mL), sodium borohydride (1.82 g, 48.07 mmol), water (200 

mL), dichloromethane (5 x 50 mL). To yield a yellow oil (497 mg, 84 %). 
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1H NMR (400 MHz, CDCl3, δ): 1.16-1.20 (t, J=7 Hz, N-β-CH2, 1H), 1.73 (m, N-β-CH2, 3H), 2.11-2.42 (m, 

N-α-CH2, 2H), 2.50-2.54 (m, N-α-CH2, 4H), 2.60 (m, N-α-CH2, 1H), 2.62 (br s, C≡CH, 1H), 2.64-2.67 (m, 

N-α-CH2, 3H), 2.79-2.86 (m, N-α-CH2, 1H), 2.89-3.04 (m, N-α-CH2, 4H), 2.08 (s, N-α-CH2, 1H), 3.21-

3.31 (m, N-α-CH2, 2H), 3.42-3.53 (m, N-α-CH2, 1H), 3.61-3.63 (m, N-α-CH2, 2H), 3.67-3.79 (m, N-α-

CH2, 1H), 4.71 (m, NH, 1H), 5.01 (s, CH2-O, 2H), 6.90-6.99 (m, Ar-H, 2H), 7.15-7.26 (m, Ar-H, 2H). 13C 

NMR (100 MHz, CDCl3, δ): 23.47 (N-β-CH2), 26.15 (N-β-CH2), 48.17 (N-α-CH2), 50.66 (N-α-CH2), 51.20 

(N-α-CH2), 54.82 (N-α-CH2), 55.55 (N-α-CH2), 55.90 (N-α-CH2), 56.01 (N-α-CH2), 57.03 (N-α-CH2), 

57.61 (CH2-Ar), 59.39 (CH2-O), 75.59 (C≡CH), 78.67 (C≡CH), 114.49 (Ar-H), 130.03 (Ar-C), 130.78 (Ar-

H), 156.63 (Ar-C). HRMS (m/z): [M+H]+ calcd for C22H35N4O, 371.2805; found, 371.2804.  

 

1-[4-nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) 

Amounts: 3a-[4-nitrobenzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (59) (1.00 g, 2.28 

mmol), ethanol (100 mL), sodium borohydride (2.59 g, 68.44 mmol), water (50 mL), 

dichloromethane (5 x 30 mL). To yield a yellow oil (800 mg, 97 %). 

1H NMR (400 MHz, CDCl3, δ): 1.50-1.62 (m, N-β-CH2, 4H), 2.04-2.27 (m, N-α-CH2, 3H), 2.33-2.68 (m, 

N-α-CH2, 13H), 2.86-2.87 (m, N-α-CH2, 2H), 2.97-3.04 (m, N-α-CH2, 2H), 3.46-3.47 (m, NH, 1H), 3.53-

3.59 (m, CH2-Ar, 2H), 7.07-7.15 (d, J=8.6 Hz, Ar-H, 2H), 7.96-7.99 (m, Ar-H, 2H). 13C NMR (100 MHz, 

CDCl3, δ): 23.52 (N-β-CH2), 25.71 (N-β-CH2), 44.77 (N-α-CH2), 48.31 (N-α-CH2), 50.04 (N-α-CH2), 51.21 

(N-α-CH2), 54.45 (N-α-CH2), 54.79 (N-α-CH2), 55.15 (N-α-CH2), 56.68 (N-α-CH2), 57.31 (N-α-CH2), 

59.40 (N-α-CH2), 62.82 (N-α-CH2), 123.21 (Ar-H), 126.71 (Ar-H), 129.29 (Ar-H),129.76 (Ar-H), 130.36 

(Ar-C), 146.79 (Ar-C). HRMS (m/z): [M-2H]+ calcd for C19H28N5O2, 358.2238; found, 358.2240. Anal. 

calcd for C19H31N5O2.0.55DCM.0.9MeOH: C, 63.13; H, 8.64; N, 19.37. Found C, 56.19; H, 8.26; N, 

16.14 – contains impurity. 

 

1-[4-[methoxycarbonyl]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (67) 

Amounts: 3a-[4-nitrobenzyl]-decahydro-3a,5a,8a,10a-tetraazapyrenium bromide (60) (324 mg, 0.72 

mmol), ethanol (50 mL), sodium borohydride (816 mg, 21.56 mmol), water (50 mL), chloroform (5 x 

20 mL). To yield a colourless oil (269 mg, 99 %). 

1H NMR (400 MHz, MeOD, δ): 1.85-1.87 (m, N-β-CH2, 4H), 2.28-2.34 (m, N-α-CH2, 2H), 2.54-2.75 (br 

m, N-α-CH2, 9H), 2.83-2.91 (m, N-α-CH2, 5H), 2.99-3.09 (m, N-α-CH2, 4H), 3.37 (m, CH2-Ar, 2H), 3.75-

3.79 (m, CH3-O, 3H), 4.61 (s, NH, 1H), 7.29-7.31 (m, Ar-H, 2H), 7.93 (d, J=8.2 Hz, 2H, Ar-H). 13C NMR 

(100 MHz, MeOD, δ): 22.46 (N-β-CH2), 22.71 (N-β-CH2), 45.95 (N-α-CH2), 47.11 (N-α-CH2), 49.66 (N-α-

CH2), 50.23 (CH3-O), 52.30 (N-α-CH2), 52.49 (N-α-CH2), 54.72 (N-α-CH2), 55.15 (N-α-CH2), 55.59 (N-α-
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CH2), 60.91 (N-α-CH2), 63.53 (N-α-CH2), 126.82 (Ar-H), 129.15 (Ar-H), 129.96 (Ar-H), 135.14 (Ar-H), 

137.14 (Ar-C), 138.83 (Ar-C), 173.68 (C=O). HRMS (m/z): Pending data, see 8.1.3. 
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8.8.7. Synthesis of 1-[4-aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (68) 

 

General procedure V 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (400 mg, 1.11 mmol) and 

palladium on carbon (10 %, 353 mg, 3.32 mmol) were added to ethanol (75 mL). The solution was 

placed under an atmosphere of hydrogen overnight. The solution was filtered through Hyflo super 

cell, washed with ethanol (10 x 20 mL) and concentrated in vacuo. To yield a yellow solid (186 mg, 51 

%). 

1H NMR (400 MHz, MeOD, δ): 1.86-1.90 (m, N-β-CH2, 4H), 2.14-2.18 (m, N-α-CH2, 1H), 2.27-2.36 (m, 

N-α-CH2, 2H), 2.61-2.67 (m, N-α-CH2, 6H), 2.61-2.67 (m, N-α-CH2, 6H), 2.76 (m, N-α-CH2, 2H), 2.87 (m, 

N-α-CH2, 1H), 2.95-2.97 (m, N-α-CH2, 3H), 3.01-3.14 (m, N-α-CH2, 5H), 3.30-3.38 (m, CH2-Ar, 2H), 

3.46-3.47 (m, NH, 1H), 3.66-3.71 (m, NH2, 2H), 6.64 (d, J=8.2 Hz, Ar-H, 2H), 7.00 (d, J=8.16 Hz, Ar-H, 

2H). 13C NMR (100 MHz, MeOD, δ): 22.18 (N-β-CH2), 23.01 (N-β-CH2), 45.41 (N-α-CH2), 46.59 (N-α-

CH2), 49.26 (N-α-CH2), 50.07 (N-α-CH2), 51.71 (N-α-CH2), 53.89 (N-α-CH2), 54.71 (N-α-CH2), 55.36 (N-

α-CH2), 55.60 (N-α-CH2), 55.94 (N-α-CH2), 114.94 (Ar-H), 115.55 (Ar-H), 123.68 (Ar-H), 129.32 (Ar-C), 

131.12 (Ar-H), 147.67 (Ar-C). MS (m/z): [M+H]+ calcd for C19H33N5, 332.51; found, 332.4.  
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8.8.8. Synthesis of 1-[4-azidobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (69) 

 

General procedure M was followed 

A solution of sodium nitrite (10 mg, 0.15 mmol) in water (2 mL) was slowly added to a solution of 1-

[4-aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (68) (50 mg, 0.15 mmol) and 

concentrated hydrochloric acid (1 mL) at a temperature of 0-5oC. The solution was stirred at 0-5oC 

for 1 h before sodium azide (10 mg, 0.15 mmol) in water (2 mL) was slowly added. After full 

generation of nitrogen under stirring at 0-5oC the solvent was removed in vacuo. The resulting 

residue was dissolved in water (5 mL) and extracted with dichloromethane (3 x 5 mL). The combined 

organic phases were dried (Na2SO4) and reduced in vacuo. To yield a yellow solid (11 mg, 20 %). 

MS (m/z): [M+H]+ calcd for C19H31N7, 358.51; found, 358.4. 
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8.8.9. Synthesis of 1-[methyl]-7-[4-[[1,4,7,10-tetraazabicyclo[8.2.2]dodecane]methyl]benzyl]-

1,4,7,10-tetraazabicyclo[5.5.2]dodecane (70) 

 

General procedure F was followed 

Amounts: 2a-[methyl]-6a-[4-[prop-2-yn-1-yloxy]benzyl]-decahydro-2a,4a,6a,8a-tetraaza-pyrenium 

bromide (62) (23 mg, 0.04 mmol), EtOH (5 mL), NaBH4 (42 mg, 1.11 mmol), water (5 mL), 

dichloromethane (6 x 5 mL). To yield a yellow oil (4 mg, 30 %). 

1H NMR (400 MHz, CDCl3, δ): 2.54 (m, C≡CH, 1H), 2.64 (s, CH3-N, 3H), 2.67-2.69 (m, N-α-CH2, 1H), 

2.76 (dt, J=14.1 Hz, N-α-CH2, 2H), 2.81-2.88 (m, N-α-CH2, 2H), 2.90-2.94 (m, N-α-CH2, 1H), 2.95-3.07 

(m, N-α-CH2, 7H), 3.15 (t, J=3.3 Hz, N-α-CH2, 1H), 3.18 (t, J=3.4 Hz, N-α-CH2, 1H), 3.21-3.23 (m, N-α-

CH2, 1H), 3.25 (t, J=3.5 Hz, N-α-CH2, 1H), 3.44 (s, N-α-CH2, 2H), 3.37 (br s, N-α-CH2, 1H), 3.76-3.77 (m, 

CH2-Ar, 1H), 3.86-3.87 (m, CH2-Ar, 1H), 4.69 (d, J=2.2 Hz, CH2-O, 2H), 6.91-6.98 (m, Ar-H, 2H), 7.21-

7.24 (m, Ar-H, 1H), 7.29-7.32 (m, Ar-H, 1H). 13C NMR (400 MHz, CDCl3, δ): 23.78 (CH2-N), 44.21 (N-α-

CH2), 47.64 (N-α-CH2), 48.49 (N-α-CH2), 50.25 (N-α-CH2), 52.12 (N-α-CH2), 52.68 (N-α-CH2), 53.14 (N-

α-CH2), 53.34 (N-α-CH2), 55.73 (N-α-CH2), 55.97 (N-α-CH2), 56.32 (N-α-CH2), 60.38 (CH2-O), 75.87 

(C≡CH), 78.38 (C≡CH), 115.03 (Ar-H), 115.18 (Ar-H), 130.29 (Ar-H), 131.60 (Ar-H), 133.48 (Ar-C), 

162.99 (Ar-C). HRMS (m/z): [M+H]+ calcd for C21H33N4O, 357.2649; found, 357.2649. 
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8.8.10. Attempted synthesis of 3a-[4-carboxybenzyl]-dodecahydro-3a,5a,8a,10a-tetraazapyrenium 

bromide (71) 

 

Method 1 

1-[4-[Methoxycarbonyl]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (67) (187 mg, 0.52 

mmol) was added to NaOH (10 % solution, 30 mL) and heated at reflux for 1 h. Subsequently, the 

reaction was cooled in ice water and acidified with concentrated HCl until pH 1. A white ppt formed 

and was filtered off and washed with a small amount of ice-cold water (~3 mL) to yield the white 

solid crude product (681 mg). Re-crystallization was attempted but did not isolate the desired 

product. Analytical data indicates that the desired product was not obtained. 
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8.8.11. Attempted synthesis of 1-[4-fluorobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (72) 

 

Method 1 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (5 mg, 0.014 mmol) and 

potassium fluoride (2 mg, 0.042 mmol) were added to acetonitrile (8 mL) and heated to 85oC for 30 

min in the microwave. The solvent was removed in vacuo. To yield a golden yellow solid (3 mg). The 

desired product was not isolated with this synthetic procedure. Analytical data indicates that the 

desired product was not obtained. 

Method 2 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (5 mg, 0.014 mmol) and 

potassium fluoride (2 mg, 0.042 mmol) were added to acetonitrile (8 mL) and heated to 100oC for 30 

min in the microwave. The solvent was removed in vacuo. To yield a golden yellow solid (7 mg). The 

desired product was not isolated with this synthetic procedure. Analytical data indicates that the 

desired product was not obtained. 

 Method 3 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (5 mg, 0.014 mmol) and 

potassium fluoride (2 mg, 0.042 mmol) were added to acetonitrile (8 mL) and heated to 130oC for 15 

min in the microwave. The solvent was removed in vacuo. To yield a golden yellow solid (1 mg). The 

desired product was not isolated with this synthetic procedure. Analytical data indicates that the 

desired product was not obtained. 

Method 4 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (5 mg, 0.014 mmol) and 

potassium fluoride (2 mg, 0.042 mmol) were added to DMSO (8 mL) and heated to 130oC for 10 min 

in the microwave. The mixture was cooled and diluted with water (10 mL) and extracted with 

dichloromethane (5 x 10 mL). The organic layers were dried (MgSO4) and reduced in vacuo. To yield 

a brown solid (7 mg). The desired product was not isolated with this synthetic procedure. Analytical 

data indicates that the desired product was not obtained.  
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Method 5 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (5 mg, 0.014 mmol) and 

potassium fluoride (2 mg, 0.042 mmol) were added to DMSO (8 mL) and heated to 130oC for 15 min 

in the microwave. The mixture was cooled and diluted with water (10 mL) and extracted with 

dichloromethane (5 x 10 mL). The organic layers were dried (MgSO4) and reduced in vacuo. To yield 

a brown solid (7 mg). The desired product was not isolated with this synthetic procedure. Analytical 

data indicates that the desired product was not obtained. 

Method 6 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (10 mg, 0.03 mmol) and tetra-n-

butyl ammonium fluoride in dry tetrahydrofuran (1.0 M, 83 µL, 0.083 mmol) were added to 

acetonitrile (2 mL) and heated to 100oC for 5 min in the microwave. The solvent was removed in 

vacuo. To yield a brown solid (10 mg). The desired product was not isolated with this synthetic 

procedure. Analytical data indicates that the desired product was not obtained. 

Method 7 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (10 mg, 0.03 mmol) and tetra-n-

butyl ammonium fluoride in dry tetrahydrofuran (1.0 M, 83 µL, 0.083 mmol) were added to dry 

DMSO (2 mL) and heated to 130oC for 10 min in the microwave. The solvent was removed in vacuo. 

To yield a brown solid (10 mg). The desired product was not isolated with this synthetic procedure. 

Analytical data indicates that the desired product was not obtained. 

Method 8 

1-[4-Nitrobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (66) (10 mg, 0.03 mmol) and tetra-n-

butyl ammonium fluoride in dry tetrahydrofuran (1.0 M, 83 µL, 0.083 mmol) were added to dry 

DMSO (2 mL) and heated to 160oC for 10 min in the microwave. The solvent was removed in vacuo. 

To yield a brown solid (10 mg). The desired product was not isolated with this synthetic procedure. 

Analytical data indicates that the desired product was not obtained. 
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8.8.12. Attempted conjugation of zinc-5-[4-[azido]phenyl]-10,15,20-tris-[phenyl]porphyrin with 1-

[4-[prop-2-yn-1-yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (73) 

 

General procedure W 

Zinc-5-[4-[azido]phenyl]-10,15,20-tris-[phenyl]porphyrin (83) (10 mg, 0.01 mmol) was dissolved in 

water (4 mL) to this 1-(4-(prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (59) 

(4 mg, 0.01 mmol) in MeOH (4 mL).  Copper(II) sulfate pentahydrate (5 mg, 0.02 mmol) and sodium-

L-ascorbate (5 mg, 0.03 mmol) were added to the solution and then heated at 80oC for 40 min in a 

microwave. To yield a dark brown solid (15mg). The desired product was not isolated using this 

synthetic procedure.  
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8.8.13. Attempted conjugation of zinc-5-[4-[[2-[2-[2-azidoethoxy]ethoxy]ethane]aminocarbonyl) 

benzyl]-10,15,20-tris-[4-N-methylpyridinium]porphyrin trichloride with  1-[4-[prop-2-yn-1-

yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (74) 

 

 

General procedure X 

Zinc-5-[4-[[2-[2-[2-azidoethoxy]ethoxy]ethane]aminocarbonyl)benzyl]-10,15,20-tris-(4-N-

methylpyridinium)porphyrin trichloride (84) (10 mg, 0.01 mmol) was dissolved in water (8 mL), to 

this 1-(4-(prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (59) (4 mg, 0.01 

mmol) was added. Copper(II) sulfate pentahydrate (5 mg, 0.02 mmol) and sodium-L-ascorbate (5 mg, 

0.03 mmol) were then added and the solution heated at 45oC for 20 min in a microwave. To yield a 

dark brown solid (14 mg). The desired product was not isolated using this synthetic procedure.  
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8.8.14. Conjugation of 1-[4-aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane with 

DOTAGA anhydride (75) 

 

Method 1  

1-[4-Aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (68) (13 mg, 0.04 mmol) was added 

to pyridine (2 mL), to this DOTAGA anhydride (23 mg, 0.05 mmol) was added. The solution was 

heated at 45oC for 2 h before the solvent was removed in vacuo. To yield the crude as a cream solid 

(~40 mg). 

1H NMR (400 MHz, MeOD, δ): 1.95-1.99 (m, N-β-CH2, 4H), 2.04-2.15 (m, CH2-CH2, 2H), 2.28-2.37 (m, 

CH2-CH2-COOH, 1H), 2.46-2.53 (m, CH2-CH2-COOH, 1H), 2.59-2.70 (m, N-α-CH2, 4H), 2.80-2.86 (m, N-

α-CH2, 7H), 3.00-3.27 (br m, N-α-CH2, 17H), 3.52-3.55 (m, N-α-CH2, 3H), 3.66 (s, CH2-C=O, 6H), 3.71 

(m, N-α-CH2, 1H), 3.76-3.81 (m, N-α-CH2, 4H), 3.98 (m, CH2-Ar, 2H), 4.06 (t, J=6.5 Hz, CH-C=ONH, 1H), 

4.39 (s, NH, 1H), 6.81 (m, Ar-H, 1H), 7.02-7.19 (m, Ar-H, 2H), 7.23-7.30 (m, Ar-H, 1H), 7.45 (d, J=8.2 

Hz, Ar-H, 1H), 7.59-7.63 (m, Ar-H, 1H), 8.61-8.63 (m, NH-C=O, 1H), – Missing 4 protons from OH 

peaks. 13C NMR (100 MHz, MeOH, δ): 18.35 (N-β-CH2), 20.03 (N-β-CH2), 21.79 (CH2-CH2COOH), 32.98 

(CH2-COOH), 43.10 (N-α-CH2), 44.54 (N-α-CH2), 49.06 (N-α-CH2), 50.56 (N-α-CH2), 51.73 (N-α-CH2), 

52.29 (N-α-CH2),  53.05 (N-α-CH2), 55.09 (N-α-CH2), 55.72 (N-α-CH2), 56.05 (N-α-CH2), 56.65 (N-α-

CH2),  61.33 (N-α-CH2), 62.24 (N-α-CH), 120.04 (Ar-H), 129.06 (Ar-C), 131.23 (Ar-H), 138.58 (Ar-C), 

168.94 (C=ONH). – Missing 2 peaks from C=OOH and N-α-C=OOH. HRMS (m/z): [M-H]- calcd for 

C38H62N9O9, 788.4676; found, 788.4661. MS (m/z): [M+Na-2H]- calcd for C38H61N9O9Na, 810.4495; 

found, 810.4473. 

 

Method 2 – preferred route  

General procedure Y 

1-[4-Aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (68) (13 mg, 0.04 mmol) was added 

to dry THF (1 mL), to this triethylamine (11 µL 0.08 mmol) and DOTAGA anhydride (25 mg, 0.06 

mmol) were added. The solution was stirred for 24 h before the solvent was removed in vacuo. To 

yield the crude as a cream solid (~40 mg). 
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1H NMR (400 MHz, MeOD, δ): 1.96 (m, N-β-CH2, 4H), 2.05 (m, CH2-CH2, 2H), 2.15-2.37 (m, CH2-CH2-

COOH, 2H), 2.44-2.46 (m, N-α-CH2, 2H), 2.49-2.81 (br m, N-α-CH2, 13H), 3.00-3.13 (m, N-α-CH2, 12H), 

3.48 (m, N-α-CH2, 3H), 3.52 (m, N-α-CH2, 2H), 3.57 (m, N-α-CH2, 4H), 3.65 (m, CH2-Ar, 2H), 3.72 (m, 

CH2-C=O, 6H), 4.06 (t, J=6.5 Hz, CH-C=ONH, 1H), 4.70-4.76 (m, NH, 1H), 6.92-7.17 (m, Ar-H, 2H), 7.45 

(d, J=8.6 Hz, Ar-H, 1H), 7.66 (m, Ar-H, 2H), 7.80 (d, J=8.6 Hz, Ar-H, 1H), – Missing 5 protons from, NH-

C=O and OH peaks. 13C NMR (100 MHz, MeOH, δ): 18.10 (N-β-CH2), 20.29 (N-β-CH2), 21.56 (CH2-

CH2COOH), 31.17 (CH2-COOH), 43.10 (N-α-CH2), 42.73 (N-α-CH2), 45.38 (N-α-CH2), 46.32 (N-α-CH2), 

49.27 (N-α-CH2), 50.29 (N-α-CH2), 50.85 (N-α-CH2), 52.30 (N-α-CH2), 52.76 (N-α-CH2), 54.44 (N-α-

CH2), 55.58 (N-α-CH2),  56.46 (N-α-CH2), 59.27 (N-α-CH), 126.19 (Ar-H), 129.08 (Ar-H), 131.71 (Ar-C), 

144.52 (Ar-C), 177.70 (C=ONH), 177.70 (C=OOH), 179.84 (N-α-C=OOH). HRMS (m/z): [M-H]- calcd for 

C38H62N9O9, 788.4676; found, 788.4661. 
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8.8.15. Synthesis of 1,4,8,11-tetraazatricyclo[9.3.1.14,8]hexadecane (76) 

 

Method 1 – Attempted synthesis 

General procedure Z was followed 

Amounts: Cyclen (100 mg, 9.98 mmol), acetonitrile (200 mL) aqueous formaldehyde (37% w/v, 200 

µL, 1.76 mmol). To yield a clear oil (98 mg). The desired product was not isolated using this synthetic 

procedure. 

Method 2 

Cyclen (1 g, 5.00 mmol) was dissolved in DCM (100 mL) which was then added to an aqueous 

solution of sodium hydroxide (30.00 g in 100 mL water) and stirred for 36 h. The two phases were 

separated and the aqueous layer extracted (5 x 20 mL) DCM. The combined organic phases were 

dried (MgSO4) and concentrated in vacuo. To yield a clear colourless solid (30 mg). The desired 

product was not isolated using this synthetic procedure. 

Method 3 

General procedure AA 

Cyclen (1.00 g, 5.00 mmol) was dissolved in DCM (100 mL) which was then added to an aqueous 

solution of NaOH (30.00 g in 100 mL water) and the stirred mixture was heated at reflux for 5 d. The 

two phases were separated and the aqueous layer extracted (5 x 20 mL) DCM. The combined organic 

phases were dried (MgSO4) and concentrated in vacuo. To yield an orange-brown oil which was 

unsuccessfully re-crystallised with THF/water (103 mg, 9 %). 

1H NMR (400 MHz, CDCl3, δ): 2.36-2.58 (m, N-α-CH2, 3H), 2.75-2.83 (m, N-α-CH2, 3H), 2.90-3.28 (m, N-

α-CH2, 7H), 3.38-3.60 (m, Haminal, 3H), 3.93-3.96 (m, Haminal, 1H). 13C NMR (100 MHz, CDCl3, δ): 42.74 

(N-α-CH2), 44.76 (N-α-CH2), 45.51 (N-α-CH2), 46.23 (N-α-CH2), 48.57 (N-α-CH2), 50.31 (N-α-CH2), 

51.57 (N-α-CH2), 52.33 (N-α-CH2), 70.14 (Caminal), 73.37 (Caminal). MS (m/z): [M+H]+ calcd for C10H21N4, 

197.31; found, 197.2. 
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8.8.16. Attempted synthesis of 1,4,8,11-tetraazatricyclo[9.3.1.14,8]hexadecane (77) 

 

1-[4-[Methoxycarbonyl]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (67) (34 mg, 0.09 mmol) 

was dissolved in dry ethanol (10 mL) to this stirred solution ethylene diamine (23 µL, 0.36 mmol) was 

added. The mixture was then heated at 80oC under an atmosphere of argon for 7 d after which the 

solvent was removed in vacuo. To yield an oil (50 mg). The desired product was not isolated using 

this synthetic procedure. 
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8.9. MONO-MACROCYCLE METAL COMPLEXES 

8.9.1. Synthesis of 1-[4-[prop-2-yn-1-yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane 

copper(II) acetate [Cu65]2+  and 1-[4-[aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane 

zinc(II) acetate [Zn68]2+   

 

General procedure H was followed 

1-[4-[Prop-2-yn-1-yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate 

[Cu265]2+   

Amounts: 1-(4-(Prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (65) (50 mg, 

0.14 mmol), methanol (2 mL), copper(II) acetate tetrahydrate (38 mg, 0.15 mmol), methanol (7 mL). 

To yield a blue solid (56 mg, 74 %). 

HRMS (m/z): [M-2CH3CO2+H]+ calcd for C22H35CuN4O, 434.2094; found, 434.2101. Anal. calcd for 

C20H30CuN4O.2CH3CO2.2.5H2O: C, 52.29; H, 7.60; N, 9.38. Found: C, 51.91; H, 7.53; N, 9.78. UV-vis 

(MeOH) λmax, nm (ε): 622.8 (173.8 M-1 cm-1). 

 

1-[4-[Aminobenzyl]]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane zinc(II) acetate [Zn68]2+   

Amounts: 1-[4-[Aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane (68) (46 mg, 0.14 mmol), 

methanol (5 mL), zinc(II) acetate (28 mg, 0.15 mmol), methanol (5 mL). To yield a yellow solid (47 

mg, 66 %). 

1H NMR (400 MHz, MeOD, δ): 1.26-1.28 (m, N-β-CH2, 1H), 1.62 (d, J=16.7 Hz, N-β-CH2, 1H), 1.79 (d, 

J=16.1 Hz, N-β-CH2, 2H), 2.00 (br s, CH3, 6H), 2.12-2.24 (m, N-α-CH2, 2H), 2.29-2.38 (m, N-α-CH2, 2H), 

2.42-2.54 (m, N-α-CH2, 2H), 2.60-2.66 (m, N-α-CH2, 3H), 2.77-2.85 (m, N-α-CH2, 2H), 2.90-2.96 (m, N-

α-CH2, 3H), 3.06-3.12 (m, N-α-CH2, 2H), 3.19-3.22 (m, N-α-CH2, 2H), 3.42-3.46 (m, N-α-CH2, 1H), 3.53-

3.59 (m, N-α-CH2, 1H), 3.63-3.70 (m, CH2-Ar, 1H), 3.79 (d, J=14.5 Hz, CH2-Ar, 1H), 4.04 (d, J=14.5 Hz, 

NH, 1H), 4.14 (s, NH2, 1H), 4.38 (br s, NH, 1H), 6.69 (d, J=8.6 Hz, Ar-H, 2H), 6.98 (d, J=8.4 Hz, Ar-H, 

2H). 13C NMR (100 MHz, MeOD, δ): 19.12 (CH3), 21.01 (N-β-CH2), 24.36 (N-β-CH2), 43.37 (N-α-CH2), 

44.65 (N-α-CH2), 49.23 (N-α-CH2), 49.54 (N-α-CH2), 50.13 (N-α-CH2), 51.37 (N-α-CH2), 52.19 (N-α-

CH2), 52.23 (N-α-CH2), 54.61 (N-α-CH2), 56.62 (N-α-CH2), 57.76 (N-α-CH2), 114.56 (Ar-H), 115.41 (Ar-
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H), 189.06 (Ar-H), 130.12 (Ar-C), 132.61 (Ar-H), 148.31 (Ar-C), 179.59 (C=O). MS (m/z): [M-

2CH3CO2+2Na-2H]+ calcd for C19H31N5Na2Zn, 440.85; found, 440.3. HRMS (m/z): Pending data, see 

8.1.3. 
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8.9.2. Attempted conjugation of 1-[4-[aminobenzyl]]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane 

zinc(II) acetate (Zn68)2+  to DOTAGA anhydride  

 

General procedure Y was followed 

Amounts: 1-[4-Aminobenzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane zinc(II) acetate (Zn68)2+ (11 

mg, 0.02 mmol) was added to dry THF (1 mL), to this triethylamine (6 µL, 0.04 mmol) and DOTAGA 

anhydride (15 mg, 0.03 mmol) were added. The solution was stirred for 24 h before the solvent was 

removed in vacuo. To yield the crude as a cream solid (46 mg). The desired product was not isolated 

using this synthetic procedure. Analytical data indicates that the desired product was not obtained. 
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8.9.3. Attempted Synthesis of gallium(III) complexation with 1-[1-[4-methyl]phenylaminocarbonyl-

3-[DOTAGA]-3-[hydroxycarbonyl]propane]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane zinc(II) 

acetate ([Zn75]2+) 

 

1-[1-[4-Methyl]phenylaminocarbonyl-3-[DOTAGA]-3-[hydroxycarbonyl]propane]-1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane zinc(II) acetate ([Zn75]2+) (14.25 mg, 14.60 µmol) was dissolved in 

ammonium acetate buffer (200 mM, pH 5.0, 2 mL) and added to gallium(III)chloride (30 mg/mL, 3.87 

mg, 21.96 µmol) in ammonium acetate buffer (200 mM, pH 5.0, 2 mL). The solution was heated to 

37oC for 1 h and the solvent was removed by flowing a stream of nitrogen through the solution. The 

solution was then taken up in methanol (1 mL) and purified via size exclusion chromatography. To 

yield a solid (~18 mg, %). 
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8.9.4. Attempted  conjugation of zinc-5-[4-[azido]phenyl]-10,15,20-tris-[phenyl]porphyrin with 1-1-

[4-[prop-2-yn-1-yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate 

(Cu65)2+ 

 

General procedure W was followed 

Amounts: Zinc-5-[4-[azido]phenyl]-10,15,20-tris-[phenyl]porphyrin (83) (5 mg, 0.01 mmol), water (4 

mL), 1-(4-(prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate 

(Cu65)2+ (4 mg, 0.01 mmol), MeOH (4 mL), copper sulfate pentahydrate (5 mg, 0.02 mmol), sodium-

L-ascorbate (5 mg, 0.03 mmol). To yield a dark brown solid (15mg). The desired product was not 

isolated using this synthetic procedure. 
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8.9.5. Attempted conjugation of zinc- zinc-5-[4-[[2-[2-[2-azidoethoxy]ethoxy]ethane]aminocarbon 

yl)benzyl]-10,15,20-tris-(4-N-methylpyridinium)porphyrin trichloride with 1-(4-(prop-2-yn-1-

yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate (Cu65)2+ 

 

 

General procedure X was followed 

Amounts: Zinc-5-[4-[[2-[2-[2-azidoethoxy]ethoxy]ethane]aminocarbonyl)benzyl]-10,15,20-tris-[4-N-

methylpyridinium]porphyrin trichloride (84) (5 mg, 0.01 mmol), water (8 mL), 1-(4-[prop-2-yn-1-

yloxy]benzyl]-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate (Cu65)2+ (3 mg, 0.01 

mmol), copper(II) sulfate pentahydrate (5 mg, 0.02 mmol), sodium-L-ascorbate (5 mg, 0.03 mmol). 

To yield a dark red solid (10 mg). The desired product was not isolated using this synthetic 

procedure. 

 

 

 

 

 

 

 

 

 

 

 

 



283 
 

8.9.6. Attempted conjugation of 4-azidobenzoic acid with 1-(4-(prop-2-yn-1-yloxy)benzyl)-1,4,8,11-

tetraazabicyclo[10.2.2]hexadecane copper(II) acetate (Cu65)2+ 

 

Method 1 

1-(4-(Prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate 

(Cu65)2+ (4 mg, 0.009 mmol), 4-azidobenzoic acid (85) (2 mg, 0.01 mmol) and Cu(I)I (86 µg, 0.5 µmol) 

were suspended in acetonitrile (7.774 mL) and diisopropylamine (0.2 M, 226 µL). The solution was 

heated at 100oC for 30 min in a microwave. To yield a green solid (10 mg). The desired product was 

not isolated using this synthetic procedure. 

Method 2 

1-(4-(Prop-2-yn-1-yloxy)benzyl)-1,4,8,11-tetraazabicyclo[10.2.2]hexadecane copper(II) acetate 

(Cu65)2+ (4 mg, 0.009 mmol), 4-azidobenzoic acid (2 mg, 0.01 mmol) and Cu(I)I (172 µg, 0.001 mmol) 

were suspended in acetonitrile (7.548 mL) and diisopropylamine (0.4 M, 452 µL). The solution was 

heated at 100oC for 30 min in a microwave. To yield a green solid (10 mg). The desired product was 

not isolated using this synthetic procedure. 
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8.10. BIOLOGICAL EXPERIMENTS 

8.10.1. Experimental for competition binding assays 

8.10.1.1. General methods and preparation of cell cultures 

Human leukaemia T cell lymphoblast cells (Jurkat E6.1) were purchased from the ECACC. RPMI 1640 

media (Invitro technologies, UK) containing 10% (v/v) heat inactivated FBS (Biowest, France), 1 % 

glutamate (2 mM), 1 % (v/v) penicillin and streptomycin (100 units/mL) antibiotics were used to 

maintain the cells. The cell cultures were stored at 37 °C in a humidified, CO2 (5 %) controlled 

atmosphere and passaged every 2-3 days. Aseptic techniques were conducted when handling cells in 

a Class II microbiological safety cabinet fitted with a UV sterilising lamp. All glassware and heat 

stable solutions were autoclaved prior to use at 121°C for 10 min, disposable equipment and all 

solutions were of sterile tissue culture grade. 

 

8.10.1.2. Antibodies and fluorescent dyes 

Unconjugated mouse anti-human CXCR4 mAb clone 44717.111, 44716.111 and 44708.111 were 

purchased from R & D systems Europe, Abingdon, UK. Secondary FITC conjugated rabbit anti-mouse 

IgG antibody was purchased from Serotec, UK. PE conjugated Human CXCR4 Phycoerythrin mAb 

clone 12G5 and mouse IgG1 isotype control clone 11711 were purchased from R & D systems 

Europe, Abingdon, UK.  Dilutions of mAbs were prepared using PBS supplemented with 0.25 % (v/v) 

BSA and sodium azide (1.00 mM). All reagents, antibodies and fluorescent dyes were reconstituted 

and stored according to the manufacturer’s instructions unless otherwise stated. 

 

8.10.1.3. Cell counting 

The number of cells per flask was determined using a Neubauer hematocytometer. Cells in 

suspension were diluted 1:1 with 0.2% (v/v) Trypan blue stain. This dilution was placed into a 

hematocytometer chamber and the cell density was determined using light microscopy by counting 

the number of viable cells. The equation below was used to calculate the concentration of cells. 

Equation 1: Cell concentration (cells / mL) = Averaged cell count x 2 (dilution factor) x 104 (volume of 
chamber) 

 

8.10.1.4. Antibody binding and subsequent fluorescent tagging for flow cytometry 

Passage flasks containing the Jurkat cell culture were centrifuged (180 x g for 3 min), the media was 

decanted and the cell pellet resuspended in PBS (10 mL). The solution was centrifuged (180 x g for 3 

min) and the supernatant removed. The cell pellet was resuspended in a volume of PBS to give a cell 

density of ~200,000 cells per 50 µL PBS. Cells in PBS (50 µL) were aliquoted into polypropylene FACS 
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tubes (Falcon 2054 tubes), and then incubated with the compound under study (small molecule 

antagonist) in PBS (10 μL, 20 μM) for 1 hour 4°C in the dark. Each compound was run in duplicate 

alongside a positive and negative control. Cells were then washed with PBS (1.00 mL), centrifuged 

(180 x g for 3 min) and the supernatant removed. CXCR4 mAb (10 μL) was added to all samples 

except the negative control to which was added mouse IgG1 isotype control and incubated for 1 h at 

4°C in the dark. Cells were washed with PBS (1.00 mL), centrifuged (180 x g for 3 min) and the 

supernatant was removed. All samples were resuspended in PBS (300 μL) and analysed on a FACScan 

flow cytometer (BD Biosciences Europe, Erembodegem, Belgium). Data were acquired and analysed 

with CellQuest software (Becton Dickinson). For assays using unconjugated mAb a third incubation 

was conducted with secondary fluorescently tagged antibody (10 μl, 1:100 solution in PBS) for 30 

min at 4°C in the dark. The samples were washed with PBS (1.00 mL), centrifuged (180 x g for 3 min), 

the supernatant removed and resuspended in PBS (300 μL) before being analysed. The positive 

control provides a reading for 100 % antibody binding and the negative control provides a 0 % 

reading. 

 

8.10.2. Experimental for calcium signalling assays 

8.10.2.1. Cell cultures 

U87.CD4.CXCR4 cells were obtained from the ATCC (Rockville, MD) and cultured in RPMI-1640 

medium (Gibco BRL, Gaithersburg, MD) supplemented with 10% heat-inactivated FBS and 1% 

glutamine (Gibco BRL). The cell cultures were maintained at 37°C in a humidified CO2 (5 %) controlled 

atmosphere. Passaging was completed every 2-3 days and cells were used in assays when in the 

stationary growth phase (3 days after two thirds passaging). 

 

8.10.2.2. Loading of the cells with the Ca2+ indicator Fluo-3 

A detailed experimental is provided by Princen et al. but briefly,255 a 2 mM stock solution of Fluo-3 

acetoxymethylester (Fluo-3/AM; Molecular Probes, Leiden, The Netherlands) was prepared with 

anhydrous dimethylsulfoxide.255 The acetoxymethyl ester bound to Fluo-3 masks the negative 

charges in the indicator molecule and makes it hydrophobic and, hence, cell membrane permeable. 

Once inside the cell, the acetoxymethyl group is hydrolyzed by cytosol esterases, and the Ca2+ 

sensitive polycarboxylate form of the indicator is formed (λex = 488 nm, λem = 530 nm). A 20 % w/v 

stock solution of the detergent Pluronic acid F-127 (Molecular Probes) was also prepared in 

dimethylsulfoxide. An equal volume of Pluronic acid stock was added to the dye stock, just before 

use, to increase Fluo-3/AM solubility and improve dye loading into the cells. Cells were centrifuged 

and resuspended in RPMI-1640 medium supplemented with 2 % FBS, for a final Fluo-3/AM 
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concentration of 4 μM. After incubation for 45 min at room temperature, cells were washed two 

times at room temperature in Ca2+ flux assay buffer (Hank’s balanced salt solution containing 20 mM 

HEPES and 0.2 % BSA, pH 7.4) to remove extracellular dye. After the second wash, cells were 

incubated for 10 min at room temperature. In the meantime, cells were counted with the use of 

trypan blue staining to determine the percentage of dead cells (blue cells). Then cells were 

centrifuged and resuspended at a density of 3 x 106 cells/mL. 

 

8.10.2.3. Measurement of intracellular Ca2+ mobilization and evaluation of receptor antagonists by 

the Fluorometric Imaging Plate Reader (FLIPR) 

The CXC chemokine CXCL12 was provided by Dr. I. Clark-Lewis (University of British Columbia, 

Vancouver, BC, Canada). After loading with Fluo-3, the cells were seeded (at a density of 0.3 x 106 

cells/mL) in a black-wall microplate (Costar, Cambridge, UK) that already contained 50 μL of the 

CXCR4 antagonist. To form a uniform monolayer of cells on the bottom of the wells, the microplate 

was gently centrifuged for 3 min with low acceleration and without break. After a 10 min incubation 

in the FLIPR test chamber, which was maintained at 37 °C, fluorescence was recorded over a 4 min 

period, with measurements every 2 s during the first 2 min and subsequently every 6 s. At the 

beginning of a data run, a “signal test” is performed to check the background fluorescence and the 

basal fluorescence signal from the cells. Background fluorescence is produced by autofluorescence 

of the cells and by the test plate and tips. The autofluorescence of plates and tips is already very low 

Ca2+ because the black-wall microplate and black tips are used to avoid this. The basal fluorescence 

of the cells or the green fluorescence of unstimulated cells should be in the range of 8,000–10,000 

counts (saturation of the camera occurs at 65,000 counts). Acceptable basal fluorescence values can 

be obtained by adjusting the exposure length of the CCD camera and/or increasing or decreasing the 

laser power, but the latter should be weaker than 0.150 W and no stronger than 0.800 W during the 

assay. After a 20 s baseline monitoring, 50 μL of chemokine CXCL12, diluted in Ca2+ flux assay buffer 

at four times the final concentration was transferred to the test plate from a second 96 well 

microplate (Sero-wel, Sterilin Ltd, Stone, Staffs, UK). For each condition, the average of four identical 

microplate wells was measured. The data was expressed as fluorescence units versus time and was 

analysed using the Softmax PRO 4.0 program (Molecular Devices) and IC50 values were calculated 

using the GraphPad Prism 4.0 software (San Diego, CA). 

 

8.10.3. Experimental for anti-HIV assays 

The anti-HIV activity and cytotoxicity of the compounds were evaluated against wild-type HIV-1 

strain IIIB in MT-4 and U87.CD4.CXCR4 cell cultures using the MTT method as described in depth by 
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Pauwels et al.253 Anti-HIV activity and cytotoxicity measurements in MT-4 and U87.CD4.CXCR4 cells 

were based on the viability of the cells that had been infected or not infected with HIV-1 IIIB and 

exposed to various concentrations of the test compound.252 After the cells were allowed to 

proliferate for 5 days, the number of viable cells was quantified.122, 253 PBMCs were purified and 

infected with HIV as described in detail by Schols et al.254 
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8.11. SURFACE PLASMON RESONANCE EXPERIMENTS 

8.11.1. Intact Cell Immobilisation Method 

8.11.1.1. Cell Immobilisation 

Method 1: 

Jurkat cells were immobilised onto a CM5 chip using aldehyde coupling chemistry and tris buffer (20 

mM, pH 7.4) as the running buffer on a Biacore T200. Cells were prepared from a passage flask by 

centrifuging (180 x g, 3 min), removing supernatant and washing with PBS (10 mL). The solution was 

then centrifuged (1500 rpm, 3 min) and resuspended in PBS (500 µL), to this sodium acetate buffer 

(10 mM, pH 4.0, 500 µL) was added. A new CM5 sensor chip was allowed to equilibrate to RT for 30 

min prior to use. The carboxymethyl dextran surface was primed twice and activated with a 3 min 

injection of a 1:1 ratio of 0.40 M EDC:0.1M NHS, followed by a 7 min injection of hydrazine (5 mM). 

Remaining activated groups were blocked with a 7 min injection of 1.00 M ethanolamine (pH 8.5). 

The cells, in PBS:sodium acetate buffer (1 mL), were coupled to the surface with a 10 min injection at 

a flow rate of 2 µL/min and at a temperature of 37 °C and a 20 min injection of 0.10 M 

cyanoborohydride in sodium acetate (0.10 M, pH 4.0) stabilised the coupling bond. All solutions and 

buffers were filtered through a 0.22 µm filter with the exception of the solution containing the cells. 

A cell surface density of approximately 5,500 RU was obtained.  

Method 1 Repeat: 

Method 1 was followed but a cell surface density of approximately 10,000 RU was achieved. 

 

8.11.1.2. Testing Surface Interactions 

Method 1: 

Samples of CXCR4 conformation specific mAb with differing concentrations were made up including 

a replicate and three blank samples for reference. Binding analysis was run in tris buffer (20 mM, pH 

7.4) against a control surface using the Assay wizard on the Biacore T200 software. The reaction was 

conducted at 37oC at a flow rate of 10 µL/min. No binding was observed. 

Sample concentrations: mAb 44708: 0.184 mM, 0.092 mM, 0.046 mM 0.023 mM, 0.0115 mM, 

0.0055 mM, 0.0027 mM, 0.00135 mM, 0.000675 mM, 0.000336 mM, replicate was 0.0115 mM. 

 

Method 2:  

Method 1 was followed but higher concentrations of mAb were used. No binding was observed. 

Sample concentrations: mAb 44708: 2.94 mM, 1.47 mM, 0.735 mM, 0.368 mM, 0.184 mM, 0.092 

mM, 0.046 mM 0.023 mM, 0.0115 mM, 0.0055 mM, replicate was 0.184 mM. 
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8.11.2. Intact Cell Capture Method 

8.11.2.1. mAb Immobilisation pH Scouting 

A new CM5 sensor chip was allowed to equilibrate to RT for 30 min prior to use and two primes 

were conducted prior to the start of the experiment. Immobilisation pH scouting for PE-12G5 mAb 

was achieved using a contact time of 180 s with a flow rate of 10 µL/min. A running buffer of PBS 

(0.01 M, pH 7.4) was used and the experiment was carried out at 25 °C. PE-12G5 mAb (100 µg/mL in 

PBS) was diluted 50:50 with 0.01 M sodium acetate buffer at pH 5.5, 5.0, 4.5 and 4.0. The optimum 

sodium acetate buffer for binding was pH 4.5, no binding was observed at any other pHs. 

 

8.11.2.2. mAb Immobilisation  

PE-12G5 mAb was immobilised onto a CM5 chip using amine coupling chemistry and PBS buffer (10 

mM, pH 7.4) as the running buffer on a Biacore T200. PE-12G5 mAb (100 µg/mL in PBS) was diluted 

50:50 with 0.01 M sodium acetate buffer (pH 4.5). The carboxymethyl dextran surface was primed 

twice and activated with a 7 min injection of a 1:1 ratio of 0.40 M EDC:0.1M NHS. Remaining 

activated groups were blocked with a 7 min injection of 1.00 M ethanolamine (pH 8.5). PE-12G5 mAb 

was coupled to the surface using the “Aim for immobilised level” option with a target of 10,000 RU at 

a flow rate of 5 µL/min, a contact time of 2 min and at a temperature of 25 °C. All solutions and 

buffers were filtered through a 0.22 µm filter. The immobilised target level was reached. 

Immobilisation was conducted on FC 3 and 4 with a mAb surface density of approximately 10,000 RU 

on each. 

 

8.11.2.3. Intact Cell Capture 

Method 1: 

Manual run was selected on a Biacore T200 to capture the Jurkat cells on the PE-12G5 mAb surface. 

The surface was primed twice prior to the start of the experiment.Cells from a passage flask were 

centrifuged (180 x g, 3 min), the supernatant removed and the cell pellet washed with PBS (2.00 mL). 

The cells were centrifuged (180 x g, 3 min) and re-suspended in PBS (700 µL). The temperature was 

set to 37oC on the Biacore T200 and the cells in PBS were injected for 960 s at a flow rate of 2 

µL/min. 

 

A further injection was conducted for 960 s at a flow rate of 2 µL/min after the baseline had 

stabilised. Capture of between 50-100 RU was observed but the baseline was not stable enough to 

conduct further experiments. 
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Method 2: 

The surface generated in method 1 was used but capture was conducted at 25oC. Three cell solution 

injections of 960 s at a flow rate of 2 µL/min were conducted after the baseline had been monitored 

for 1.70 h. The baseline was allowed to stabilise in between injections. Cell capture was observed, a 

total response of 53 RU was achieved following all three injections. This level of capture was to low 

to conduct further experiments on. 
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8.11.3. CXCR4 Receptor Capture Method 

8.11.3.1. Anti-GST Ab Immobilisation 

Anti-GST pAb was immobilised onto a CM4 chip using amine coupling chemistry and HBS-P buffer 

(10 mM Hepes, 0.15 M NaCl, 0.005 % v/v P20, pH 7.4) as the running buffer on a Biacore T200. Anti-

GST pAb (30 µg/mL) was diluted 5:95 with 0.01 M sodium acetate buffer (pH 5.5). A new CM4 sensor 

chip was allowed to equilibrate to RT for 30 min prior to use and two primes were conducted prior 

to the start of the experiment. The carboxymethyl dextran surface was activated with a 7 min 

injection of a 1:1 ratio of 0.40 M EDC:0.1M NHS. Remaining activated groups were blocked with a 7 

min injection of 1.00 M ethanolamine (pH 8.5). Anti-GST pAb was coupled to the surface using the 

“Specify contact time and flow rate” option where a flow rate of 10 µL/min and a contact time of 420 

s was selected. The experiment was carried out at 25 °C and all solutions and buffers were filtered 

through a 0.22 µm filter. Immobilisation was conducted on FC 1 and 2 with a pAb surface density of 

7361 RU and 6506 RU respectively.  

The method was repeated on FC 3 and 4 where a response of 6213 RU and 7356 RU was achieved 

respectively. 

8.11.3.2. CXCR4 Receptor Capture 

8.11.3.2.1. CXCR4 Receptor Capture – Method 1 

Manual run was selected on a Biacore T200 to capture the reconstituted CXCR4 receptor on the anti-

GST pAb surface. CXCR4 receptor (ACRO Biosystems, Delaware, USA) was reconstituted in tris buffer 

(20 mM, pH 7.0) containing 0.10 M (NH4)2SO4, 10 % glycerol, 0.07 % CHS, 0.33 % DOM, 0.33 % Chaps, 

0.23 mM DOPC, 1.00 mM calcium chloride and 5.00 mM magnesium chloride, the buffer was also 

the running buffer. The surface was primed twice prior to the start of the experiment and receptor 

solution was injected onto FC 2 for 180 s at a flow rate of 10 µL/min. The temperature was set at 

25oC and capture of 638 RU was achieved. 

The method was repeated on FC 3 and 4 where a response of 973 RU was achieved. 

Subsequent injections of receptor solution to FC 2 at 2 mg/mL for 180 s at a flow rate of 10 µL/min, a 

repeat of the first injection, and 10 mg/mL for 180 s at a flow rate of 10 µL/min increased the 

response to 722 RU and 826 RU respectively. 

 

8.11.3.2.2. CXCR4 Receptor Capture – Method 2 

Manual run was selected on a Biacore T200 to capture the reconstituted CXCR4 receptor on the anti-

GST pAb surface. CXCR4 receptor (ACRO Biosystems, Delaware, USA) was reconstituted in tris buffer 

(20 mM, pH 7.0) containing 0.10 M (NH4)2SO4, 10 % glycerol, 0.07 % CHS, 0.33 % DOM, 0.33 % Chaps, 
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0.23 mM DOPC, 1.00 mM calcium chloride and 5.00 mM magnesium chloride, the buffer was also 

the running buffer. Lipids and detergents were prepared by dissolving in chloroform and rotating the 

test-tube while evaporating the chloroform with a stream on nitrogen. Remaining chloroform was 

removed by drying under vacuum overnight. 1.00 mL of buffer (20 mM tris (pH 7.0) containing 0.10 

M (NH4)2SO4, 10 % glycerol) was added to each test tube and frozen. Once frozen the samples were 

allowed to thaw and vortexed. This was repeated four times before uniform liposomes were 

prepared by extrusion through a 100 nm polycarbonate filter using an Avanti mini-extruder kit. The 

samples were then added to the buffer. The surface was primed twice prior to the start of the 

experiment and receptor solution was injected onto FC 2 for 240 s at a flow rate of 10 µL/min. The 

temperature was set at 25oC and capture of 800 RU was achieved. 

 

8.11.3.2.3. CXCR4 Receptor Capture – Method 3 

Manual run was selected on a Biacore T200 to capture the reconstituted CXCR4 receptor on the anti-

GST pAb surface. CXCR4 receptor (ACRO Biosystems, Delaware, USA) was reconstituted in tris buffer 

(20 mM, pH 7.0) containing 0.10 M (NH4)2SO4, 10 % glycerol, 0.07 % CHS, 0.33 % DOM, 0.33 % Chaps, 

0.23 mM DOPC, 1.00 mM calcium chloride and 5mM magnesium chloride, the buffer was also the 

running buffer. Lipids and detergents were prepared by dissolving in chloroform and rotating the 

test-tube while evaporating the chloroform with a stream on nitrogen. Remaining chloroform was 

removed by drying under vacuum overnight. 1 mL of buffer (20 mM tris (pH 7.0) containing 0.1 M 

(NH4)2SO4, 10 % glycerol) was added to each test tube and frozen. Once frozen the samples were 

allowed to thaw and vortexed. This was repeated four times before uniform liposomes were 

prepared by extrusion through a 100 nm polycarbonate filter using an Avanti mini-extruder kit. The 

samples were then added to the buffer. The surface was primed twice prior to the start of the 

experiment and receptor solution was injected onto FC 2 for 600 s at a flow rate of 10 µL/min. The 

temperature was set at 25oC and capture of 1800 RU was achieved. 

 

8.11.3.2.4. CXCR4 Receptor Capture – Method 4 

Manual run was selected on a Biacore T200 to capture the reconstituted CXCR4 receptor on the anti-

GST pAb surface. CXCR4 receptor (ACRO Biosystems, Delaware, USA) was reconstituted in tris buffer 

(20 mM, pH 8.5) containing 0.10 M (NH4)2SO4, 10 % glycerol, 1.00 % Chapso. A 2.5 mg aliquot of 

POPC in chloroform (100 µL) was transferred into a glass test tube and a thin film was formed by 

rotating the tube and evaporating the chloroform with a stream of nitrogen gas. Any remaining 

chloroform was removed under vacuum for at least 1 h. To this dry aliquot 1.00 mL HBS-N (10 mM 

HBS-N, pH 7.4) supplemented with 5.00 mM Chapso was added and the mixture was frozen, thawed, 
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and vortexed three times and uniform liposomes were produced by extrusion through a 100 nm 

polycarbonate filter using an Avanti mini-extruder kit. The samples were then added to the buffer. 

The surface was primed twice prior to the start of the experiment with 10 mM HBS-N (pH 7.4, 10 

mM HEPES, 0.15M NaCl) containing 5.00 mM Chapso. The receptor solution was injected onto FC 2 

for 600 s at a flow rate of 10 µL/min followed immediately by an injection of the 3.30 mM POPC and 

5 mM Chapso HBS-N solution for 20 min at 10 µL/min. The temperature was set at 25oC and capture 

of 1800 RU was achieved. 

 

8.11.3.2.4. CXCR4 Receptor Capture – Method 5 

Manual run was selected on a Biacore T200 to capture the reconstituted CXCR4 receptor on the anti-

GST pAb surface. CXCR4 receptor (ACRO Biosystems, Delaware, USA) was reconstituted in tris buffer 

(20 mM, pH 8.5) containing 0.10 M (NH4)2SO4, 10 % glycerol, 1.00 % Chapso. A 2.5 mg aliquot of 

POPC in chloroform (100 µL) was transferred into a glass test tube and a thin film was formed by 

rotating the tube and evaporating the chloroform with a stream of nitrogen gas. Any remaining 

chloroform was removed under vacuum for at least 1 h. To this dry aliquot 1.00 mL HBS-N (10 mM 

HBS-N, pH 7.4) supplemented with 5.00 mM Chapso was added and the mixture was frozen, thawed, 

and vortexed three times and uniform liposomes were produced by extrusion through a 100 nm 

polycarbonate filter using an Avanti mini-extruder kit. The samples were then added to the buffer. 

The surface was primed twice prior to the start of the experiment with 10 mM HBS-N (pH 7.4, 10 

mM HEPES, 0.15M NaCl) containing 5.00 mM Chapso. The receptor solution was injected onto FC 2 

for 900 s at a flow rate of 10 µL/min followed immediately by an injection of the 3.30 mM POPC and 

5 mM Chapso HBS-N solution for 20 min at 10 µL/min. The temperature was set at 25oC and capture 

of 1800 RU was achieved. 

 

8.11.3.3. Regeneration of the Captured Surface 

On manual run the surface was regenerated using a single 120 s “Regeneration injection” of 10 mM 

glycine-HCl (pH 2.1) at a flow rate of 10 µL/min with a HBS-P running buffer (10 mM Hepes, 0.15 M 

NaCl, 0.005 % v/v P20, pH 7.4). The surface of FC2 and 4 were successfully regenerated. 

This was repeated on multiple occasions and was reproducible. 

 

8.11.3.3.1. Testing Surface Interactions – Method 1 

On manual run the surface was primed twice with the 50 mM Hepes (pH 7.0) containing 150 mM 

NaCl, 0.02 % CHS, 0.1 % DOM, 0.1 % Chaps and 50 nM DOPC/DOPS (7:3), 5 mM MgCl2, 1 mM CaCl2 
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and 0.1 mg/mL BSA running buffer. CXCR4 conformation specific mAb PE-12G5 in running buffer 

(120 µL, 200 nM) was injected over 120 s at 20 µL/min.  No binding was observed. 

8.11.3.3.2. Testing Surface Interactions – Method 2 

Using the “Binding assay” wizard run the surface was primed twice with the 50 mM Hepes (pH 7.0) 

containing 150 mM NaCl, 0.02 % CHS, 0.1 % DOM, 0.1 % Chaps and 50 nM DOPC/DOPS (7:3), 5 mM 

MgCl2, 1 mM CaCl2 and 0.1 mg/mL BSA running buffer. Lipids and detergents were prepared by 

dissolving in chloroform and rotating the test-tube while evaporating the chloroform with a stream 

on nitrogen. Remaining chloroform was removed by drying under vacuum overnight. 1 mL of buffer 

(20 mM tris (pH 7.0) containing 0.1 M (NH4)2SO4, 10 % glycerol) was added to each test tube and 

frozen. Once frozen the samples were allowed to thaw and vortexed. This was repeated four times 

before uniform liposomes were prepared by extrusion through a 100 nm polycarbonate filter using 

an Avanti mini-extruder kit. The samples were then added to the buffer. CXCR4 conformation 

specific mAb PE-12G5 in running buffer (200 nM and 50 nM) were injected over 60 s at 20 µL/min.  

No binding was observed. 

 

8.11.3.3.3. Testing Surface Interactions – Method 3 

On manual run the surface was primed twice with the 50 mM Hepes (pH 7.0) containing 150 mM 

sodium chloride, 0.02 % CHS, 0.10 % DOM, 0.10 % Chaps and 50 nM DOPC/DOPS (7:3), 5.00 mM 

magnesium chloride, 1.00 mM calcium chloride and 0.10 mg/mL BSA running buffer. Lipids and 

detergents were prepared by dissolving in chloroform and rotating the test-tube while evaporating 

the chloroform with a stream on nitrogen. Remaining chloroform was removed by drying under 

vacuum overnight. 1.00 mL of tris buffer (20 mM, pH 7.0) containing 0.10 M (NH4)2SO4, 10 % 

glycerol) was added to each test tube and frozen. Once frozen the samples were allowed to thaw 

and vortexed. This was repeated four times before uniform liposomes were prepared by extrusion 

through a 100 nm polycarbonate filter using an Avanti mini-extruder kit. The samples were then 

added to the buffer. CXCR4 conformation specific mAb PE-12G5 in running buffer (120 µL, 200 nM) 

was injected over 120 s at 20 µL/min.  No binding was observed. A second injection of mAb PE-12G5 

in running buffer (120 µL, 200 nM) was injected over 120 s at 10 µL/min.  No binding was observed. 

A further injection of mAb PE-12G5 in running buffer (100 µL, 600 nM) was conducted for 120 s at 20 

µL/min. No binding was observed.  

 

8.11.3.3.4. Testing Surface Interactions – Method 4 

On manual run the surface was primed twice with the 50 mM Hepes (pH 7.5) containing 5 % dialysed 

FBS, 5.00 mM magnesium chloride, 1.00 mM calcium chloride and 5.00 mg/mL BSA running buffer. 
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CXCR4 conformation specific mAb PE-12G5 in running buffer (120 µL, 400 nM) was injected for 60 s 

at 20 µL/min.  No binding was observed. This method was repeated following CXCR4 capture 

Method 5 but no binding was observed. 
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8.11.4. Binding of biotinylated macrocycle with streptavidin 

A new SA sensor chip was allowed to equilibrate at RT for 30 min prior to use. Manual run was used 

to test the interactions between a biotinylated macrocycle and a streptavidin surface compared to 

an unlabelled macrocycle. PBS running buffer (10 mM, pH 7.5) was used to prime the SA sensor chip. 

Three 60 s injections of 1.00 M NaCl in 50 mM NaOH at a flow rate of 10 µL/min were conducted to 

condition the sensor chip. 100 nM solutions of 74, 75 and (5-([(N-(Biotinoyl)amino)hexanoyl]-

amino)pentylamine trifluoroacetate salt were made up in running buffer and filtered through 0.22 

µm filter. 74 acted as a negative control to produce a reading for 0 % binding and (5-([(N-

(Biotinoyl)amino)hexanoyl]-amino)pentylamine trifluoroacetate salt was used as a positive control 

to produce a reading for 100 % binding. Samples were injected with a contact time of 60 s at a flow 

rate of 10 µL/min. 74 was injected onto FC 1 followed by (5-([(N-(Biotinoyl)amino)hexanoyl]-

amino)pentylamine trifluoroacetate salt. Subsequently 74 was injected onto FC 2 followed by 75. 

 

Following this the samples were flowed over the cells with a contact time of 60 s at a flow rate of 10 

µL/min. RS409, the zero sample, was flowed over flow cell 1 followed by (5-([(N-

(Biotinoyl)amino)hexanoyl]-amino)pentylamine trifluoroacetate salt, the 100 % sample.  75 was 

flowed over FC 2 subsequent to 74. 

The responses in resonance units (RU) of all samples were taken and divided by the sample 

molecular weight to give the results per molecule binding: 

Negative control (74): 
24.35

919.11
𝑥 100 = 2.6 % 

Positive control: 
136

555.65
𝑥 100 = 24.6 % 

75: 
296.5

1145.41
𝑥 100 = 25.9 % 

From this experiment it can be concluded that 75 binds 100 % to streptavidin. 
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